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Abstract Saccade characteristics in response to moving
and stationary targets were studied in three monkeys
(Macaca mulatta) that had been trained to look at a target,
which after an initial jump either remained in place or
moved forward or backward with constant velocity (10°/
s). Eye movements were recorded using a search coil. The
contribution of smooth pursuit to the saccade amplitude
was small (<0.25°). Saccades having the same amplitude
(5.67-6.83° for different monkeys) to forward and back-
ward moving targets were compared. Peak velocity was
higher (37—42°/s on average for different monkeys) and
saccade duration was shorter (8—10 ms on average) for
backward saccades than for forward saccades These
differences were highly significant (#-test: P<0.001).
Thus, forward and backward saccades are not on the
same main sequence. This suggests that saccade dynamics
are affected not only by the retinal position error but also
by target motion. Further analysis revealed that saccade
peak velocity mainly depends on the retinal position error,
but saccade amplitude also depends on a stimulus-related
velocity factor, which affects the saccade mainly during
deceleration. This velocity factor could be retinal slip or
target velocity, which was the same under our conditions.
Our results experimentally support recent models that
propose that the saccade acceleration in response to
moving targets might be controlled by the superior
colliculus, whereas the deceleration changes are fine-
tuned by the cerebellum. This prediction must still be
tested on a neuronal level.
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Introduction

Many current models of saccade generation use the retinal
position error as the main driving stimulus (see e.g.,
Becker 1989). It is thought to be sampled shortly before
the saccade starts. Stepping the target to another location
during a “dead” interval, about 80 ms before saccade
onset, does not affect the movement (Becker and Jiirgens
1979). However, if the amplitude of a saccade to a moving
target (“catch-up saccade”) were also determined by the
retinal error sampled 80 ms before saccade onset, the
endpoint of such a saccade would systematically miss the
target. Therefore, additional information about target
velocity seems to be necessary to improve saccade
accuracy. Contrary to earlier studies (Heywood and
Churcher 1981; Ron et al. 1989), later investigations
showed significant effects of target velocity on saccades in
monkeys (Keller and Johnsen 1990), humans (Gellman
and Carl 1991), and in the cat (de Brouwer et al. 2001).
These studies found that with identical retinal position
error 100 ms before movement onset, saccades have larger
amplitude when the target moves toward higher eccentri-
cities compared to stationary targets or targets moving in
the opposite direction. This effect of the target velocity on
the saccade amplitude is not just a by-product of
superimposed smooth pursuit components, since it was
still observed after subtracting the pursuit-related intra-
saccadic eye displacement from the saccade amplitude
(Keller and Johnsen 1990; de Brouwer et al. 2002). Not all
types of saccades show such predictive abilities, e.g.,
saccades elicited during sustained smooth pursuit do
depend exclusively on the retinal error immediately after
the target step (Smeets and Bekkering 2000).

It is not exactly known which parts of the saccadic
system are involved in this velocity-induced change of the
saccade amplitude. Keller et al. (1996) found that the
activity of cells in the superior colliculus was not altered
by changes of the saccade amplitude induced by target
velocity. This finding is compatible with the idea that ...
one path is concerned with correction of a presaccadic
retinal position error (a path that includes the colliculus)



and another path is concerned with position extrapolations
based on the velocity of the moving target (a path that does
not include the colliculus)” (Keller et al. 1996). This idea
was developed further by a model of Optican and Quaia
(2002) which assumed that both the superior colliculus
(SC) and the cerebellum, especially lobuli VI and VII (the
so-called oculomotor vermis) (Yamada and Noda 1987)
and the underlying fastigial oculomotor region (FOR)
(Fuchs et al. 1993; Helmchen et al. 1994), interact and
fine-tune the activity of the brainstem saccade generator,
making saccade amplitude and direction accurate (Dean
1995; Robinson and Fuchs 2001). The cerebellum (ocu-
lomotor vermis and FOR) may be the structure that
provides the additional neuronal input necessary for the
velocity extrapolation. If this hypothesis were true, not
only the amplitude of the saccades but also their dynamic
properties would be affected by target motion, because the
FOR signals reflect much of the dynamic properties of the
saccade (Robinson et al. 1993; Kleine et al. 2002).

Some previous studies investigated not only the effect
of target motion on the saccade amplitude but also on
saccade dynamics. In a study on superior colliculus (SC)
activity, Keller et al. (1996) observed that saccades to
forward moving targets had prolonged deceleration
phases. de Brouwer et al. (2002) showed in humans that
the dynamics of catch-up saccades during sustained
pursuit did not differ from the dynamics of saccades to
stationary targets, suggesting that the dynamics of sac-
cades to moving targets can be explained by the super-
position of main sequence saccades and pursuit (super-
position hypothesis). However, during sustained or
anticipatory smooth pursuit, a great deal of the intrasacca-
dic target displacement can be accounted for by the pursuit
system. Under these conditions the requirements for
altering the amplitude and possibly the dynamics of the
saccade are relatively small.

The aim of this study was to compare the dynamics of
saccades to stationary targets with that to moving targets
under conditions with no (saccade onset) or little (saccade
end) smooth pursuit contribution. This was done by
training monkeys to make saccades to stationary targets as
well as to targets that, after an initial target step, moved
forward (forward saccades) or backward (backward sac-
cades). Step size and target velocity were chosen in such a
way that saccades of the same amplitude were performed.
The results show differences between saccades made in
these two different paradigms. They also reveal that
forward saccades have less deceleration and backward
saccades more deceleration than saccades to stationary
targets. These differences cannot be explained by the
superposition hypothesis alone. Parts of our results have
been published as an extended poster abstract (Guan et al.
2003).

