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Illusory shifts in visual
direction accompany
adaptation of saccadic
eye movements

Dan O. Bahcall & Eileen Kowler

Department of Psychology, Rutgers University, Piscataway, New Jersey 08854, USA

A central problem in human vision is to explain how the visual
world remains stable despite the continual displacements of the
retinal image produced by rapid saccadic movements of the eyes.
Perceived stability has been attributed to ‘efferent-copy’ signals,
representing the saccadic motor commands, that cancel the effects
of saccade-related retinal displacements'™’. Here we show, by
means of a perceptual illusion, that traditional cancellation
theories cannot explain stability. The perceptual illusion was
produced by first inducing adaptive changes in saccadic gain
(ratio of saccade size to target eccentricity). Following adaptation,
subjects experienced an illusory mislocalization in which widely
separated targets flashed before and after saccades appeared to be
in the same place. The illusion shows that the perceptual system
did not take the adaptive changes into account. Perceptual
localization is based on signals representing the size of the
initially-intended saccade, not the size of the saccade that is
ultimately executed. Signals representing intended saccades
initiate a visual comparison process used to maintain perceptual
stability across saccades and to generate the oculomotor error
signals that ensure saccadic accuracy.

Saccadic adaptation was produced conventionally’™'. Subjects
made a single saccade to look at a target point that stepped abruptly
to an eccentric horizontal location, 228, 240 or 252 arcmin away.
The background was dark; only the target was visible. Saccades
were accurate, as expected'"'” (Fig. 1a). In the adaptation trials,
which began after 20 baseline step-tracking trials, the target hopped
either forwards or backwards by 48 arcmin (about 20% of the size
of the original step) during the saccade. (Forward and backward
hops, and rightward and leftward saccades, were tested in
separate experimental sessions.) Saccades landed near the original
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(pre-hop) target location during the first few adaption trials
(Fig. 1b). Adaptive changes occurred over the ensuing trials, when
saccades began to land closer to the target’s final, post-hop position
(Fig. 1c).

After adaptation reached nearly asymptotic levels, ‘probe’ trials
were introduced to assess the perceived relative location of targets
flashed before and after the saccade®" (Fig. 1d). A probe trial was
run after every three consecutive adaptation trials, thus allowing
saccades to remain in the adapted state. The saccadic target in probe
trials was flashed for 100 ms. The display remained dark during the
saccade to the remembered location of the flash. Two-hundred-and-
fifty milliseconds after saccade detection, the post-saccadic probe
target was flashed for 100 ms. The subject reported whether the
post-saccadic probe was located to the left or to the right of the pre-
saccadic target. We used a double-random staircase procedure (see
Methods) to select the post-saccadic probe location according to the
response on the immediately preceding probe trial, with the goal of
‘zooming in’ on the location that perceptually matched the remem-
bered location of the pre-saccadic target.

Figure 2 (open symbols) shows the mean sizes of saccades to the
right and left over successive blocks of 20 trials for the three subjects
(two naive; one author) during forward, backward and no-hop
(control) sessions. Saccadic gain (saccade size/target step size) was
similar across the three target step sizes (228, 240 and 252 arcmin)
so data from the three step sizes was combined (see Methods).
Saccadic adaptation reached maximum levels after about 20-60
adaptation trials. The maximum levels of adaptation were less than
hop size, and dependent on subject, saccadic direction and hop
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Figure 1 Representative traces of horizontal eye (solid line) and stimulus position
(dotted line). Negative values are left of centre. a, Saccade in response to a 240-
arcmin target step. Saccade size is the difference between pre- and post-
saccadic eye position, bypassing the overshoot at the end of the saccade (see
Methods). b, An early adaptation trial, 48-arcmin forward hop. ¢, A later adaptation
trial. d, Probe trial, with pre- and post-saccadic flashes to be compared. Because
of the intervening saccade, the pre-saccadic target and post-saccadic probe
occupied different retinal loci.
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direction. Overall, adaptive performance is typical of previous
reports” '

