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Blohm, Gunnar, Marcus Missal, and Philippe Lefévre. Processing
of retinal and extraretinal signals for memory-guided saccades during
smooth pursuit. J Neurophysiol 93: 1510-1522, 2005. First published
October 13, 2004; doi:10.1152/jn.00543.2004. It is an essential fea-
ture for the visual system to keep track of self-motion to maintain
space constancy. Therefore the saccadic system uses extraretinal
information about previous saccades to update the internal represen-
tation of memorized targets, an ability that has been identified in
behavioral and electrophysiological studies. However, a smooth eye
movement induced in the latency period of a memory-guided saccade
yielded contradictory results. Indeed some studies described spatially
accurate saccades, whereas others reported retinal coding of saccades.
Today, it is still unclear how the saccadic system keeps track of
smooth eye movements in the absence of vision. Here, we developed
an original two-dimensional behavioral paradigm to further investi-
gate how smooth eye displacements could be compensated to ensure
space constancy. Human subjects were required to pursue a moving
target and to orient their eyes toward the memorized position of a
briefly presented second target (flash) once it appeared. The analysis
of the first orientation saccade revealed a bimodal latency distribution
related to two different saccade programming strategies. Short-latency
(<175 ms) saccades were coded using the only available retinal
information, i.e., position error. In addition to position error, longer-
latency (>175 ms) saccades used extraretinal information about the
smooth eye displacement during the latency period to program spa-
tially more accurate saccades. Sensory parameters at the moment of
the flash (retinal position error and eye velocity) influenced the choice
between both strategies. We hypothesize that this tradeoff between
speed and accuracy of the saccadic response reveals the presence of
two coupled neural pathways for saccadic programming. A fast
striatal-collicular pathway might only use retinal information about
the flash location to program the first saccade. The slower pathway
could involve the posterior parietal cortex to update the internal
representation of the flash once extraretinal smooth eye displacement
information becomes available to the system.

INTRODUCTION

Space constancy is an essential feature of the visual system
that allows us to perceive a stationary object as immobile
during self-movement even though its image shifts across the
retina (Bridgeman 1995; Deubel et al. 1998; Niemann and
Hoffmann 1997; Stark and Bridgeman 1983). In the case where
visual information is absent, the question arises whether space
constancy of memorized targets still holds during eye move-
ments. This issue has been extensively studied for the saccadic
system using the so-called double-step and colliding saccade

paradigms (Aslin and Shea 1987; Becker and Jiirgens 1979;
Dassonville et al. 1992; Dominey et al. 1997; Goossens and
Van Opstal 1997; Hallett and Lightstone 1976a,b; Mays and
Sparks 1980; Mushiake et al. 1999; Schlag and Schlag-Rey
1990; Schlag et al. 1989; Tian et al. 2000). In both experimen-
tal conditions, a saccadic eye movement is evoked either
visually or by microstimulation before primates have to direct
their line of sight to a previously memorized spatial location. In
this situation, the retinal error of the memorized target does not
correspond anymore to the required eye movement. Neverthe-
less, saccades are spatially accurate. The authors conclude that
extra-retinal information about the first eye movement is avail-
able to the saccadic system to adapt the second saccade
amplitude. The saccadic system is thus able to keep track of its
own movements.

During smooth-pursuit movements, the question of space
constancy becomes more complicated. In this case, a smooth
eye movement is induced before the occurrence of the saccade
directed toward the memorized target. Again, to align gaze
with the correct spatial location of the memorized target, the
retinal input has to be updated by extraretinal signals about the
smooth eye displacement. Thus the saccadic system needs
additional information from another motor system—the
smooth-pursuit system—to compensate for smooth eye dis-
placements. Today, it is still not clear how such memory-
guided saccades are programmed during smooth eye move-
ments. Recent studies indicate that gaze shifts to targets mem-
orized before visually guided smooth pursuit and executed
after the end of pursuit are spatially accurate (Baker et al. 2003;
Herter and Guitton 1998). Also, when targets were briefly
flashed during smooth pursuit but the localization was per-
formed only after the smooth-pursuit target disappeared, mem-
ory-guided saccades seemed to be better predicted by the
spatial error hypothesis (i.e., saccades directed to the actual
target position in space, accounting for the retinal error and
intervening movements during the latency period) than by the
retinal error hypothesis (i.e., saccade directed to the retinal
position of the target irrespective of intervening eye move-
ments) (Ohtsuka 1994; Schlag et al. 1990; Zivotofsky et al.
1996). Taken together, these results suggest that the saccadic
system has indeed access to information about smooth eye
displacement during the memory period. However, when a
target is briefly flashed at the moment of the smooth-pursuit
target extinction and a targeting saccade is immediately trig-
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gered, its amplitude is better predicted by the retinal error than
by the spatial error (Gellman and Fletcher 1992; McKenzie and
Lisberger 1986). These results are clearly contradictory with
the above-mentioned hypothesis of space constancy during
smooth eye movements and the question arises what can
explain this apparent contradiction.

