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We are usually unaware of retinal image motion re-

sulting from our own movement. For instance, during

slow-tracking eye movements, the world around us

remains perceptually stable despite the retinal image

slip induced by the eye movement. This example of

perceptual invariance is achieved by subtracting an

internal reference signal, reflecting the eye move-

ment, from the retinal motion signal. If the two cancel

each other, visual structures, which do not move, will

also be perceived as nonmoving. If, however, the ref-

erence signal is too small or too large, a false eye-

movement-induced motion of the external world will

be perceived. We have exploited our ability to manip-

ulate the size of the reference signal in an attempt to

reveal the structures in visual cortex, encoding the

perception of self-induced visual motion rather than

the retinal motion signal. Using EEG and lately also

MEG recordings in human subjects and single-unit

recordings in monkeys, we have been able to show

that our ability to perceive the world as stationary

despite eye-movement-induced retinal image slip is

based on “late” parts of the cortical hierarchy of mo-

tion processing, sparing the early stages up to cortical

area MT and, among others, involving cortex at the

junction between the parietal and temporal lobes

close to the parieto-insular-vestibular cortex. Lesions

of this network in humans render the visual system

unable to compensate for the visual consequences of

eye movements, giving rise to severe dizziness, when-

ever the eyes move smoothly. © 2001 Academic Press

Retinal image motion may result from motion of
objects in the external world or, alternatively, from
movement of our eyes relative to the external world. Of
course, as long as we are moving around, most of the
time, both sources of image slip will be available, pro-

viding the formidable challenge to the visual system to
distinguish the component of retinal image motion re-
sulting from motion in the external world from the one
arising from ego motion. The reason is that only the
former should be perceived as visual motion, but not
the latter. If this were not the case, our concept of a
reassuringly stable world, through which we move, in
which we act, would inevitably be lost. Smooth-pursuit
eye movements may serve as a case in point. They
allow us to stabilize the image of a selected object on or
close to the fovea in order to make use of the advan-
tages of foveal vision (Haarmeier and Thier, 1999). The
inevitable consequence is that the images of all other
objects (the “visual background”) will, if stationary in
the world, move at a speed corresponding to the speed
of the pursuit eye movement carried out, however,
without being perceived as moving.

Building on early suggestions by Hermann von
Helmholtz (1910), the inferential theory of motion per-
ception holds that our ability to distinguish between
external stimuli and self-induced sensory stimuli is
achieved by subtracting an internal reference signal,
termed the Willensanstrengung (the effort of will) by
von Helmholtz and the Efferenzkopie (the efference
copy) by von Holst and Mittelstaedt (1950) from the
sensory signal (Fig. 1A). Specifically, perceptual stabil-
ity in the case of smooth-pursuit eye movements is
accomplished by subtracting a copy of the eye move-
ment motor command from the retinal motion signal
(Wertheim, 1994). If the two cancel each other, visual
structures, which do not move, will be perceived as
nonmoving, even though their images move on the
retina as a consequence of the eye movement. Our
ability to compensate for the visual consequences of eye
movements is a typical example of an invariance oper-
ation, releasing perception from the influence of con-
founding variables. Other examples of perceptual in-
variance such as color constancy, i.e., our ability to
perceive a constant object color despite changes in the
wavelength composition of the light, have been shown
to have a cerebrocortical basis. It was therefore close at
hand to consider the possibility that also eye move-
ment invariance might have a cerebrocortical basis.
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149 7071 29 5326. E-mail: thier@uni-tuebingen.de.

2 Present address: Department of Psychology, University College
London, England.

NeuroImage 14, S33–S39 (2001)
doi:10.1006/nimg.2001.0840, available online at http://www.idealibrary.com on

S33 1053-8119/01 $35.00
Copyright © 2001 by Academic Press

All rights of reproduction in any form reserved.