Materials and methods

Experiments were performed with three adult monkeys
(Macaca mulatta). Prior to the experiments, the monkeys
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were familiarized with the laboratory environment and
trained to sit erect in a primate chair. Under general
anesthesia and aseptic conditions, they were prepared for
chronic, monocular, two-dimensional eye position record-
ings. A head holder was attached to the skull to maintain a
stable head position throughout the experiment. Details of
the surgical procedure have been described previously
(Boyle et al. 1985). Eye movements were recorded with
the scleral search coil method (Judge et al. 1980) using a
40%40x40 cm three-field system (Remmel Labs, Ashland,
Mass., USA). The calibration of the coil system was based
on 70 fixations at known target positions between +15°
horizontal and +10° wvertical eccentricity. The three-
dimensional Cartesian vector of the gaze direction ¢ was
computed from the three measured voltages v, which were
induced in the coil by the three magnetic fields, using the
following equation:

c=H)" (v-o)

in which the three-dimensional vector o denotes the
offset voltages induced in the feedline of the coil and the
electronically generated offsets. The rows of the trans-
posed 3x3 matrix A’ contain the magnetic field vectors of
each of the three fields (ﬁiT ), multiplied by the inductivity
(/) of the coil and the amplifier gain of each field (g;):
H=1- [g 1 hla

g hy, g hs)

All nine elements of H and the three offset voltages o
were fitted by minimizing the squared distance between
the gaze direction ¢ and the target position vector, summed
over all 70 fixations.

Training and stimuli

Monkeys were trained to fixate a light spot with a diameter
of 0.4° (visual angle) as visual target on a video monitor at
a viewing distance of 76 cm. There were two main
stimulus conditions: step and step-ramp (Fig. 1). Each
step-ramp trial started with the light spot in the center of
the screen, after which a step-ramp stimulus was presented
as follows (Fig. 1). For monkeys A and C, targets stepped
to the initial position of 4.8° or 9.2° left or right from the
center, and then immediately started to move with a
velocity of 10°/s. For the small initial step size (4.8°),
movement was in the direction of the step (forward), and
for the large initial step size (9.2°) it was in the opposite
direction (backward) (Fig. 1a). The steps were chosen in
such a way that the moving targets were always at the
same eccentricity (at 7°) when a saccade started, assuming
an average saccade latency of 200 ms. Target motion
stopped after 500 ms. The target disappeared 1 s later, and
1 s thereafter a new central fixation target was presented.
In addition to the step-ramp stimuli, trials were performed
with different steps that lacked subsequent target motion



222

1
1
1
1
1
T
1
1
1
1

> 1

()

=

S| o

=1 B

‘@

o

o

Time [ms]
—_—
100

Fig. 1 Target position (dashed) and eye position (solid) for the two
step-ramp stimuli (a) and the three different stationary target steps
(b). For these stimuli the primary target steps were chosen to
converge after 200 ms at the same position (7°) as the medium-sized
stationary target step. Eye position shows average data for monkey
A. Saccades to the left side were mirrored before averaging. The two
saccade amplitudes are similar for forward and backward moving
targets (a). For these trials, saccades are followed by SPEM. Note
that there is no indication that pursuit occurred before the saccades.

but had amplitudes of +4.8°, +£7.0°, and +9.2° (Fig. 1b). A
correct saccade was recorded when the monkey’s eye
entered a 3° window area around the target location not
later than 400 ms after the step. Such a correct saccade was
contingently rewarded with fruit juice.

To reduce the monkey’s ability to guess the new target
position, the sequences of step-ramp and pure-step target
movements were chosen at random. The directions of the
initial target steps (left or right) were also randomly varied.

The step amplitudes were slightly modified for monkey
B in order to elicit similar saccade amplitudes for
stationary and moving targets as for monkeys A and C.
Stationary targets were presented with amplitudes of 5.3°,
7.0°, and 8.7°, forward moving targets with a step
amplitude of 5.3°, and backward moving targets with a
step amplitude of 8.7°. The target velocity of moving
targets was 10°/s.

To prevent the monkey from predicting that small steps
would lead to forward movements and large steps to
backward ones (Fig. 1), monkey B was required in another
set of trials to make saccades to stationary targets with step
sizes of 3° or 12°, and to moving targets with initial step
sizes of 9.2° or 5.8° in both forward and backward
directions, with a moving target velocity of 10°/s. In this
way, forward saccades after an initial step of 5.8° and
backward saccades after an initial step of 9.2° had an
identical amplitude of ca. 7°.

Data collection and analysis

The stimuli and the collection, presentation, and storage of
data were controlled by a PC using a real-time software
package (REX; Hays et al. 1982). Eye position and target
position signals were sampled and stored on hard disk at a
sampling frequency of 1 kHz. To parameterize the
saccades, the calibrated eye position was marked on the
basis of velocity criteria. Eye velocity was computed using
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Fig. 2 Decomposition of the eye position and eye velocity in
saccade and pursuit-related components. The plots show data from a
single saccade of monkey A. The eye position signal (a, solid) is
differentiated to compute the eye velocity (b, solid). The saccade is
then cut out from the velocity trace, and the remaining postsaccadic
pursuit velocity is low-pass filtered with a cutoff frequency of 5 Hz

(¢, solid). The time course of SPEM velocity during the saccade is
fitted by an exponential function (¢, dashed), which is then
subtracted from the eye velocity. The result (b, dashed) is the
saccadic component of eye velocity. Integration of this trace gives
the eye position trace, compensated for SPEM (a, dashed).