To answer this question, we propose to investigate how
memory-guided saccades are programmed during smooth pur-
suit. In particular, because long memory periods seemed to
allow space constancy during self-generated movement (Baker
et al. 2003; Herter and Guitton 1998; Ohtsuka 1994; Schlag et
al. 1990; Zivotofsky et al. 1996), whereas this was not the case
for short memory periods (Gellman and Fletcher 1992; Mc-
Kenzie and Lisberger 1986), we will investigate the role of
response latency in the saccade programming process. By
doing this, we will be able to make the link between the
above-mentioned results of short-latency retinal and long-
latency spatial saccade programming. Therefore we developed
a two-dimensional (2-D) experimental paradigm in which we
presented a briefly flashed target during smooth-pursuit eye
movements. This 2-D arrangement of the paradigm allowed us
to separate retinal and extraretinal signals and to obtain saccade
programming parameters for horizontal and vertical eye-move-
ment components separately. Furthermore, a detailed analysis
of saccade latencies made it possible for the first time to link
the saccadic execution time to the programming of the mem-
ory-guided eye movement. As a result, we will show that there
is a transition between retinally coded short-latency saccades
and spatially coded longer-latency eye saccades and that this
transition is reflected in a bimodal saccadic latency distribu-
tion. We will also analyze which sensory parameters influence
the system’s decision to trigger short- or longer-latency sac-
cades. These results shed light on the use of extra-retinal
signals when tracking smooth eye movements in the absence of
visual input and reconcile previous contradictory results con-
cerning the programming of memory-guided saccades during
smooth self-motion. Our paradigm thus allowed us to identify
two coupled processes for saccade execution.

METHODS

Eight healthy human subjects aged between 23 and 38 yr and
without any known oculomotor anomalies were recruited after in-
formed consent. Three of them were completely naive of oculomotor
experiments. All procedures were conducted with approval of the
Université Catholique de Louvain Ethics Committee, in compliance
with the Helsinki Declaration (1996).

Experimental setup

Subjects faced a 1-m distant, tangent translucent screen that cov-
ered about =45° horizontally and +40° vertically of their visual field.
They sat in complete darkness and their head was restrained using a
chin rest. Two different targets—a green and a red spot— were
back-projected onto the screen. The green spot was projected by a
Tektronix (Beaverton, OR) 606A oscilloscope using custom optics
and measured ~1.5°. This green spot was the smooth-pursuit target.
A second target was a red laser spot that measured 0.2° and was
projected onto the screen via two M3-Series mirror galvanometers
(GSI Lumonics, Billerica, LA). This red spot was only briefly pre-
sented during 10 ms, and we will thus refer to it as a “flash” [flash
durations between 5 and 20 ms have been used successfully (Gellman
and Fletcher 1992; Schlag et al. 1990)]. A dedicated real-time com-
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puter running LabViewRT (National Instruments, Austin, TX) soft-
ware controlled position, velocity, and illumination of both targets.
We recorded the movements of one eye using the scleral search coil
technique (Skalar Medical BV, Delft, The Netherlands) (Collewijn et
al. 1975; Robinson 1963).

Paradigm

All recording sessions were composed of blocks of 40 trials each.
Data acquisition started with two blocks of fixation control (FIX)
trials followed by a varying number of blocks of test trials, such that
a total recording duration of 30 min was not exceeded. Flashes were
presented during fixation (control FIX), during ongoing smooth pur-
suit (“flash during ramp” FDR test) or after the pursuit ramp offset
(“flash after ramp” FAR control).

