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A b s t r a c t  The responses of visual movement-sensitive 
neurons in the anterior superior temporal polysensory ar- 
ea (STPa) of monkeys were studied during object-mo- 
tion, ego-motion and during both together. The majority 
of the cells responded only to the image of a moving ob- 
ject against a stationary background and failed to re- 
spond to the retinal movement of the same object 
(against the same background) caused by the monkey's 
ego-motion. All the tested cells continued responding to 
the object-motion during ego-motion in the opposite di- 
rection. By contrast, most cells failed to respond to the 
motion of an object when the observer and object moved 
at the same speed and direction (eliminating observer- 
relative motion cues). The results indicate that STPa 
cells compute motion relative to the observer and suggest 
an influence of reference signals (vestibular, somatosen- 
sory or retinal) in the discrimination of ego- and object- 
motion. The results extend observations indicating that 
STPa cells are selective for visual motion originating 
from the movements of external objects and unrespon- 
sive to retinal changes correlated with the observer's own 
movements. 

K e y  w o r d s  Visual ego-motion �9 O b j e c t - m o t i o n  �9 
Superior temporal polysensory area �9 Macaque monkey 

Introduction 

It has long been recognised that the visual system must 
distinguish object-motion characteristics, which help de- 
fine object identity and actions of other animate objects, 
from self-induced visual motion, which helps define the 
actions of the observing organism (von Helmholtz 1911; 
von Holst and Mittelstaedt 1950; Gibson 1966). The di- 
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chotomy between the ego- and object-motion types of 
image motion characteristics is reflected in the organisa- 
tion of the visual motion processing system. Neurophysi- 
ological single-unit recordings using artificial stimulus 
displays have provided evidence that visual cues relating 
to ego-motion and object-motion are processed by sepa- 
rate visual systems. The dorsal part of the medial superi- 
or temporal area (MSTd) of primates has been shown to 
contain cells that prefer the movement of a wide field of 
elements to movement of a small object, suggesting thus 
a functional role in visual detection of ego-motion (Tan- 
aka et al. 1986; Saito et al. 1986; Tanaka and Saito 1989; 
Duffy and Wurtz 1991a, b). Neurons particularly suitable 
for signalling object-motion have been described in the 
superior colliculus (Bender and Davidson 1986), middle 
temporal area (MT) and ventral part of the medial supe- 
rior temporal area (MSTv; Allman et al. 1985; Saito et 
al. 1986; Tanaka et al. 1986; Sugita et al. 1990) in mon- 
key. These cells exhibit response preferences for a local 
stimulus movement in one direction against a stationary 
background. 

In natural three-dimensional environment the visual 
attributes typifying ego-motion and object-motion are, 
however, far from clearly separated. For example, local 
discontinuities in the velocity field at the edges of ob- 
jects are not produced solely by the movement of the ob- 
jects but also by the movement of the observer. When a 
stationary object and background elements are located at 
different distances from the observer, then any ego-mo- 
tion (translation) will produce motion of the object's im- 
age relative to that of the background elements. These 
configurational changes in the retinal image are called 
object-relative motion cues. Observer-relative motion 
cues are based on image displacement across the retina 
and smooth pursuit eye movements made in tracking the 
moving object. A pure form of observer-relative motion 
can be achieved in darkness by witnessing movements of 
a luminous spot of light. The observer's own egocentre is 
used as a frame of reference in attributing the motion. 
Observer-relative motion cues (i.e. retinal image dis- 
placement) can be identical, independent of whether the 
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image motion results f rom object-motion or f rom the 
movements  o f  the observer 's  eyes with a stationary ob- 
ject. In natural conditions, of  course, the visual system is 
frequently affected by situations in which it must  be able 
to detect object-motion during simultaneous ego-motion.  

The present study investigates the response properties 
of  the cells in the anterior region of  the dorsal bank of  
the macaque  superior temporal  sulcus (STPa) during ob- 
ject-motion,  ego-motion and both occurr ing concurrent-  
ly. The general response properties, directional tuning of  
the motion-sensit ive cells and the relationship of  STPa to 
other cortical mot ion processing areas have been de- 
scribed previously (Oram et al 1993). 