a symmetrical two-point differentiator after low-pass
filtering with a Gaussian filter with a cutoff frequency of
33 Hz (transmission gain of 0.1 at 85 Hz). Fast eye
movements occurring between 50 ms and 300 ms after the
initial target step were marked as a saccade if the peak
velocity was more than 100°/s, the duration shorter than
100 ms, or the amplitude more than 2.0°. Start and end of
the saccade were defined as the points at which eye
velocity rose above or dropped below 10% of peak
velocity, respectively. The latency of a saccade was
computed as the time interval between the initial target
step and saccade onset, and saccade amplitude as the eye
position difference between start and end of a saccade.
In the step-ramp paradigm, the target is likely to evoke a
smooth pursuit eye movement (SPEM) after the initial
step-induced saccade (Fig. 1). There is evidence that a
SPEM component is added to the saccadic component
during a saccade (de Brouwer et al. 2002; Blohm et al.
2003). To separate saccade parameters from such SPEM
components, the SPEM was estimated for each saccade
during an interval starting 50 ms before and ending 300
ms after saccade onset, in the following way (Fig. 2). First,
the saccades were removed from the eye velocity data. The
eye velocity during the saccade was replaced by constantly
increasing or decreasing velocity starting at the velocity
immediately before the saccade and ending at the velocity
immediately after the saccade. This “saccade-free”
velocity trace was then submitted to low-pass filtering
(symmetrical Gaussian low-pass filter with 5 Hz frequency
limit). This procedure yielded the postsaccadic SPEM
velocity (solid line in Fig. 2c¢). Finally, the complete SPEM
velocity (during and after the saccade) as a function of
time (7) was approximated by an exponential function,
starting from the average eye velocity during 50 ms before

the start of a saccade (SPV ), as follows:

SPV =SPVy 4+ A4 - (1 - e—<f—f°>/7) 1)
with

A =sustained pursuit velocity

SPV  =estimated SPEM velocity

ty =start of saccade

T =time constant

Table 1 Values characterizing the slow phase velocity before and
after saccades to moving targets. Eye velocity before saccade onset
was averaged within 50 ms immediately before saccade onset. The
eye velocity 250 ms after saccade end was computed as the average
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The two unknown parameters A and 7 were determined
by minimizing the mean squared difference between the
estimated SPV given in Eq. 1 and the postsaccadic SPEM
velocity. Finally, the SPV (dashed line in Fig. 2¢) was
subtracted from the original velocity data, resulting in the
saccadic velocity profile without the SPEM component
(dashed line in Fig. 2b). Numerical integration of this
velocity profile over time led to the respective position
data (dashed line in Fig. 2a).

These eye position data, corrected for SPEM compo-
nents, were used for the subsequent re-evaluation of the
saccade parameters. To detect the onset and the end of the
corrected saccade, the same criteria were used as before,
after execution of the described SPEM correction algo-
rithm.

Results

The results are based on the analyses of 1953 (monkey A),
1843 (monkey B), and 1453 (monkey C) saccades,
recorded in eight to ten sessions. The results were
basically the same for all monkeys.

Smooth pursuit contribution

In trials with moving targets, a possible interaction with
SPEM components was considered. They were not evident
immediately prior to the saccades (Fig. 2). Table 1 shows
the mean eye velocity during a 50-ms period before
saccade onset (mean presaccadic velocity) and during a
time interval from 200 to 300 ms after the end of the
saccade. When the initial target step and the target motion
were in opposite directions, the eye velocity immediately
before saccade onset was very small and even in the
direction of the saccade (see column 3 of Table 1). When
saccade and target moved in the same direction, the mean
presaccadic velocity ranged between 0.99°/s (monkey A)
and 0.48°/s (monkey B). These data show that there was
no presaccadic smooth pursuit under our experimental
conditions. The saccade was generally followed by a
SPEM that accelerated during the postsaccadic period. The
average eye velocities during an interval from 200 to 300
ms after the end of the saccade ranged between 2.0°/s in

eye velocity within a time interval between 200 and 300 ms after the
end of the saccade. The last three columns show the difference of the
saccade parameters (with compensation—without compensation of
SPEM)

Monkey Target step Target  Eye velocity

Eye velocity 250 ms Effect of pursuit on

Effect of pursuit on Effect of pursuit on

amplitude velocity before saccade after saccade end (°/ saccade peak velocity saccade amplitude saccade duration
(©) (°/s) onset (°/s) s) (°/s) ©) (ms)
( SPVo)
A 4.80 10.00 0.99 4.52 29113 0.2512 1.4844
9.20 —10.00 0.40 —-5.09 —0.9011 0.0297 —0.2668
B 5.30 10.00 0.48 2.48 1.1556 0.1551 1.0497
8.70 —10.00 0.11 -3.00 —0.7317 0.0249 —0.3801
C 4.80 10.00 0.51 1.96 1.2755 0.1326 0.5450
9.20 —10.00 0.06 -1.99 —0.2575 0.0625 —0.2622
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monkey C and 5.1°/s in monkey A (see column 4 of Table
1, Fig. 2c). The contribution of a SPEM component was
subtracted from the primary saccade data. SPEM com-
pensation reduced saccade velocities of forward saccades
by not more than 3°/s. Backward saccades were 0.9°/s
faster with than without SPEM compensation. Even when
these effects were small (see Table 1), we will consider
only corrected saccade data in the following. Uncorrected
saccades are only considered under “the velocity profile”.

Latency

Latencies varied between 150 and 300 ms and were
similar for stationary and moving targets (Table 2, Table 3,
Table 4). Latency increase led to larger saccades for
forward saccades, whereas the amplitude decreased for
backward saccades (Fig. 3). From the regression lines in
Fig. 3a, ¢ (monkey A), it follows that per 100 ms latency,
saccades to forward moving targets increased in amplitude
by 1.5° (monkeys A, B: 1.6°; C: 0.7°), while backward
saccades decreased by 1.0° (monkeys A, B: 0.8°; C: 0.7°).
These slopes (solid lines in Fig. 3a, c) indicate that the
increase or decrease in saccade amplitude with increasing
latency corresponds fairly well with the position of the
target, which increased or decreased by 1.0°/100 ms
(dashed lines in Fig. 3a, c). In contrast, saccade amplitude
for stationary targets increased only slightly with latency
(0.5°/100 ms; B: 0.4°/100 ms; C: 0.1°/100 ms: Fig. 3b).
The effect of latency on amplitude can be easily explained
on the basis of the retinal position error sampled at a fixed
time before the saccade since the velocity of its increase
during the latency is identical to the velocity of the target.
The dependence of the amplitude on the latency of the
saccade is not related to an effect of target velocity on the
saccade.