Fixation control (FIX) trials started with a green central fixation
spot. At a random time 500—1,000 ms after the trial began, a 10-ms
red flash was presented at a random position between —10° and +10°
horizontally and vertically. Subjects were asked to look at the mem-
orized target position as soon as the flash appeared and to fixate this
position until the end of the trial. They had to redirect gaze to the
memorized target position even though the fixation spot remained
illuminated. One thousand milliseconds after the flash, the green
fixation spot was extinguished for 500 ms to indicate the end of the
trial.

Test trials started with a 500-ms initial fixation period (green target)
at 20° eccentricity (Fig. 14, IF) in a random direction around the
straight-ahead position. The initial fixation point was thus located at a
random position on a 20° circle around the straight-ahead direction
(Fig. 1A, - - -). Then the green spot performed a step away from the
center of the screen and a ramp movement (Fig. 1A, ramp) back
toward the center of the screen. The size of the step was calculated in
such a way that the target crossed the initial fixation point after 200
ms. This step was introduced to reduce the probability of occurrence
of a catch-up saccade during pursuit initiation (Rashbass 1961). The
ramp velocity varied randomly between 10 and 40°/s. A 10-ms red
flash (Fig. 1A, flash) was presented at a random time between 500 and
1,500 ms after the ramp movement onset. The flash position was
randomly chosen in a squared +10° (horizontal and vertical) window
around the actual pursuit ramp position. The ramp movement contin-
ued until the end of the trial. All trials lasted for 3 s. Subjects were
instructed to follow the green pursuit target and to look at the
memorized position of the flash as soon as they saw the flash.

In addition to the test trials, all subjects performed “flash after
ramp” control (FAR) trials. FAR controls were similar to test trials,
but the green pursuit ramp target was extinguished at a random time
between 500 and 1,000 ms after the ramp movement onset and
remained extinguished until the end of the trial. At a random time
0-500 ms after the pursuit ramp extinction, a red flash was presented
in a £10° window (horizontally and vertically) around the extrapo-
lated ramp position. We chose to introduce this random extinction
period to obtain different patterns of eye velocity after the flash
presentation. Beside this, all stimulus parameters and subject’s in-
structions remained the same as for test trials.

Data acquisition and analysis

Two NI-PXI-6025E data-acquisition boards (National Instruments,
Austin, TX) sampled the position of one eye and both targets (hori-
zontally and vertically) at 500 Hz. Collected data were stored on a
hard disk for off-line analysis with Matlab scripts (Mathworks,
Natick, MA). Position signals were low-pass filtered using a zero-
phase digital filter (autoregressive forward-backward filter; cutoff
frequency: 50 Hz). Velocity and acceleration were derived from
position signals using a weighted central difference algorithm on a
*10-ms interval. The cutoff frequency of the derivative filter was 33 Hz.
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FIG. 1. Experimental paradigm and data analysis. A: test trials paradigm.
The initial fixation point (O, IF), the pursuit ramp and the flash (¥) are
represented. - - -, the possible positions of the initial fixation point. B: extracted
parameters. At the time of the flash (*; - - -, the memorized flash position),
position error (PER) and eye (—, saccades in bold) velocity (EVp) were
sampled. The 1st saccade amplitude was divided into the purely saccadic
(Samp) and the smooth (Py,,,) component. Position error (PE(t)) and smooth
eye displacement [SED(t)] are also represented. C: direction of smooth pursuit
with respect to the location of the flash. By is the angle between position error
(PEg) and eye velocity (EVp) at the moment of the flash. The visual field was
divided into foveofugal (FF) and foveopetal (FP) hemifields. See text for more
details.

All trials were aligned on flash onset. Figure 1B illustrates an
example in one dimension, starting from the moment of the flash onset
(time: 0 ms) until 1,000 ms after the flash. The instantaneous smooth
eye displacement at time 7 was defined as the integral of the smooth
eye velocity EV(#) over time, starting at the moment of the flash
[SED(t) = J,EV(')dt']. The smooth eye velocity EV4(f) was ob-
tained by removing saccades from the velocity trace. Saccades were
detected using a 500°/s* acceleration threshold. We then measured the
eye velocity before and after the saccades and interpolated linearly
between these values to obtain an estimation of the smooth eye
velocity during saccades (see METHODs section of de Brouwer et al.
2002 for more details).