Our early work on the visual cortex of nonhuman
primates (Erickson and Thier, 1991; Ilg and Thier,
1996) had indicated that eye movement invariance
must be an achievement of later stages of the visual
hierarchy of cerebrocortical areas involved in the pro-
cessing of visual motion (Fig. 1B). This was suggested

by the fact that neurons in area 17, the primary visual
cortex, and those in area MT, the prototypical motion
processing area in the superior temporal sulcus (STS)
of the monkey brain, typically discharged invariably in
response to smooth, slow retinal image slip, irrespec-
tive of its source being object movement in the world or,
alternatively, a smooth eye movement across a station-
ary object. On the other hand, a significant number of
neurons in posterior parietal area MST on the anterior
bank of the STS seemed to differentiate between the
two forms of retinal image stimulation, often respond-
ing selectively or at least much more strongly to exter-
nally induced image slip compared to self-induced im-
age slip. Very similar conclusions were suggested by a
later study of visually evoked potentials in humans
(Haarmeier and Thier, 1998), whose presentation re-
quires a preceding discussion of the psychophysical
measurement of motion perception during eye move-
ments and several key findings on human motion per-
ception based on these techniques.

The basic task in all these later experiments was to
carry out smooth-pursuit eye movements in one hori-
zontal direction, usually to the right, across a large,
visual background (Fig. 2A). This background likewise
moved along the horizontal, at a velocity, whose size
and direction was varied. At the end of each trial,
subjects were required to indicate whether they had
seen background movement to the right or to the left.
Of course, this decision is easy, if the background
moves at high speed to the left or to the right. On the
other hand, as exemplified in Fig. 2B, if the speed is
reduced, subjects’ decisions become increasingly incon-
sistent, the more, the more the velocity approaches the
velocity of subjective stationarity (VSS). At this VSS,
titrated by varying background velocity according to a
staircase procedure, subjects guess, indicated by 50%
left and 50% right choices. They guess because the
background has become subjectively stationary.
Healthy subjects have a VSS which does not deviate
much from physical stationarity (Fig. 2C, dot symbols).
In other words, they perceive the background as being
stationary, when it is physically stationary despite the
fact that the eye movement shifts the background im-
age across the retina. According to the inferential the-
ory of perception, at this VSS the reference signal
encoding the eye movement is equal to the afferent
signal, reflecting the velocity of the retinal image mo-
tion (Mack and Herman, 1973; Wertheim, 1994). Cor-
respondingly, a VSS of zero reflects an ideal reference
signal, having a size which allows it to fully compen-
sate for the effects of the eye movement.

Surprisingly, our early psychophysical studies also
showed that a very simple variation of the basic psy-
chophysical paradigm allowed us to evoke predictable
changes of the percept of eye-movement-induced visual
motion (Haarmeier and Thier, 1996, 1998). According
to the inferential theory, an illusory movement of the

FIG. 1. (A) Cartoon of the inferential mechanism underlying
vision during eye movements, capturing the essentials of the von
Holst and Mittelstaedt (1950) reafference principle. (i) The eyes are
stationary and the object moves in the external world, resulting in
externally induced retinal image motion. In this situation the eye
movement related reference signal is zero and the output of the
element subtracting the reference signal from the retinal signal
corresponds to the retinal image motion input. The interpretation of
this result is object motion in the world. (ii) The eyes move while the
object is stationary. In this case retinal image motion is exclusively
due to the eye movement. This reafference in the terminology of von
Holst and Mittelstaedt is cancelled by the nonzero reference signal.
The interpretation of the zero output of the comparator is stationar-
ity of the object. (B) Schematic view of the left hemisphere of the
rhesus monkey with the sylvian (lateral) sulcus and parts of the
superior temporal sulcus unfolded (gray, surrounded by dashed
lines) to show the visual areas explored in the experiments of Erick-
son and Thier (1991), Ilg and Thier (1996), and Chakraborty and
Thier (2000) as well as PIVC (parietoinsular vestibular cortex), a
vestibular representation in the lateral sulcus discovered by Grüsser
and co-workers (see Guldin and Grüsser, 1998). LS, lateral sulcus;
CS, central sulcus; STS, superior temporal sulcus; IPS, intraparietal
sulcus.
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physically stationary world in a direction opposite to
the direction of smooth-pursuit eye movement would
be perceived, if the reference signal were too small.
Conversely, false perception of movement of the world
in the direction of the eye movement would result from
a too large reference signal. If the inferential mecha-
nism providing and using the reference signal were
able to sense its insufficiencies, it would use such feed-
back information to gradually increase the size of the
reference signal in the first, the “reference signal too
small” condition (“rf_small”) and conversely, to de-
crease it in the second, the “reference signal too large”
condition (“rf_large”). This is exactly what we found,
when we mimicked such imperfections by asking sub-
jects to execute smooth pursuit across backgrounds
moving at a high, constant velocity (“constant back-
ground” trials), either in the direction of the eye move-
ment, corresponding to the rf_large condition or oppo-
site to the direction of the eye movement,
corresponding to the rf_small situation (Fig. 3A). The
sequence of these constant background trials was oc-
casionally interrupted by “test” trials consisting of
backgrounds, whose velocity was determined by the
staircase procedure needed to pinpoint the VSS. As
suggested by the differential development of the stair-
case procedures shown in Fig. 3A, representing an
individual subject in the rf_large and rf_small condi-
tion respectively, this manipulation indeed induces
changes in motion perception, consistent with an eco-
logically useful adaptation of the reference signal. This
conclusion was first supported by a comparison of the
VSSs for a group of 10 subjects tested in the rf_large
and rf_small condition and has since then been repli-
cated many times. In summary, these psychophysical
experiments show that the perception of eye-move-
ment-induced visual motion can be modified predict-
ably by mimicking insufficiencies of the reference sig-
nal, prompting functionally useful changes of the