However, the effect of target velocity on saccade
amplitude becomes evident, when the relation between
retinal position error and saccade amplitude is considered
in more detail. The dashed lines in Fig. 3 indicate the
retinal error 100 ms before saccade onset. While the
saccade amplitude was larger than the retinal position
errors for forward moving targets (Fig. 3a), the amplitude
was smaller than the retinal position error for stationary

Table 2 Saccade parameters showing the relation between the
retinal error 100 ms before the saccade, the saccade amplitude, and
saccade error for monkey A. For moving targets (rows 1 and 3) the
saccade amplitudes and error are compensated for the effect of

targets (Fig. 3b) and smaller still for backward moving
targets (Fig. 3c). The saccade errors, defined by the
difference between eye position and target position at the
end of the movement (Table 2, Table 3, Table 4), show that
for moving targets the saccades are more accurate than
expected on the basis of the presaccadic retinal error. Thus,
saccade amplitude did not exclusively rely on the retinal
position error sampled about 100 ms before saccade onset,
but were partly compensated for the target displacement
occurring during the “dead interval” and during the
saccade.

Effect of target velocity on saccade duration and peak
velocity

To determine whether saccade dynamics were also
affected by target motion, we compared peak velocity
and saccade duration between saccades to moving and to
stationary targets. This analysis was performed on the data
after correcting for smooth pursuit. By choosing the
appropriate target step amplitude, mean amplitudes of the
saccades to forward and backward moving targets were
adjusted to be as similar as possible (monkey A forward:
6.53°, backward: 6.55°, Table 5). However, even so, any
difference between the amplitude histograms of forward
and backward saccades would prevent a fair comparison
of saccade peak velocities and durations. To avoid this, we
randomly drew a subsample from each saccade population
according to the following two criteria: (1) the amplitude
histograms of the two subsamples had to be proportional
to each other, and (2) the total number of saccades in the
two subsamples had to be as large as possible. Statistical
analyses of differences were carried out only on the
subsamples. With nearly identical amplitude histograms
(Fig. 4 al, bl), the average peak velocity of backward
saccades (244.3°/s; Fig. 4b2) is significantly higher (#test:
P<0.001) than that of forward saccades (207.4°s; Fig.
4a2). According to the main sequence (Bahill et al. 1975),
saccades of lower velocity should have a shorter duration.
This, however, was not the case in our study. On the
contrary, the duration of saccades to forward moving
targets was significantly longer (57.4 ms) than to reverse
moving target (49.9 ms) (#test: P<0.001; Fig. 4a3, b3).

pursuit on the saccade amplitude by subtracting the values shown in
Table 1. Although the retinal errors 100 ms before the saccade differ
by about 2° between forward (line 1) and backward (line 3) moving
targets, the corresponding saccade amplitudes are almost identical

Target parameters Saccade parameters

Target step Target Number of  Latency Initial fixation Retinal error 100 ms before Saccade Saccade
amplitude (°) velocity (°) saccades (ms) error (°) saccade onset (°) amplitude (°)  error (°)
4.80 10.00 353 214.90 0.02 5.93 6.53 —0.98
7.00 0.00 416 207.70 0.03 6.97 6.48 —0.50
9.20 —10.00 416 215.07 0.01 8.03 6.55 0.02
4.80 0.00 346 210.99 0.04 4.76 4.34 —0.42
9.20 0.00 422 213.02 0.10 9.10 8.58 —0.52
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Table 3 Saccade parameters

f . Target parameters
showing the relation between gtp

Saccade parameters

the retinal error 100 ms before Target step  Target Number Latency Initial Retinal error 100 ms  Saccade  Saccade

thg sacczde, thedsaccadefampli- amplitude  velocity of (ms) fixation before saccade onset amplitude error (°)

tude, and saccade error for o o o o o

monkey B. For description of ©) /) saccades error (°) ©) ©)

variables, see Table 2 5.30 1000 30200 17651  0.10 5.96 6.68  —0.96
7.00 0.00 402.00 177.66 0.10 6.90 6.77 -0.13
8.70 -10.00  371.00 180.51 0.05 7.85 6.85 0.60
5.30 0.00 383.00 174.92 0.05 5.25 5.00 —0.24
8.70 0.00 385.00 178.01 0.07 8.63 8.44 —-0.18

Tablg 4 Sacca_de parameters Target parameters Saccade parameters

showing the relation between

the retinal error 100 ms before Target step Target Number Latency Initial Retinal error 100 ms  Saccade Saccade

thg saccgde, thedsaccadefampli- amplitude  velocity of (ms) fixation before saccade onset  amplitude error (°)

tude, and saccade error for o o o o o

monkey C. For description of ) /) saccades error (°) ©) )

variables, see Table 2 4.80 1000 367.00 20471  0.10 5.75 543 -1.77
7.00 0.00 361.00 214.73 0.06 6.94 5.74 -1.20
9.20 —10.00  595.00 218.23 0.09 7.93 5.87 —0.67
4.80 0.00 69.00 227.77 0.02 4.78 4.48 -0.30
9.20 0.00 61.00  206.30 —-0.11 9.31 7.96 -1.36

Thus, neither forward nor reverse saccades are on the main
sequence.

These results are consistent with the outcome of the
one-way analysis of variance (ANOVA) of the overall
effects of target motion including saccades to stationary,
forward, and backward moving targets (Table 5, Table 6,
Table 7).

Regression analysis

The results presented so far show that the saccade
dynamics are affected by the target velocity. To investigate
in more detail how this effect concerns different parts of
the saccade, we quantified the relative contribution of the
retinal position error and the target velocity for the saccade

amplitude and for the peak velocity. Two multiple
regression analyses were performed for each monkey
across all stationary and moving trials.

In the first regression, saccade amplitude (corrected for
SPEM) was fitted by a weighted sum of the retinal
position error, evaluated 100 ms before the start of each
saccade (RetErr;¢9), and the target velocity (V):

A
SA = a0+ al - RetErrigo +a2 -V 2)

Both partial correlations of the dependent variable
saccade amplitude with the retinal position error (R ) and
with target velocity (R,) were highly significant for all
three monkeys (Table 8, left column). The gain factor a2
for the target velocity ranged between 0.067 s and 0.095 s.