Materials and methods 

Extracellular single-unit activity was recorded from four rhesus 
monkeys (Macaca mulatta; two females and two males). The basic 
methods for recording extracellular single-unit activity and hori- 
zontal and vertical eye movement have been described elsewhere 
(Hietanen and Perrett 1993a; Oram et al. 1993). Quantitative mea- 
surements of cell responses were collected, based on the neuronal 
spike activity during a 250-ms time period collected 100 ms after 
the onset of the visual stimulation. The data were usually collected 
from five stimulus presentation cycles (in pseudo-random order) in 
each condition, and these data were analysed by using one-way 
ANOVA and post-hoc tests (protected least-significant difference, 
PLSD; Snedecor and Cochran 1980). 

After isolating a cell, its response to various (static and mov- 
ing) visual stimuli was tested using a large-field shutter (rise time 
<15 ms) through which the stimuli were presented. Only cells with 
responses to motion in the horizontal plane (left, right, towards or 
away from the monkey) were selected for further testing. After the 
cell's response for stimulus movement was established, neuronal 
responses were collected in a testing protocol which comprised the 
following stimulus conditions (see Fig. l): (a) moving an object in 
the cell's preferred direction (monkey stationary); (b) moving the 
monkey in the opposite direction (object stationary); (c) moving 
the object in the cell's preferred direction while moving the mon- 
key in the same direction and same speed (minimizing/eliminating 
relative movement between the monkey and the object); (d) mov- 
ing the object in the cell's preferred direction while moving the 
monkey in the opposite direction; and (e) presenting a static object 
to a stationary monkey. The monkey's movement (ego-motion) 
was produced by moving the primate chair in which the monkey 
was sitting during experiments. The primate chair was located on 
top of a mobile trolley, which made it possible to move the mon- 
key smoothly either to the left and to the right or forwards and 
backwards. 

Responses were collected by presenting the stimuli through a 
shutter for 1 s.The onset of the stimulus movement or the mon- 
key's movement was synchronized with the onset of the tone sig- 
nal, which preceded the shutter opening by 500 ms, and the move- 
ment continued for the whole period of time while the shutter was 
open. The moving (or static) stimulus used in the majority of tests 
was the experimenter's head and upper body (for ease of matching 
conditions a-d). To produce an object motion, the experimenter 
translated his head/upper body at a distance of approx. 1 m in 
front of the monkey. At this proximity the monkey could not see 
the experimenter's lower body through the shutter aperture. This 
ensured that the appearance of the stimulus was the same for ob- 
ject-motion and self-motion conditions. In the testing condition c, 
this arrangement also provided a simple and accurate way of elim- 
inating relative movement between the monkey and the object, as 
the experimenter could easily move the trolley while keeping the 
distance between his body and the monkey unchanged. In other 
conditions the trolley was moved by an assistant with a speed 
comparable with that of the object (experimenter) movement. The 
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Fig. 1 An example of the different stimulus conditions used for 
testing a cell which prefers approaching movement of an object. 
The trapezoid shape indicates an object (O) which moves relative 
to the monkey's head. Small arrows indicate the direction of ob- 
ject movement, and big arrows indicate the movements of the 
monkey. Absence of an arrow indicates a stationary object or mon- 
key. See text for a more detailed description of the conditions 

velocity of the object motion or monkey's ego-motion was approx- 
imately 1 m/s in all the experiments. 