To analyze the first saccade programming, the saccadic amplitude
had to be corrected for the contribution of the smooth-pursuit system.
It has indeed been shown for horizontal eye movements that the
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smooth-pursuit system does not pause during saccades and thus has a
significant contribution to the measured saccade amplitude (de Brou-
wer et al. 2001, 2002). Therefore to examine the output of the saccadic
system in isolation, the measured value of the saccade amplitude
(AMP) has to be corrected by an estimate of the smooth-pursuit
contribution P, (see Fig. 1B). The corrected saccade amplitude is
then S,,,, = AMP —P, ... The smooth-pursuit contribution Py, is
calculated by multiplying the saccade duration Sp,,. with the mean
value of the eye velocity before and after the saccade (de Brouwer et
al. 2001, 2002; Keller and Johnsen 1990; Smeets and Bekkering
2000). Here, we performed the same correction of the saccade am-
plitude for 2-D saccades. We tested the validity of the correction for
each subject individually on the main sequence relationship between
saccade duration Sy, and vectorial amplitude AMP. For all subjects,
the corrected vectorial saccade amplitude S,,,, was significantly
better correlated to Sy, than the uncorrected amplitude AMP (z-test,
P < 0.01). We thus validated the previously proposed method of the
saccade amplitude correction for 2-D data. All analyses in this paper
will thus use the corrected saccade amplitude Sy,

For our analysis, we measured different parameters as illustrated in
Fig. 1B. The range of these parameters is provided in Table 1. At the
moment of the flash, we measured the horizontal and vertical com-
ponent of the position error PEL (= retinal error) and eye velocity EVy
and also the smooth-pursuit gain (gaingp ). Following the above-
described procedure, the total saccade amplitude AMP was divided
into a purely saccadic component S,,,,, and a smooth-pursuit contri-
bution Py,,,. Position error PE(z) and smooth eye displacement
SED(f) were measured continuously until 1,000 ms after the flash. For
the analysis of the saccade latency, we partitioned our data into two
distinct subsets, i.e., foveofugal (FF) and foveopetal (FP) flashes (see
Fig. 1C). In FP (FF) trials, the flash was presented ahead (behind) the
actual eye position with respect to the direction of the eye trajectory.
Thus as the terms “foveofugal” and * foveopetal” intuitively suggest,
the eye motion made the fovea to move either away (foveofugal) or
toward (foveoperal) the target at the moment of the flash presentation.
It should be noted that a FP flash could evoke both onward and
backward saccades (with respect to the smooth eye movement direc-
tion, see typical trials in Fig. 2). We also calculated the angle By
between EVy and the position error PE at the moment of the flash.

TABLE 1. Measured parameters
Parameter Component Mean = SD Median [25..75]%
Parameters at the
moment of the flash
[PEg| (°) X 5.447 = 3478 5.258 [2.644..7.878]
Y 5.531 = 3.619 5.253 [2.584..7.997]
[EVH (°/s) X 10.819 = 7.718 9.395 [4.687..15.231]
Y 9.201 = 6.459 8.077 [4.220..12.853]
Gaingp  (.) 0.678 = 0.256 0.708 [0.500..0.865]
Saccade-related
parameters
IS Ampl® (©) X 5.057 =3.524 4506 [2.187..7.348]
Y 4.573 = 3.602 3.770 [1.670..6.716]
gaing () X 0.908 = 0.371 0.898 [0.683..1.117]
Y 0.805 = 0.388 0.791 [0.546..1.024]
[SEDy el () X 1.992 + 1.848 1.440 [0.661..2.771]
Y 1.669 = 1.472 1.23910.617..2.268]
|SEDSchd| ©) X 2.568 = 2.166 2.010 [0.974..3.632]
Y 2.168 £ 1.724 1.74210.926..2.989]
Final orientation
parameters
[PE,.q °) X 2319 2030  1.778[0.816..3.311]
Y 2.156 = 1.889 1.684 [0.817..2.912]
[SED,,.q| (°) X 3.217 £ 2.640 2.595[1.219..4.503]
Y 2.851 = 2.256 2.329[1.165..4.012]

n = 4,464 trials.
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FIG. 2. Typical trials. Three typical trials
are shown. A-C: a short-latency (104 ms)
trial; D—F": a long-latency (238 ms) trial; and
G-H: very-long-latency (674 ms) trial. A, D,
G: position vs. time representation of the
pursuit target (dashed lines), the flash (hor-
izontal dotted lines stand for the memorized
flash position) and the movement of 1 eye
(solid lines) separately for horizontal (red,
H) and vertical (blue, V) components. Rel-
evant saccades are represented with bold
lines. The vertical dotted line indicates when
the flash was presented. B, E, H: velocity vs.
time representation of the trial. Saccades are