Amplitude [deg]

3
100

200 300

200

300 200

Latency [ms]

Fig. 3 Saccade amplitude in relation to saccade latency for forward
(a), stationary (b), and backward (c¢) saccades (monkey A). The
slope of the regression lines (solid) shows that saccade amplitude
increases with latency for forward saccades (15°/s) and decreases for
backward saccades (10°/s). Dashed lines show the retinal position
error 100 ms before saccade onset. The average values of the initial

fixation error were close to zero (Table 2, Table 3, Table 4). The
slopes of the dashed lines correspond to the target velocity of +10, 0,
and —10%s in A, B, and C, respectively. The dependencies of the
saccade amplitude and retinal position error on latency are similar,
but the difference between saccade amplitude and retinal position
error differs between conditions.
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Table 5 Saccade parameters (amplitude, peak velocity, duration)
for monkey A in response to stationary (line 1), forward (line 2), and
backward (line 3) moving targets. Each saccade was compensated
for the possible contribution of pursuit before evaluation of the
parameters. Shown are means =SEM. The italic, non-bold numbers
are the values for the total population recorded; bold numbers show
values for the subsample selected to match the amplitude
histograms. Whereas the amplitude is the same for all three target

types, velocity and duration differ significantly between saccades to
forward and backward moving targets. The two rows at the bottom
show the result of a one-way ANOVA with the three-level factor
target velocity, computed separately for the dependent variables
saccade amplitude, peak velocity, and duration; df effect and df error
show the (common) degree of freedom of the numerator and the
denominator of all three F values. df degree of freedom

Target step amplitude (°) Target velocity (°/s) Number of saccades

Saccade amplitude (°) Peak velocity (°/s) Saccade duration (ms)

7.00 0.00 416 6.48+0.61 226.91+51.93 52.53+14.31
4.80 10.00 353 6.53+0.93 203.88+53.12 58.10+16.94
206 6.56+0.63 207.40+51.21 57.41+16.94
9.20 —10.00 416 6.55+0.74 244.38+55.52 50.21+15.94
374 6.53+0.68 244.34+54.88 49.89 +15.10
ANOVA results df effect=2 F=1.5 F=332 F=16.3
df error=993 P<0.3 P<0.001 P<0.001
forward
A1) A2) A3) Thus, the target velocity of 10°/s affected the saccade
20 50 amplitudes by about 0.95° (monkey A), 0.85° (monkey B),
40 and 0.67° (monkey C).
% If saccade amplitude and peak velocity of saccades to
stationary and moving targets belonged to the same main
20 sequence, i.e., if peak velocity and saccade amplitude
m 10 determined each other, then the ratio between the partial
S 0 correlations of the retinal position error and the target
g 200 400 40 80 120 velocity should be similar, regardless of whether the
2 saccade amplitude (R,z, R,y) or the peak velocity (Rpg,
% backward Rpy) is used as a dependent variable. To test this
3 B2) B3) hypothesis, the second regression analysis used saccade
E %0 150 peak velocity (corrected for SPEM) as the dependent
= 40 variable:
% 100 )
20 50 PV =v0 +vl - RetErrigg +v2 - V 3)
10
s vy o0 Ca0 s The partial correlations of the saccade peak velocity

Amplitude [deg] Peak Velocity [deg/s] Saccade Duration [ms]

Fig. 4 Histograms of amplitude, peak velocity, and duration of
saccades to forward (al-3) and backward (b1-3) moving targets for
monkey A. Data were first corrected for SPEM components (Fig. 2).
A selection is shown from both forward and backward trials which
matches the frequency distribution of the amplitudes as closely as
possible (al, bl). For backward saccades, peak velocity is higher
and duration is shorter than that of saccades to forward moving
targets of identical size.

with the retinal position error (Rpgz) and with target
velocity (Rpy) were also highly significant (Table 8, right
column). Comparison with the left column shows the
following: (1) For all monkeys all partial correlations with
saccade peak velocity (Rpg, Rpy) are smaller than those
with the saccade amplitude (R4, R,y), indicating a higher
noise level of peak velocity than of saccade amplitude. (2)
More important for our consideration is the finding that
the ratio between the partial correlations of the retinal
position and the target velocity was larger for the

Table 6 Saccade parameters

. . T: t St
(amplitude, peak velocity, dura- arget s¥ep

Target velocity Number of

Saccade Peak velocity Saccade duration

tion) for monkey B. The italic, amplitude (°) (°/s) saccades amplitude (°) (°/s) (ms)

non-bold numbers are the values

for the total population re- 7.00 0.00 402 6.77+0.55 218.32+69.60  62.70+24.63
corded; bold numbers show the  5.30 10.00 302 6.68+0.76 191.07+63.13  67.98+22.99
Laclt‘é%s t?rmtgfc}futﬁzaglrgliiﬁée 169 6.8340.60  191.10£61.22  68.64+22.96
histograms. For descriplzion of 8.70 -10.00 371 6.85+0.62 234.25+75.74  59.33+£22.16
variables, see Table 5 336 6.82+0.63 233.71+£75.03 58.97+21.47

ANOVA results df effect=2 F=0.85 F=20.7 F=9.8
df error=904 P<0.43 P<0.001 P<0.001
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Table 7 Saccade parameters

. ; T
(amplitude, peak velocity, dura- arget step

Target velocity Number of

Saccade Peak velocity Saccade duration

tion) for monkey C. For de- amplitude (°) (°/s) saccades amplitude (°) (°/s) (ms)
scription of variables, see Tables
5 and 6 7.00 0.00 361 5.74+1.03 268.69+60.63  42.86+12.99
4.80 10.00 367 5.43+1.08  239.88+59.38  46.02+£14.89
261 5.67+0.94 248.58+61.12  46.89+15.49
9.20 -10.00 595 587+1.16  293.24+63.43  39.53+£12.86
533 5.67+0.98 286.83+59.75  38.94+12.08
ANOVA Results: df effect=2 F=0.72 F=36.3 F=329
df error=1152 P<0.49 P<le—4 P<le—4

dependent variable peak velocity (Rpr/Rpy=8.4+4.2) than
for the dependent variable saccade amplitude (R z/
R,;~=1.5+0.1), indicating that the target velocity had a
stronger influence on the saccade amplitude than on the
peak velocity. This was particularly the case for monkeys
A and B and, to a lesser extent, also for monkey C.

