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THE smooth pursuit system is traditionally employed
using a single small target moving on a homogeneous
background. It still is not fully understood, however,
how accurate tracking is sustained in the presence of a
structured background, which will activate global mo-
tion processing in the opposite direction as a conse-
quence of the ongoing eye movement. To further study
this interaction, we used brief shifts of a textured
background injected at various times during the initia-
tion of smooth pursuit. While shifts opposite to the
target direction did not alter smooth pursuit perform-
ance, those in the same direction resulted in a marked
transient perturbation of the pursuit. These results
suggest a simple yet limited mechanism that adjusts the
sensitivity of global motion processing. NeuroReport
10:2477±2480 # 1999 Lippincott Williams & Wilkins.

Key words: Eye movements; Extrastriate visual cortex;
Human; Optic ¯ow; Sensorimotor processing; Smooth
pursuit

Introduction

Smooth pursuit eye movements (SP) are linked to
the occurrence of retinal image slip, and most
subjects are unable to generate them voluntarily in
the absence of motion cues [1]. Therefore, SP has
been used extensively as a convenient probe for local
visual motion processing as well as visuomotor
transformation. State of the art models of SP focus
on the extraction of retinal image slip generated by
the moving target [2] (for a review see [3]). How-
ever, the contribution of the visual surroundings,
which induces global motion processing in the
opposite direction during tracking, is not yet fully
understood. Recent investigations have shown weak
modi®cations of SP performance in the presence of
a textured background [4±10]. Furthermore, it was
reported that a stationary textured background was
able to modify the initiation of SP, indicating that
self-induced optokinetic stimulation due to an eye
movement was not the sole mode of interaction
[6,7]. The goal of this study was to address the effect
of a structured background on the execution of SP
by applying brief disturbances to the visual sur-
roundings.

Materials and Methods

Experimental setup: The eye position of 11 healthy
naive subjects and one author (US) (age 16±75
years) was measured using the magnetic search coil
technique (SKALAR Medical, Delft, The Nether-

lands) [11,12]. We used an i486/50-based real-time
computer system to control the experimental para-
digm including stimulus presentation and data ac-
quisition. The visual stimuli were back-projected
onto a translucent tangent screen (viewing distance
1 m, subtending �428 horizontally and �328 verti-
cally, pixel size 0.28) using an active-matrix LCD
video projector (Sharp). The frame rate of the dis-
play system was 70 Hz. Horizontal and vertical
positions of the center-aligned right eye were
sampled at 1000 Hz with a nominal spatial resolu-
tion of 30 s arc.

Experimental paradigm: Each trial started with a
computer controlled ®xation period (randomized
between 500 and 1000 ms, eye position window
�0.58) of a small center target (0.4 3 0.48) sur-
rounded by a textured background (300 randomly
distributed vertical line elements, 0.2 3 0.88). After
successful ®xation a salient target (0.8 3 0.88) was
moved at 118/s to the right or left for 800 ms.
During target motion the background was shifted
horizontally at 118/s or 228/s in either direction for
200 ms starting at one of ®ve intervals (0, 57, 100,
157 or 200 ms) after target onset. Control trials
consisted of target motion on a homogeneous back-
ground, target motion across a stationary back-
ground, and background shifts only. These resulting
48 conditions were presented randomly interleaved
in at least 10 blocks yielding a minimum of 480
trials. In accordance with our regulations for the use
of search coils, a session never lasted more than
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30 min. This procedure also ensured that the data
were not affected by fatigue.

Data analysis: Eye position was ®rst ®ltered using
an adaptive smoothing cubic spline. Then, eye
velocity was obtained by a 2-point differentiation
[13]. Finally, saccades were detected automatically
using combined velocity and acceleration criteria.
To quantify the effect of the transient background
motion we calculated the cross-correlation between
the de-saccaded eye velocity pro®le of a single trial
and one cycle of a sine function (period 300 ms).
The modulation of the ongoing SP was expressed as
modulation index (MI) which simply represents the
value of the maximum of the cross-correlation func-
tion. All data processing was performed off-line
using a commercial software package (MATLAB
5.3, The MathWorks Inc., Natick, MA).

Results

First, we looked at the in¯uence of a structured
background on the execution of tracking eye move-
ments when compared to those across a homogen-
eous background. The latency of the initial saccade
of SP was consistently and signi®cantly ( p , 0.01,
one-tailed t-test) shorter in the presence of a
textured background (247� 31 ms) compared with
those obtained in control trials with a homogeneous
background (267� 40 ms, target velocity 118/s, grand
average for all 12 subjects). This increase in saccade
latency most probably re¯ected the decrease in
initial eye acceleration (638/s2 for homogeneous
background, 508/s2 for structured background) in-
duced by the structured background. However,
these changes in eye movement parameters were
rather small compared to the marked change in
visual stimulation induced by the presence of a
structured background and were exclusively related
to the initiation of SP. To unmask a possible back-
ground effect, we used brief movements of the
background. If the brief disturbance of the sur-
roundings occurred in the opposite direction of the
moving target, the ongoing SP eye movement was
not affected and in essence was identical to the
response for a stationary background. However, if
the background was shifted in the same direction,
eye velocity invariably showed a transient perturba-
tion akin a one-cycle sinusoidal wave that started
with an acceleration (see Fig. 1). This distinct
modulation occurred independent of the onset of
target motion and SP, but was clearly time-locked
to the onset of the disturbance, as shown in Fig. 1.