experimental room. The pursuit target was a red dot (diameter 10
min of arc) and the background subtended 27 3 27° of visual angle
and consisted of 350 white dots (diameter 15 min arc, local contrast,
0.01). The background was presented for 300 ms at a time, when the
eyes were close to straight ahead. Target motion was always to the
right. Positive values of VSS indicate background movement in the
same direction as the eyes. The higher the VSS, the less the resulting
retinal image slip velocity allowing the percept of stationarity and,
thus, the less the ability to cope with self-induced visual motion. In
the control subjects the VSS is always close to 0°/s. Hence perceived
background motion is tightly related to visual motion in extraper-
sonal space, that is, stationarity is preserved despite increasing
retinal image shifts with growing target velocities. In R.W., however,
perceived motion reflects image movement on the retina. The linear
regression (with 99% confidence bands) suggests that R.W. is de-
prived of a sense of stationarity unless the background image is
stabilized to some degree on the retina. Accordingly, he will experi-
ence an illusory background motion (Filehne illusion) in the order of
the eye velocity prevailing.

FIG. 2. (A) Paradigm used in order to quantify motion perception
during smooth-pursuit eye movements. The subject tracks a small
dot which is initially stationary for a few hundred milliseconds, then
jumps to the left and from there moves to the right at a constant
speed (on the order of 10°/s in most experiments). While the eyes are
close to straight ahead, a large-field random dot background comes
on for several hundred ms, whose elements move coherently to the
left or to the right. At the end of the pursuit trial, subjects have to
indicate, whether they perceived the background as moving to the
left or to the right (two alternative forced choice). Eye movements are
monitored with infrared optics in order to guarantee high precision
smooth-pursuit eye movement. (B) The percentage of “rightward”
decision of subjects is plotted as a function of the background veloc-
ity. Background stimuli moving at comparably high velocities (4°/s)
to the right are always perceived as moving to the right. Physically
stationary backgrounds (0°/s) were more often perceived as moving
leftward than rightward. The turning point of the Probit function
fitted gives the velocity of subjective stationarity (VSS), the velocity
leading to as many right as left decisions of the subject. (C) Percep-
tion of smooth-pursuit-induced visual motion in healthy controls (18
subjects, 50 individual measurements represented by dots, partially
lying on top of each other) and patient R.W. (open circles). Reprinted
by permission from Nature (Haarmeier et al.) copyright (1997) Mac-
millan Magazines Ltd. The plot shows the VSS as function of pursuit
target velocity varied from 4 to 24°/s. In this and all other experi-
ments discussed, pursuit target and background were presented on a
19-in. computer monitor at a viewing distance of 57 cm in a dark
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reference signal. Control experiments rule out that the
changes of motion perception are a simple consequence
of motion adaptation (Lindner et al., 2000). We add
that the psychophysical responses of nonhuman pri-
mates are very similar to those of humans in experi-
ments mimicking insufficiencies of the reference signal
(Chakraborty, 2001), suggesting that the visual system
of nonhuman and human primates share a common
inferential mechanism.