The velocity profile

The computations in the last paragraphs were based on
saccade profiles that compensated for possible pursuit
components. This compensation was based on the
assumption of an exponential increase of the pursuit
velocity (see Eq. 1). However, the time course of
postsaccadic eye velocity did not always show an
exponential profile. For example, the exponential fit
shown in Fig. 2 (Fig. 2¢c, dashed) matches the actual eye
velocity in the early postsaccadic period, but is too small
in the later postsaccadic period. To test whether the effects
of target velocity on the saccadic velocity profile may
result from incomplete pursuit compensation, we com-

Table 8 Regression results. The columns labeled “overall” show
the results for the coefficient of multiple correlation (R), which is the
positive square root of the multipleR-square value. The columns
“retinal position error;oo” and “target velocity” show the results for

pared the velocity profiles of saccades to moving and to
stationary targets. Figure S5a, b shows the original
individual and averaged eye velocities (not compensated
for pursuit). The average amplitudes of the saccades to
moving and stationary targets were identical. Even though
the trial by trial variability was quite large, saccades to
forward moving targets clearly showed a longer duration
and a slower peak velocity. This became obvious when the
average time courses were superimposed (Fig. Sc, dotted,
solid traces).

According to the superposition hypothesis, these differ-
ences must be explained by the assumption that the
saccade velocity to the forward moving target is the sum
of a main sequence velocity profile of a smaller saccade
and a forward pursuit velocity. To test this hypothesis, we
subtracted the velocity profiles of variously sized saccades
to stationary targets (dashed in Fig. 5¢) from the velocity
of the saccade to moving targets (solid in Fig. 5c). The
resulting differences are shown in Fig. 5d. Even if we
know neither the respective contribution of saccade and
pursuit to the complete movement nor the exact time
course of intrasaccadic pursuit velocity, according to the

the coefficient of partial correlation. For each partial correlation the
two index letters indicate the dependent variable (4 saccade
amplitude, P peak velocity) and the independent variable (£ retinal
position error 100 ms before saccade onset, ) target velocity)

Monkey A, n=1953

Dependent variable Saccade amplitude (°)

Peak velocity (°/s)

Independent variable Overall Retinal Target velocity Overall Retinal Target velocity
position errorjgg (°) (°/s) position errorjgo (°) (°/s)
Correlation/partial correlation R: 0.88 Ryg: 0.88 R,y 0.60 R: 0.54 Rpg: 0.52 Rpy: 0.04
F value F: 32412 Fp: 6482.3 Fy: 1096.7 F: 407.0 Fpg: 711.2 Fpy: 3.2
Level of significance P<0.001 P,£<0.001 P1<0.001 P<0.001 Ppr<0.001 Ppp<0.08
Coefficients a0: 0.17° al: 0.91 a2: 0.095s  v0: 63.33°/s vl:22.99 57! v2: 0.39
Monkey B, n=1843
Correlation/partial correlation R: 0.92 Ryg: 0.92 R,y 0.68 R: 0.48 Rpg: 0.46 Rpy: 0.06
F value F: 5073.6 Fup: 10127.8 Fy: 1591.7 F:281.7 Fpg: 499.7 Fpy: 6.6
Level of significance P<0.001 P4£<0.001 P,<0.001 P<0.001 Ppp<0.001 Ppy<0.02
Coefficients a0: —0.10° al: 0.99 a2: 0.085s  v0: 10.53°/s v1: 30.16 57! v2: 0.74
Monkey C: n=1453
Correlation/partial correlation R: 0.73 Ry 0.73 R,y 0.45 R: 0.61 Rpg: 0.56 Rpy: 0.12
F value F: 8343 Fuz: 1615.0 Fqp: 368.2 F: 440.2 Fpp: 666.4 Fpy: 20.6
Level of significance P<0.001 P,£<0.001 P<0.001 P<0.001 Ppr<0.001 Ppp<0.001
Coefficients a0: 0.19 deg al: 0.80 a2: 0.067 s v0: 37.65°s v1:33.65s " v2: 1.03
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Fig. 5 Comparison of eye velocity traces of saccades to stationary
and forward moving targets (identical means of saccade amplitude).
Graphs show data of monkey A. Individual eye velocity traces (gray
lines) for stationary targets (a) and moving targets (b). Super-
imposed lines show the time course of the mean (solid) +standard
deviations (dashed). These data show raw recordings (not compen-
sated for SPEM). ¢ Solid line: mean velocity of saccades to moving
targets (identical to solid line in b). Dotted line: mean velocity of

superposition hypothesis we can expect to find a main
sequence saccade for which the difference results in the
presumed monotonic increase of the pursuit velocity.
Figure 5d shows that there is no main sequence saccade
that complies with this expectation. The velocity of small
main sequence saccades, when subtracted from the
velocity of saccades to forward moving targets, led to a
peak of the remaining velocity component far above 10°/s
(Fig. 5d, top trace). Subtracting the velocity of large main
sequence saccades resulted in “pursuit” components that
begin even in the negative direction (Fig. 5d, lower trace).
Even the minimum overshoot of the difference that does
not involve negative “pursuit” velocities for forward
saccades is about 60-70°/s (Fig. 5d, central trace), which
is much higher than the pursuit velocity of 5°/s at the end
of the saccade. For backward saccades the overshoot was
smaller and ranged from 20 to 40°/s for the different
monkeys (e.g., Fig. 6). Thus, these differences are not
compatible with the superposition hypothesis and suggest
that the velocity during the deceleration phase of saccades

250¢
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: stationary target
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w
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saccades to stationary targets (identical to solid line in a). Dashed
line: three saccades to stationary targets with smaller, identical, and
larger initial acceleration than the saccades to moving targets. d
Differences between the velocity of the saccade to moving targets
and the three dashed velocity traces in ¢. The superposition
hypothesis predicts that one of these differences should approximate
the intrasaccadic SPEM velocity.

to forward (backward) moving targets is higher (lower)
than that of main sequence saccades.