Perceptual localization during the same experimental sessions
is shown by the average locations of the final 20 post-saccadic
probes (filled symbols on right-hand ordinates). An accurate
perceptual match of pre- and post-saccadic targets would be
shown at 240 arcmin. Matches in the control (no-hop) sessions
(circles) were typically accurate'®. The illusory mislocalizations
during the adaptation sessions are shown by the differences between
post-saccadic probe locations in the adaptation (filled triangles) and
no-hop sessions. The mislocalizations were in the same direction
as the hops and in the same direction as the adaptive changes in
saccades. That is, during forward-hop sessions, where saccadic
amplitude adaptively increased, post-saccadic probeslocated further
from the initial fixation position than the pre-saccadic target were
seen to be in the same location as the pre-saccadic target. During
backward-hop sessions, where saccadic amplitude adaptively
decreased, post-saccadic probes located closer to the initial fixation
position than the pre-saccadic target were seen to be in the same
location as the pre-saccadic target. the illusion was found for all
subjects and both saccadic directions. For subject E.K. the illusion
was superimposed on a steady-state perceptual misalignment
observed during no-hop sessions. Re-testing of the subjects under
the same experimental conditions produced the same pattern of
results.
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Figure 2 Saccadic adaptation and perceptual localization for each subject. Large
open symbols: mean saccade size in blocks of 20 trials as a function of the middle
trial in each block. Small open symbols: mean saccade size in probe trials. Data
from the three target step sizes (228, 240 and 252 arcmin) were pooled (see
Methods). Performance at trial zero is the average of 20 no-hop baseline trials.
Standard errors are approximately the size of the large plotting symbols. Filled
symbols on right-hand ordinate: post-saccadic probe location (average of final 10
probe trials per staircase; s.e. <2.5arcmin). An accurate match of the post-
saccadic probe to the pre-saccadic target would be shown at 240arcmin
(horizontal line).
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Figure 3 shows a consistent relationship between the magnitude
and direction (forward versus backward) of saccadic adaptation and
the magnitude and direction of the illusion. Discrepancies between
adaptation and the illusion might be expected in light of the
different sources of variability that affect motor performance and
perceptual judgments”. Despite these differences, the correlation
between saccadic adaptation and the illusion was 0.9, with most of
the discrepancies being due to scatter in the magnitude of the
illusion in sessions producing the largest amounts of saccadic
adaptation.

In probe trials the display was blank for a brief period of time
between the pre-saccadic target and the probe (Fig. 1d) to avoid
presenting visual targets near the time of the saccade, when large
errors in perceptual localization are expected'>>'®, The blank
interval was not essential. The illusion was also found when the
pre-saccadic target remained on, hopping from its original location
to the probe location during the saccade. The illusion was also
present when subjects were instructed to saccade 75% of the way to
the target in adaptation and probe trials. Saccadic adaptation and
the illusion were abolished by briefly (400 ms) removing the target
from view during adaptation trials as soon as the saccade was
detected. The blank interval during adaptation trials made the hop
more apparent'®. When re-tested in the basic experiment after
running adaptation trials containing the blank interval, subject
B.S. no longer either adapted or experienced the illusion (the
other two subjects continued to adapt and show the illusion). The
cessation of adaptation for subject B.S. shows that the presence of
the target hops in adaptation trials was not responsible for the
illusion. The illusion was tied to the adaptive changes in the
saccades.

The illusory misalignment of pre- and post-saccadic targets
accompanying saccadic adaptation indicates that the perceptual
system is not using a signal representing the actual size of the
saccade. Had such a signal been available, pre- and post-saccadic
targets would have been perceived as accurately aligned, indepen-
dent of the adaptive state of the saccadic system. Instead, the illusory
misalignment indicates that the perceptual system was unaware of
the adaptive changes in saccadic magnitude. The pre- and post-
saccadic targets were aligned according to a signal that corre-
sponded to the magnitude of the original displacement of the
target, and the originally intended saccade, rather than to the
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Figure 3 Magnitude of saccadic adaptation plotted against the size of the
perceptual illusion. The magnitude of adaptation was estimated by the difference
between average saccade size in the last 100 trials of the hop and no-hop
sessions. The magnitude of the illusion was estimated by the difference between
average probe locations (last 20 probe trials) in hop and no-hop sessions. Positive
values indicate adaptation or localization forwards of the pre-saccadic target. The
32 points show data for two hop directions (forward, backward), two saccadic
directions (left, right) and three replications for subjects E.A.B. and E.K. and two
for subject B.S.

865




letters to nature

saccade that was actually made (see refs 14, 19 and 20 for related
suggestions). Such a signal could be created by re-calibrating a
representation of the final (post-adaptation) saccadic command. A
simpler solution would be for the perceptual system to tap into the
generation of the saccadic command at a high level, before the site of
the adaptive changes. This high-level signal may be related to the
efferent-copy signals that produce changes in neural activity*' and
shifts in the receptive field locations™ of single neurons in parietal
cortex.