Our ability to associate qualitatively different per-
cepts of motion with one and the same amount of
eye-movement-induced retinal image slip is obviously
an ideal tool to reveal those parts of cerebral cortex,
reflecting the subjective percept of self-induced visual
motion rather than the sensory signal conveyed by the
retina. The first study based on this approach, alluded
to earlier, was a study of visually evoked potentials
(VEPs), picked up from the scalp with 12 surface elec-
trodes (Haarmeier and Thier, 1998). VEPs were evoked
by pursuit-induced slip of stationary backgrounds
(share 25%), presented randomly interleaved with test
backgrounds (share 25%) needed to measure the VSS
and a much larger number of constant backgrounds
(share 50%) required to modify the percept. The con-
stant backgrounds came in two flavors in two subse-
quent blocks, giving rise to the different VSS values as
presented in Fig. 3B. It is important to understand
that the VEPs collected in these two subsequent blocks
were based on stationary backgrounds only and that
neither the constant nor the test trials contributed to
the VEP. Since the eye movements did not differ be-
tween blocks, the size of self-induced retinal stimula-
tion was the same. Figure 3C shows the grand average
VEP waveforms for the O1 lead for a group of five out
of ten subjects whose percept varied the most. The VEP
responses are shown for a period of time centered on
the presentation of the stationary background. The two
curves superimposed are the averages for the two per-
ceptually different conditions. The two waveforms are
identical, independent of the percept of motion, for
more than 200 ms. The first component which differed
significantly between conditions was a negativity peak-
ing at about 300 ms, dubbed the N300. Since its am-

FIG. 4. MRI of patient R.W. shows bilateral cyst-like widenings
(arrows) of the sulci of the parietal and occipital lobes mainly affect-
ing areas 18, 19, and possibly 37 on the lateral aspect of the hemi-
spheres and areas 18 and 19 on the inferior aspect. In addition,
cortex in and around the intraparietal suclus of the parietal lobes is
involved. The lesions represent strictly cortical defects and local
cortical atrophy with no signs of progression. Subcortical white mat-
ter and basal ganglia are intact. Although the lesional pattern does
not allow a definitive pathogenetic assignment, posthypoxic cortical
laminar necrosis seems to be the most likely explanation. As a
possible cause, R.W. had suffered from a severe pertussis infection in
early childhood which had required artificial respiration. A, anterior;
P, posterior; L, left; R, right.