Forward and backward saccades after the same initial
step size

In our experiment forward target motion always occurred
after small target steps and backward target motion always
after large target steps. It was thus possible that the
monkey could have used the detection of the target step as
a signal to prolong or to shorten the deceleration phase of
the saccade. In this case target velocity would not have
been used. In order to exclude this possibility, monkey B
was presented with a second setup that required him to
make saccades to two groups of stationary targets, and
saccades to a target that moved in different directions
(forward and backward) but with the same step size (see
“Methods”).With this the monkey made forward and
backward saccades after a small step (5.8°) and forward
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Fig. 6 Comparison of eye velocity traces of saccades to stationary
and backward moving targets (identical means of saccade ampli-
tude). Graphs show data of monkey B. This monkey showed very

and backward saccades after a big step (9.2°). The forward
saccades after the small step and backward saccades after
the big step led to saccades of similar amplitude which
were considered further. By applying the same “subsam-
pling” approach, we compared the backward (»=678) and
forward (n=646) saccades with the same amplitude (7.22°
and 7.18°, respectively). Also under these conditions
backward saccades had a higher peak velocity than
forward saccades (backward: 225.9°/s, forward: 192.2°/s;
t-test: P<0.01) and they were shorter than forward ones
(backward: 66.1 ms, forward: 72.5 ms; t-test: P<0.01),
which fully confirms the results obtained with the first
setup. Thus, the same results were obtained when the
monkey did not know if a target step was followed by a
forward or backward moving target.
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little pursuit as indicated by the small final value of the difference
trace in d. For description of subplots see Fig. 5.

Discussion

Saccade duration and peak velocity and their relation
to SPEM

We have demonstrated that saccades to moving targets can
be as accurate as saccades to stationary targets (see Fig. 3,
Table 2, Table 3, Table 4) and that these saccades are on
different main sequences than are saccades to stationary
targets. Catch-up saccades made during sustained SPEM
have also been shown to be on a different main sequence
(de Brouwer et al. 2002) than saccades to stationary targets
(Bahill et al. 1975). This difference in saccadic profile has
been assumed to be caused by a SPEM component that is
added to or subtracted from the saccadic component.
However, we show for the first time that even after
correcting for the SPEM component, catch-up and
stationary saccades still occur on different main sequences.
Backward saccades are faster and shorter than forward
saccades. How can these different findings be explained?

In agreement with de Brouwer et al. (2002) and Blohm
et al. (2003), we found that retinal slip velocity had an
effect on saccade amplitude. The effects in the monkey
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(regression coefficients a2 between 0.067 and 0.095; see
Table 8) were in between the coefficients that de Brouwer
et al. (2002) found for the cat (0.162) and Blohm et al.
(2003) found in humans (0.059). Although all our findings
for the saccade amplitude are in the range of previous
results, they cannot be explained by a superposition of
main sequence saccades with pursuit, since our correlation
analysis revealed that saccade amplitude is more affected
by the target velocity than is the peak velocity. This result
is not compatible with the superposition hypothesis and
seems to be in conflict with the results of Blohm et al.
(2003) who, after correcting for SPEM, found that these
saccades were indistinguishable from saccades to station-
ary targets. One important difference between their
experiments and ours is that the SPEM component in
our experiment was very small. Before saccade onset the
eye velocity stayed below 1°/s. In contrast, the major
interest of the study of Blohm et al. (2003) was focused on
predictive SPEM, and subjects were particularly trained to
produce anticipatory SPEM. Therefore, in their study the
eye velocity exceeded 10°/s before saccade onset. In our
experiment, the contribution of the SPEM to the saccade
amplitude (between 0.02° and 0.25°; see Table 1) was
smaller than the effect of target velocity (between 0.67°
and 0.95°; see Table 8).

It is quite possible that the absence of effects of target
velocity on the main sequence in previous experiments is
due to the activity of the pursuit system before the saccade.
In primates, who have a gain of SPEM near one, the
activity of the pursuit system is normally involved with the
target motion during the latency period of the saccade and
during its duration. Therefore, saccades usually do not
have to change much with target velocity, if the pursuit
system is already active. It is conceivable that the
dependence of the time course of saccadic eye velocity
on target velocity can only be observed if, as in our
experiment, there is no pursuit activity before the saccade.
Our results also clearly revealed that the accuracy of
saccades to moving targets is not the result of prepro-
grammed learning to execute velocity profiles specific for
certain target steps. This is shown by the fact that
randomization of the target step and of the direction of the
following target motion does not affect this accuracy.

Latency

In case of a stationary target, the latency between the target
start and the onset of a saccade is generally 150-250 ms
(Becker 1989; Krauzlis and Miles 1996). This is in line
with our findings of latencies that varied between 150 and
300 ms. There are some reports that larger saccades after
larger target steps have longer latencies (Becker 1989).
However, latency has basically no effect on the amplitude
of saccades to a stationary target of a given size (Fig. 3).
On average, we hardly observed any latency difference
between saccades to moving and to stationary targets
(Table 2, Table 3, Table 4). During the latent period, the
distance is calculated which the eye has to move to fixate

the target. The difference between the initial and intended
eye positions is translated into a motor command that
activates the extraocular muscles to move the eye over the
correct distance in the appropriate direction. For a saccade
made to a moving target, the situation is clearly more
complicated due to the continuous change of the retinal
error during the latent period.

We show that the latency of saccades to moving targets
is linearly related to the amplitude of the saccade (Fig. 3).
This relation is expected since in our experiment, the
saccade latency was linearly related to the retinal position
error, sampled at a fixed time before saccade onset, and
because the retinal position error is the main determining
factor for the saccade amplitude. Thus, this finding is a
further confirmation of the generally accepted view that
the position error is sampled at a fixed time before saccade
onset.