Vertical position (deg)

-10 0 10 -10 0 10
Horizontal position (deg) Horizontal position (deg)

We performed our statistical analyses either using Statistica (Stat-
Soft, Tulsa, OK) or Matlab (Mathworks) programs. For the presenta-
tion and description of our results, we used the classical expression of
the regression coefficient R (and corresponding P values for signifi-
cance) to provide an indication of the goodness-of-fit. This was the
case for linear regressions as well as for nonlinear fitting.

RESULTS

We recorded a total of 5,855 test trials. All trials were
visually inspected. We discarded trials with saccades occurring
around the moment of the flash =65 ms after the flash onset
(n = 956) and trials where subjects could not localize correctly
the flashed target (final error >10°) or did not trigger any
saccade (n = 435). The total number of valid trials we used in
our analyses was thus n = 4,464 (~76%). We also recorded a
total of 1,957 control FIX trials and 5,919 control FAR trials,
of which 1,542 (~79%) and 4,402 (~74%), respectively, were
valid. Subjects reported that they did not have any difficulties
in performing the experimental tasks.

Figure 2 shows three trials with a typical short-latency
(A-C), long-latency (D-F), and very-long-latency (G-I) first
saccade, respectively. We were only interested in saccades that
occurred after the onset of the flash (dotted vertical line in the
six top panels of Fig. 2). The first orientation saccade in Fig. 2,
A-C, had a latency of 104 ms with respect to the flash and was
almost parallel to the position error vector at the moment of the
flash PEp (= retinal error; dotted line in Fig. 2C). It seems that
this saccade did not take into account the smooth eye move-
ment during the latency period. However, a second saccade
was triggered and compensated for the remaining error. A
different behavior is shown in the second typical trial, in Fig.
2, D-F, where the first saccade toward the flash had a latency
of 238 ms and was not parallel to PEg vector (Fig. 2F). Indeed,
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represented with thin lines; other conven-
tions are the same as in A, D, and G. C, F, I
vertical vs. horizontal representation of the
| trial. The dashed line represents the pursuit
ramp target and the arrow indicates the
movement direction. The eye position is rep-
resented with a red dot every 6 ms. When the
dots are separated, this indicates a fast (sac-
cadic) eye movement; otherwise the move-
ment is smooth. The flash (star) is connected
to the eye trace by a thin dotted line that
indicates where the eye was at the moment
of the flash (= PEp).

T 1
-10 0 10
Horizontal position (deg)

this saccade seemed to take into account the fact that the eye
was moving during the latency period. However, a second
saccade was still needed to correct for the remaining error.
Figure 2, G-I, shows an extreme case where the first saccade
was triggered very late (latency: 674 ms). This example shows
an almost perfect compensation for the smooth eye displace-
ment that took place during the latency period. Remarkably,
although the horizontal retinal position error at the moment of
the flash was negative, the horizontal saccade amplitude was
positive. These three trials in Fig. 2 illustrate the influence of
latency on the characteristics of the first saccade. The program-
ming of short latency saccades appears to be directed to the
retinal position of the flash whereas there is a bias toward the
spatial location of the flash when saccade latency increases.

Programming of first saccade

Typical trials in Fig. 2 seemed to indicate that short- and
long-latency saccades were not programmed in the same way.
Short-latency saccades (see Fig. 2, A—C) appeared to be par-
allel to the vector of retinal position error at the moment of the
flash, whereas long-latency saccades (see Fig. 2, D-I) indicate
that extra-retinal signals about the ongoing eye movement
during the latency period of the saccade could also influence its
programming. Long-latency saccades would thus be spatially
more accurate than the retinal short-latency saccades. Figure 3
shows a comparison of the retinal versus the spatial saccadic
programming hypothesis as a function of saccade latency.
Figure 3 shows scatter plots of the first saccade direction for
the retinal and spatial error hypothesis, for short (<150 ms)-
and long (>300 ms)-latency trials separately. This confirmed
the tendency shown in our example trials (Fig. 2), i.e., short-
latency saccades were better described by the retinal error
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