FIG. 3. (A) Dependence of the VSS on the choice of the “constant
background” trial. Shown are temporal sequences of background
velocities for a healthy subject, carrying out smooth pursuit eye
movements to the right at 12°/s. Each dot marks one trial as illus-
trated in Fig. 2A. The temporal sequence of two experimental ses-
sions are shown (PC1, filled symbols characterizing the constant
trial backgrounds and the test trial backgrounds; PC2, open sym-
bols). In the first run, the “constant trial” background moved at
212°/s (PC1), in the second run, it moved at 9°/s (PC2). (B) VSS as a
function of the velocity of the “constant trial” background for ten
healthy subjects, represented by individual symbols (left panel) and
their means/standard deviations (right panel). Negative velocities
indicate the direction opposite to the eye movement. Smooth pursuit
was to the right at 12°/s. The VSS depends on the choice of the
“constant trial” background. A velocity of 212°/s mimics a viewing
condition, in which the reference signal is too small, causing a compen-
satory increase of the reference signal and therefore a shift of the VSS
toward stronger movement to the left (PC1, perceptual condition 1). A
velocity of 18°/s, conversely, mimics a reference signal which is too
large, inducing the opposite changes (PC2, perceptual condition 2). (C)
Grand average VEPs for the O1 recording site based on 5 of 10 subjects
who showed the strongest difference between the perceptual conditions
PC1 (bold line) and PC2 (thin line). The responses are plotted for a
1000-ms period starting 300 ms before onset of the stationary back-
ground. The vertical gray column marks the period of background
presentation. B and C adapted from Haarmeier and Thier (1998). Re-
produced, by permission of MIT Press.
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plitude modulation correlated significantly with the
perceptual differences between conditions, we take the
N300 as an electrophysiological correlate of the percept
of visual motion. The N300 was followed by a P300,
also differing between conditions, but probably arising
too late to be a direct reflection of the percept of motion.
The fact that the N300 followed an earlier N200,
known to arise from the human MT/V5 complex (Bach
and Ulrich, 1994; Kubová et al., 1995) suggests that the
generators of the N300 are located upstream of MT/V5.
We have recently obtained independent support for
this notion from single-unit recording experiments in
monkeys (Chakraborty and Thier, 2000) and MEG-
recording experiments in humans (Tikhonov et al.,
2001), based on the same approach underlying the
VEP-experiments discussed before. This most recent
work indicates that the neuronal substrates underly-
ing our percept of motion seem to be concentrated in
area VPS (visual posterior sylvian), a region close to
the caudal end of the lateral fissure (Fig. 1B). Monkey
area VPS has been shown to receive input from motion
processing area MST in the superior temporal sulcus
(Guldin and Grüsser, 1998) and, moreover, to be recip-
rocally interconnected with the parieto-insular-vestib-
ular cortex (Guldin and Grüsser, 1998; Grüsser et al.,
1990a,b), a multimodal representation of head move-
ment relative to external space. These findings may
therefore suggest that the caudal lateral sulcus is a
major element in a specialized cortical network under-
lying primates’ subjective sense of spatial stability,
supplementing the visuomotor contributions of the
posterior parietal components of the classical dorsal
stream.

Primary visual cortex and probably also the next
early stages of the cortical processing of visual motion,
up to and including area MT/V5, are ignorant of the
percept of motion during eye movements. This is sug-
gested by the lack of any significant percept-related
influence on the early parts of the VEP response and
the fact that—as discussed before—neurons in monkey
area V1 usually do not distinguish between self-in-
duced and externally induced retinal image slip, al-
though it is very likely that the percepts affiliated with
these two forms of retinal image slip will differ also in
the monkey. We emphasize that this view is by no
means invalidated by the observation of a few neurons
in the early parts of the cortical visual system which
may show subtle differences in their activity evoked by
self-induced compared to externally induced visual mo-
tion (Galletti et al., 1984; Chakraborty and Thier,
2000).

Further support for the notion of a representation of
visual motion awareness in human, excluding area 17,
is provided by the case of a patient (R.W.; Haarmeier et
al., 1997), suffering from bilateral lesions involving
large parts of dorsal extrastriate and posterior parietal
cortex, while sparing area 17 (Fig. 4). R.W. has normal

eye movements and normal vision if the eyes do not
move. However, he is completely unable to compensate
for the visual consequences of his smooth-pursuit eye
movements. Instead of perceiving the image shifted
across the retina by the eye movement as stationary,
he perceives image movement. Lack of compensation
for his smooth-pursuit eye movements is indicated by
the fact that his velocity of subjective stationarity
roughly equals his eye velocity (Fig. 2C, open symbols).
He perceives the world as stationary only if the world
is moved with the eyes, thereby stabilizing its image
physically on the retina. Destabilizing the image of the
world on the retina by moving the eyes jeopardizes his
sense of visual stability and gives rise to complaints of
severe dizziness. In accordance with this interpreta-
tion, dizziness immediately subsides if he closes the
eyes or stops moving his eyes.

In summary, our work clearly supports the notion
that the perception of visual motion is based on an
inferential mechanism involving a nonretinal refer-
ence signal capturing the visual consequences of the
eye movement. It furthermore indicates that this
inferential mechanism resides in rather “late” parts
of the cortical hierarchy of motion processing sparing
the early stages up to cortical area MT and, finally,
that disturbances of this mechanism may give rise to
severe disturbances of vision and spatial orientation
as exemplified by R.W. In general, support for an
inferential mechanism underlying motion perception
residing in cortex strengthens the view that one im-
portant function of cerebral cortex is the extraction
of invariances.
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