Retinal error, stimulus-related velocity factor, and
saccade velocity profile

In this context, the retinal position error is defined as the
distance between target and eye position 100 ms before
saccade onset. Saccade amplitudes are smaller than the
retinal position error for backward moving targets and
larger for forward moving targets (Fig. 3). This dissoci-
ation of saccade amplitude and retinal error shows that the
retinal position error cannot be the only factor involved.
This result is in line with previous studies showing that
an additional velocity factor affects saccade amplitude
(Keller and Johnsen 1990; Gellman and Carl 1991; de
Brouwer et al. 2001). This factor could be retinal slip or
target velocity, which was the same under our conditions.
de Brouwer et al. (2002) and Blohm et al. (2003) recently
demonstrated that retinal slip is the relevant factor, which
we will call stimulus-related velocity factor in the
following. We hypothesize that saccade amplitude de-
pends on both the retinal position error and a stimulus-
related velocity factor, which affects the saccade mainly
after the peak velocity, i.e., during the deceleration phase
of the saccade. This hypothesis explains why the partial
correlations of target velocity with saccade amplitude are
much larger than that of target velocity with eye peak
velocity (Table 8). This interpretation is fully compatible
with the finding that saccades with the same amplitude
have different peak velocities, depending on the direction
of target motion. The reason why saccades to backward
moving targets have higher peak velocities than saccades
to forward moving targets is not that peak velocity
depends on target motion. In our experiment, the retinal
error sampled 100 ms before saccade onset was larger for
backward saccades than for forward ones. Our experi-
ments show that forward saccades are initially planned
with a smaller amplitude and smaller peak velocity
(because of the smaller primary target step) and are then
decelerated more slowly than saccades to stationary
targets, in order to increase the amplitude. The opposite



procedure is followed in the case of backward moving
targets.

This can be seen in Fig. 5 and Fig. 6, in which the
velocity profiles of saccades to moving and stationary
targets are compared. When comparing the size of the
velocity overshoots of the velocity differences shown in
Figure 5d and Fig. 6d with the much smaller size of the
SPEM components (see Table 1), it also becomes obvious
that the differences in the main sequences of saccades to
forward and backward moving targets which we report
here cannot be explained as simply an artifact of the
imperfections of our algorithm to compensate for SPEM
components. The method we applied may not be
appropriate to estimate the exact time course of intrasac-
cadic pursuit because of the effects of saccades on the
pursuit gain known as “postsaccadic enhancement”
(Lisberger 1998; Churchland and Lisberger 2002). How-
ever, even postsaccadic enhancement does not predict that
the pursuit velocity during the saccade is larger than after
the saccade. Therefore, the large differences during the
deceleration phase of the eye velocities between saccades
to stationary and to moving targets cannot be attributed to
pursuit: They indicate differences in the dynamics of the
saccadic component.

Quantitatively the regression analysis (Table 8) showed
that the relative predictive power of the target velocity
(with respect to that of the retinal error) was 8.9, 5.7, and
2.9 times larger for saccade amplitude than for peak
velocity as indicated by the ratio [R4/R4gl/[Rpy/RpE] for
monkeys A, B, and C, respectively. This is a further
confirmation of our interpretation that saccade amplitude
is more affected by target velocity than is peak velocity.

The acceleration phases of saccades to stationary and
moving targets appear to be similar, but forward saccades
have a higher velocity in the deceleration phase and last
longer than backward saccades. Therefore, we assume that
target velocity is used by the oculomotor system to shorten
or to prolong the deceleration phase, which was originally
preprogrammed on the basis of the retinal position error in
order to improve the accuracy of saccades to moving
targets.

Relation to models and neuronal mechanisms

In many models of saccade generation the signal driving
excitatory burst neurons (EBN) in the brainstem is
controlled by a local feedback loop (Robinson 1975;
Jirgens 1981; Scudder 1988; for a review see Scudder et
al. 2002). All neural structures in this feedback loop are
candidates that potentially affect the kinematics and
dynamics of saccades. For example, Erkelens and Sloot
(1995) used feedback control to explain that the variability
of effective saccade direction is smaller than that of initial
direction. Structures of the feedback loop which are also
involved in the processing of presaccadic target velocity
could cause the effects observed in the present study. One
recent model of the interaction of the SC and cerebellum
favors the cerebellum to explain such effects (Quaia et al.
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1999; Optican and Quaia 2002). This model does not
consider the SPEM component and thus is similar to our
approach. The saccade simulations presented in Fig. 4 in
Optican and Quaia (2002) also show some differences in
the saccade profile, when saccades to stationary and to
moving targets are compared. These differences are similar
to the differences we observed.

Briefly, their model predicts that the SC generates a
saccadic signal based on the retinal position error, an
assumption supported by experimental studies (Keller et
al. 1996; Klier et al. 2001). The source of the neuronal
activity for the stimulus-related velocity component is not
known. According to the model of Optican and Quaia
(2002), the cerebellum with its relevant output structure
(the FOR) might be a candidate. Saccade-related burst
neurons have been encountered in the FOR (Fuchs et al.
1994; Helmchen et al. 1994; Robinson and Fuchs 2001).
The stimulus-related velocity component seems to play
only a minor role during the acceleration phase of the
saccade, but it becomes manifest mainly during the
deceleration phase, resulting in larger amplitudes of
forward saccades and smaller amplitudes of backward
saccades.

Conclusions

Our results confirm that saccades to moving targets are
highly accurate. The saccadic system achieves this accu-
racy by taking not only the retinal position error into
account but also by generating a component related to
stimulus velocity that is independent of any SPEM
contribution. This component leads to an altered saccade
velocity profile, which becomes manifest mainly during
the deceleration phase. Future studies will have to
determine how different neuronal structures such as the
SC and the cerebellum contribute to this saccade control
process.
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