Since the main sequence and the latency of the
initial saccade were not modi®ed by the disturbance,
the perturbation seemed to be merely superimposed

on an otherwise typical SP response. The presence
of the sinusoidal perturbation in the eye velocity is
exposed in the cross-correlation function and pro-
duces statistically robust changes in the MI depend-
ing on the relative retinal image velocity during the
disturbance.

Fig. 2 shows lack of modulation for any condition
yielding a retinal slip opposite to the target direc-

FIG. 1. Median horizontal eye velocity traces (subject N, n� 10) for
different background conditions. Target speed was 118/s. Upward de¯ec-
tion indicates a movement to the right. The duration of the background
movement (228/s) is illustrated by a thick horizontal line. (A) Ocular
response to background motion noticeably depends on the direction of
the background shift relative to the moving target. The two bold lines
represent the conditions where both background shift and target moved
in the same direction. (B) Dependence of the modulation in eye velocity
on the onset of the background shift as indicated by the labels. Target
(118/s) as well as background (228/s) moved towards the right.
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tion, whereas conditions where the background
shortly followed the target produced MIs increasing
with relative image slip velocity. This observation
was supported by an analysis of variance (Kruskal-
Wallis) revealing that MI was signi®cantly depen-
dent on the velocity of background velocity. How-
ever, a post-hoc test revealed that only MI values
obtained in the condition of 228/s background
movement in the same direction as the target were
signi®cantly different from all other values ( p ,
0.001), which, in turn, were not different among
themselves.

Discussion

Our paradigm reveals an interesting asymmetry in
the visual processing of global image motion during
the execution of smooth pursuit eye movements.
Brief injections of full ®eld motion in the direction
of a moving target were able to temporarily perturb
the appropriately ongoing SP response. The modula-
tion was absent, however, when such a disturbance
occurred in the opposite direction, and SP responses
were similar to tracking movements on a stationary
background. Furthermore, the disturbance did not
seem to affect the characteristics of the initial
saccade. In addition, saccadic latencies were signi®-
cantly shorter in all conditions where tracking was
executed on a textured background compared to
tracking on a homogeneous background. These data

are in agreement with earlier studies [6,7], which
reported a reduction in the initial eye acceleration in
the presence of a stationary textured background.
The reduction in acceleration led to a quicker build-
up of the retinal error which resulted in an earlier
initial saccade.

In another study, Worfolk and Barnes [14] used
sinusoidally moving pursuit targets (0.2 Hz) pre-
sented tachistoscopically (pulse duration 20 ms)
on a sinusoidally moving structured background
(0.66 Hz). They found a background-induced change
in SP eye velocity gain, which decreased with in-
creasing inter-pulse intervals (range 20±640 ms).
However, these authors did not show a change in
SP eye velocity depending on the phase shift be-
tween target and background. Lack of asymmetry
under these conditions might have been due to the
engagement of predictive mechanisms as well as
pure visual processing of the moving target [1].

Recently, Schwartz and Lisberger [15] measured
changes in monkey SP eye velocity following brief
perturbations (duration 100 ms) of ongoing target
motion. They found an increase in sensitivity of the
response to the disturbance as a function of the
interval between the onset of target motion and the
onset of perturbation (range 100±600 ms). These
results re¯ect the strength of interaction between
local motion processing and motor output.

A possible neuronal substrate for the processing
of relative image motion has been described: neu-
rons in the ventral part of area MST in the monkey
seem to respond exclusively to relative image mo-
tion, and it was suggested by the authors that these
neurons are essential for the decoding of object
motion in external space [16]. Furthermore, it was
shown recently that neurons in the lateral part of
area MST also modulated their response dependent
on relative image motion [17].

Our data, on the other hand, show a statistically
robust, time-independent and asymmetrical modula-
tion of ongoing SP eye movements by a brief
perturbation of the textured background. We hy-
pothesize that these results unmask a yet unknown
mechanism that ensures appropriate visuo-visual
interaction between local and global motion proces-
sing in order to maintain an accurate internal signal
re¯ecting the target motion in extrapersonal space.
Such an internal representation has been suggested
by others to take place in primate area MST-l
[18,19]. This directional mechanism depending on
the internal representation of target movement in
space would be able to solve two problems: ®rst, the
self-induced retinal image motion during eye move-
ments would not be processed and therefore would
not be able to affect the ongoing eye movement.
Second, since the processing of information neces-
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FIG. 2. Modulation index (MI) computed from the cross-correlation func-
tion. Values are mean (circles) � 1 s.d. from all subjects (n� 12). The
abscissa indicates the background velocity. Note that the only value
clearly different was the MI obtained for a background velocity of 228/s in
the same direction as the target movement. See text for details of the
statistical analysis.
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sary to execute the eye movement is in the direction
of the target movement, this processing would still
be possible.

Conclusions

A brief shift of the textured background during the
initiation of the smooth pursuit system by a small
moving target strongly modi®es the eye movement
response if both background and target move in the
same direction but has no effect if they move
opposite to each other. These results indicate a
simple yet powerful mechanism of the visual system
in handling the interaction between local and global
motion processing. They imply that local processing
not only computes the eye movements necessary to
track the target, but at the same time, tunes the
sensitivity of the global motion detectors in antici-
pation of their activation due to the subsequent
retinal slip during tracking. As revealed by the
anomalous condition where the background unex-

pectedly moves in the same direction as the tracking,
this gating seems to be strictly selective for the
opposite direction.
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