What is the advantage of relying on a high-level efferent copy
signal that is likely to be an imperfect representation of the actual
saccade? The advantage may lie in the process of saccadic adaptation
itself. Evidence indicates that saccadic adaptation is localized fairly
late in the motor-processing stream, probably involving the cere-
bellum®~*. A useful error signal for adaptation can be generated as a
result of a dissociation between a high-level efferent copy signal,
which predicts the content of the future foveal image, from the
metrics of the executed saccade. With such a dissociation, any
deviation of the actual from the predicted foveal image can be
attributed to events at lower levels of the oculomotor system,
downstream from the initial coding of the intended saccade. The
failure to attain the predicted foveal image produces perceptual
mislocalizations, such as those we observed, but, more importantly,
it can provide an unambiguous error signal to trigger subsequent
adaptive modifications of saccades. Adaptation would then con-
tinue until saccade size changed sufficiently so that the post-
saccadic image matched, within some criterion, the pre-saccadic
prediction.

The illusory mislocalizations accompanying saccadic adaptation
show that the perceptual system is not making use of signals
representing actual, executed saccades, as is often assumed'™.
Signals representing initial saccadic intentions, generated before
the site of adaptation, can initiate a visual comparison of pre- and
post-saccadic images that would both contribute to stable percepts
and ensure accurate saccades.

Methods

Subjects. The subjects were E.A.B. and B.S., naive as to the purpose of the
experiment, and E.K., an author. All had previous experience as eye-movement
subjects.

Eye moment recording. Movements of the right eye, with the head stabilized,
were recorded by a Generation IV SRI Double Purkinje Image Tracker
(sensitivity <1arcmin)¥. Tracker output was filtered (50 Hz) and sampled
every 5ms'>*,

Stimulus. The stimulus was a single point, 2 log units above the absolute light-
adapted foveal threshold, refreshed every 20 ms, shown on a Tektronix 608
display monitor (fast-decay P4 phosphor) located directly in front of the right
eye. Except for the target point the room was totally dark. The stimulus was
viewed through a collimating lens that placed it at optical infinity.
Adaptation trials. Subjects fixated a single point located either 108, 120 or
132 arc min (selected randomly) to the left (for testing rightward saccades) or
right (for leftward saccades) of straight ahead and started trials by pressing a
button when ready. Two-hundred milliseconds later the target point stepped
228, 240 or 252 arcmin (selected randomly). Subjects aimed a single saccade at
the pre-saccadic target, keeping the latency long enough to avoid compromis-
ing accuracy, and not trying to reach the target with a sequence of two or more
saccades. These instructions produce accurate saccades and reduce extraneous
behavioural variability'>*. When the saccade was detected on-line (position
change of 12—15arcmin in 5ms) the target hopped 48 arcmin forwards or
backwards or not at all, and remained at its new location for the remainder of
the 2-s trial. Each session began with 20 no-hop baseline trials followed by 172
adaptation trials for E.A.B. and B.S., and 190 for E.K. Forward, backward and
no-hop trials, and rightward and leftward saccades were tested in separate
sessions. The order of testing hop conditions within a replication (3 hop
conditions X 2 saccadic directions) was random; saccadic direction (left or
right) was alternated from session to session.

Perceptual probe trials. Probe trials (34 per session for E.A.B. and B.S. and 40
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trials per session for E.K.) began after the first 70 adaptation trials and were
tested after every third adaptation trial thereafter. The target for the saccade was
flashed for 100 ms. The display was dark until 250 ms after saccade detection
when a single point (the probe) was flashed for 100 ms. The subject pressed a
button to indicate whether the probe was to the right or to the left of the initial
target flash. A double random staircase procedure determined probe location®.
Specifically, if the subject indicated that the probe was to the left of the saccadic
target, the next probe in the staircase would be shifted to the right; responses of
‘right’ shifted the next probe to the left. Probes were shifted by 15 arcmin for
the first 5 probe trials, 10 arcmin for the next 7 trials and 5 arcmin thereafter.
Two independent randomly interleaved staircases were run, one starting to the
right of the saccadic target and the other to the left. Data were pooled over the
three target step sizes by calculating localization error (probe location minus
presaccadic target location) on each trial.

Analysis. Saccades were detected off-line by an acceleration criterion. Saccade
size was the distance between the mean position of the eye at the start of the
trial and the position at the end of the saccade, bypassing the overshoots'>*.
Overshoots are in part genuine characteristics of saccades and in part due to
the Dual Purkinje Eyetracker’s sensitivity to movements of the lens during
saccades™. Data from the three target step sizes (228, 240 and 252 arcmin) were
pooled after multiplying saccadic gain (saccadic size/target step size) by the
middle step (240 arcmin).
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