Results 

Nineteen movement-sensi t ive cells were tested for their 
response to the image motion resulting f rom object-mo- 
tion and f rom ego-motion.  Sixteen out o f  nineteen cells 
exhibited statistically stronger responses to the sight o f  
an object movement  than to the sight of  visual motion 
that resulted f rom the monkey ' s  ego-motion.  In fact, for 
the 16 cells, the responses to an objectively stationary 
object during ego-motion never exceeded those observed 
during the presentation of  a static object to a stationary 
monkey. Figure 2 depicts the results o f  experiments with 
one cell which discriminated between object-motion and 
visual ego-motion.  Three out of  the nineteen cells failed 
to show any discrimination between object-motion and 
visual self-motion in their responses;  these 3 cells exhib- 
ited comparable  responses in both conditions. 

An  important  question was whether the cells contin- 
ued responding to the object-motion during concomitant  
ego-motion.  Nine out of  the sixteen cells which discrimi- 
nated between object-motion and ego-mot ion were also 
tested with the object moving  in the cell 's  preferred di- 



Fig. 2 Responses of one cell to 
the sight of a retreating object. 
The cell failed to respond to vi- 
sual motion, which was 
achieved by moving the mon- 
key away from a static object 
with the same speed. The re- 
sponse to the object-motion was 
significantly stronger (PLSD; 
P<0.0005) than the responses 
during self-motion or during 
static object presentation. There 
was no difference in responses 
in between the two latter stimu- 
lus conditions (P>0.3). (AN- 
OVA F2,12= 124.4, P<0.0005, 
n=5 in each condition.) The 
peristimulus rastergrams pres- 
ent the neuronal spike activity 
collected from five interleaved 
trials and the histograms above 
each show an averaged activity 
from these trials (bin width 
20 ms). The arrowheads below 
the time axes denote the onset 
of visual stimulation. Scale bars 
at the lower right scale the re- 
sponse (spikes/second) and time 
(milliseconds) 
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rection while the monkey was moved simultaneously in 
the opposite direction. So, for example, if a cell was 
found to be responsive to object movement to the left 
(and not responding when the object was static but the 
monkey was moved right), the cell was tested with the 
object moving to the left while the monkey was moved 
to the right at the same time. All nine tested cells contin- 
ued to be responsive to the object-motion during ego- 
movement in the opposite direction In seven of the nine 
cells tested this way, the responses were indistinguish- 
able from those obtained during object-motion only. 

Thirteen cells were tested for object-motion together 
with movement of the monkey in the same direction. Ten 
cells failed completely to respond in this condition. For 
example, a cell which responded strongly to the sight of 
a retreating object did not respond, however, when the 
monkey was moved together with the object while keep- 
ing the distance between the object and the monkey 
fixed. This indicated that the cell was not driven by the 
object-relative motion cues (uncovering of the back- 
ground texture elements, for example) but by the motion 
relative to the observer. This hypothesis was further con- 
firmed with one cell tested in the darkness. Despite the 
elimination of the background, the cell responded to ob- 
ject-motion but not ego-motion. The remaining 3 cells 
(of the 13 tested) exhibited indistinguishable responses 
in the object-motion and combined object-ego-motion 
conditions, suggesting thus that the cells were driven by 
the cues resulting from the relative motion between the 
object and its background. For one of these cells this hy- 
pothesis was also supported by the results from tests car- 
ried out in a darkened room by moving an illuminated 
object in the cell's preferred direction. In this situation, 

the elimination of the object-relative motion cues abol- 
ished the responses to object-motion in the cell's pre- 
ferred direction. 

For all of  the cells recorded, inspection of the eye 
movement records and cell responses never suggested 
that the cell responses were linked with the occurrence 
of saccades, smooth pursuit movements or fixation on- 
sets. Typically, the eye movement recordings revealed 
that the monkey did not execute systematic pursuit 
movements tracking the object on every trial during ob- 
ject-motion or ego-motion. Despite comparable variation 
in eye movements across stimulus conditions, neural re- 
sponses were reliably different. 

D i s c u s s i o n  

The main result of the present experiment was that STPa 
differentiates between visual motion that results from 
movements of external (animate or inanimate) objects 
and movements of self. To our knowledge, this is the 
first experiment to study visual responsiveness in cortical 
motion processing areas to stimulus motion which re- 
sults from actual movements of the animal. 

The results showed that all the tested cells continued 
responding to the object-motion during simultaneous 
ego-motion when relative motion between the object and 
monkey was also present. By contrast, the majority of the 
tested cells which discriminated between object-motion 
and ego-motion did not exhibit responses to the object- 
motion when the observer-relative motion was eliminat- 
ed by moving the monkey together with the object in the 
same direction. Admittedly the object-relative cues differ 
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slightly in these two testing situations. This difference, 
however, should not have produced any significant effect 
on the cell responses, as the responses were found (Oram 
et al. 1993) to be tolerant for the variation in stimulus 
speed within a range that well exceeded the differences 
present in object-relative velocity fields between the two 
testing conditions. 

The interesting question is what kind of information 
is used for the observed response discrimination between 
object-motion and ego-motion? The results showed that 
the motion-sensitive STPa cells are driven by the observ- 
er-relative motion visual cues. The observer-relative cues 
do not differ, however, between object-motion and ego- 
motion. How, then, is the discriminative response capaci- 
ty between object-motion and ego-motion realized? It is 
suggested that the response discrimination in STPa must 
be based in part on extraretinal factors. Under natural en- 
vironmental conditions the visual system does not work 
in isolation, but interacts with other sensory systems ac- 
tive during ego-motion. Neurophysiological single-unit 
studies have shown that ego-motion signals from differ- 
ent sensory systems combine in vestibular nuclei (Wa- 
espe and Henri 1977), thalamus (Btittner and Lang 
1979), area 2v in the anterior parts of the intraparietal 
sulcus (Biittner and Lang 1979), areas 7a and 7b in the 
posterior parietal cortex (Pause and Schreiter 1980; Ka- 
wano et al. 1984) and parieto-insular vestibular cortex 
(PIVC) in the upper bank of the lateral sulcus (Grtisser et 
al. 1990). STPa has been shown to receive direct projec- 
tions from areas 7a and 7b (Seltzer and Pandya 1984; 
Morel and Bullier 1990). 

The results from previous experiments (Hietanen 
1993, Hietanen and Perrett 1993a, b) suggested that mo- 
tor/proprioceptive input inhibits responses to visual stim- 
ulation that results from the monkey's own actions (i.e. 
the sight of the monkey's own arm movements or arbi- 
trary patterns moved by the monkey). In the present ex- 
periments, the possibility of motor input influencing cell 
responses can be ruled out quite confidently, whereas the 
vestibular-visual and/or somatosensory-visual interac- 
tions seem potential candidates for providing a physio- 
logical mechanism for the response discrimination be- 
tween visual responses to object-motion and ego-motion. 
It should be remembered that, in natural conditions when 
the animal is actively locomoting, motor (corollary dis- 
charge) signals could have an additional influence on 
this discriminative neural capacity. However, in condi- 
tions with adequate illumination, the retinal signals may 
well contribute to the response discrimination as well. 
Wertheim (1994) has recently suggested that the concept 
of "extraretinal signal" should be displaced by the term 
"reference signal", which is a compound signal including 
an efference copy, a vestibular and a visual component. 
Thus in the present experiment the visual whole-field 
flow during ego-motion may have provided a reference 
signal against which the observer-relative object motion 
signals were evaluated. 

In conclusion, the present experiments suggest that 
the direction of motion is predominantly represented in 

an egocentric frame of reference in STPa and that one of 
the major functions of this area in motion processing is 
to detect object-motion that is not caused by the animal's 
own body movements. The cell responses seem to be a 
product of a two-step computation. The cells respond if 
(1) there are observer-relative visual motion cues pres- 
ent, and (2) the presence of these cues cannot be ex- 
plained by the reference signals accompanying the ego- 
motion. These results provide further evidence for 
STPa's role in processing preferentially "unexpected" 
stimulation and ignoring "expected" sensory conse- 
quences which result from one's own actions (Mistlin 
and Perrett 1990; Hietanen and Perrett 1993a, 1996). 
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