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Abstract
Visual motion perception is one of the most prominent functions performed by the mammalian cerebral cortex. The moving
images are commonly considered to be processed in two stages. The ®rst-stage neurons are sensitive to the motion of onedimensional orientated components, and their outputs are combined at the second stage to perceive the global motion of the
whole pattern. Alternatively, the pattern motion may be signalled by monitoring a distinctive feature of the image, such as a lineend or a corner. In the present study, a series of `random-line' patterns were used to measure the direction-tuning responses of
138 neurons in the posteromedial lateral suprasylvian area of the cat. The novel stimuli comprised identical thin line segments,
with a length : width ratio no less than 10 : 1, which were moved perpendicularly or obliquely to their common orientation during
the recordings. When the component lines were much shorter than the size of receptive ®eld, the majority of cells were selective
to the direction of pattern motion while only a small subset was sensitive to the direction of component motion. However, the
response pro®les of most cells became more component-motion selective with the increment of orientation element in stimulus by
elongating the component lines in the patterns. These ®ndings imply that the two-stage theory might be incomplete for modelling
the visual motion analysis. Even at relatively low levels of the visual system, some kind of nonorientation-based processing may
coexist with the orientation-sensitive processing in a dynamic competition, where one rises as the other falls depending upon the
strength of the orientation element in the stimulus, so that under some circumstances it becomes possible to signal the veridical
direction of pattern motion.

Introduction
Direction-selective neurons in the visual cortex view image variations
in the environment through the `windows' of their receptive ®elds.
Therefore they are inevitably subject to the so-called aperture
problem: the true direction of movement of an elongated contour can
not be unambiguously determined if it is viewed through an aperture
(Marr & Ullman, 1981). For example, if a vertically orientated bar
moves up and to the right across a small receptive ®eld, the local
motion detector can measure only the rightward component of
motion, as the upward component provides no time-varying information. Solutions to this inherent ambiguity are thought to be
computed at two sequential stages in a hierarchical process, which
have been tentatively identi®ed with speci®c neuronal populations in
the brain (Adelson & Movshon, 1982; Movshon et al., 1985; Welch,
1989; Derrington & Suero, 1991; Albright & Stoner, 1995). The ®rst
stage, consisting of analysis of object features as one-dimensional
components, occurs in early visual areas and depends on orientationselective mechanisms sensitive to the motion of individual
component contours (i.e. component motion or CM). A second
stage, supposedly involving higher extrastriate cortical areas, is
required to integrate the outputs of the CM analysers to reconstruct
the actual direction of coherent pattern motion (PM).
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During the last two decades, the two-stage processing theory has
gained support from neurophysiological and psychophysical studies
using plaids formed by superimposing two differently orientated
moving gratings (for review see Albright & Stoner, 1995), and
computational models have been established to simulate the process
of motion detection and integration (Wilson et al., 1992; Nowlan &
Sejnowski, 1995; Heeger et al., 1996; Simoncelli & Heeger, 1998).
However, much physiological evidence suggests that different
mechanisms are involved in direction and orientation selectivity in
the striate cortex (e.g. Creutzfeldt et al., 1974; Hammond & MacKay,
1977; Sillito, 1977, 1979; Hammond, 1978; Bishop et al., 1980; Eysel
et al., 1988; WoÈrgoÈtter et al., 1990). Several nonorientationdependent models (the phrases `nonorientation-based' and `nonorientation-dependent' in this paper imply that it is not essential to
extract information of orientated components in a pattern in the
mechanism or model of visual motion processing.) were proposed to
account for motion direction discrimination (Barlow & Levick, 1965;
Torre & Poggio, 1978; van Santen & Sperling, 1984; also see
Albright, 1984).
A number of psychophysical and theoretical studies found that, in
many cases, one-dimensional orientated cues alone are not integrated
by the visual system into the correct global motion percept, indicating
a necessary role for localized information (such as point-like cues) in
early motion mechanisms (Nakayama & Silverman, 1988; Rubin
et al., 1995a, 1995b). Speci®cally, Lorenceau et al. (1993) reported
that the perceived direction of straight lines translating obliquely,
relative to their orientation, is biased toward the motion component
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normal to the lines (i.e. CM-sensitive) at long line length, short
duration and low contrast. They proposed that such errors can be
accounted for by a competition between contour motion processing
units and line terminator processing units (Castet et al., 1993;
Lorenceau et al., 1993). This controversy calls for further investigations on these issues.
The posteromedial lateral suprasylvian area (PMLS) of the cat is
often considered as analogous functionally, even homologous, to the
middle temporal area (MT) of the primate (Zeki, 1974; Spear, 1991;
Payne, 1993; Dreher et al., 1996). Substantial populations of PMselective cells have been found in the MT, therefore, it may underlie,
at least partly, the integration of motion signals in the second
processing stage (Movshon et al., 1985; Rodman & Albright, 1989;
Stoner & Albright, 1992; Albright & Stoner, 1995). In contrast,
studies with drifting plaids rarely found any PM cell in PMLS, and it
was proposed that in this area, the response to the direction of motion
is secondary to the determination of orientation and the motion
signals are integrated in other parts of the cats' cerebral cortex
(Movshon et al., 1985; Gizzi et al., 1990). As an area assumed to be
involved mainly in higher functional aspects of motion processing, it
seems questionable that the global percept of pattern motion is
completely absent in PMLS. On the other hand, there is a
disagreement in the literature concerning the presence or absence
of orientation selectivity in the PMLS (for review, see Spear, 1991).
Previous studies using short bars or spots have shown that few, if any,
PMLS cells are orientation sensitive (Spear & Baumann, 1975;
Camarda & Rizzolatti, 1976; Toyama et al., 1994). However, when
stimulated with long bars or gratings, the great majority of PMLS
neurons are orientation selective (Blakemore & Zumbroich, 1987;
Hamada, 1987; Gizzi et al., 1990; Danilov et al., 1995; Dreher et al.,
1996). All these points led us to question whether direction selectivity
in this area is always secondary to orientation sensitivity and to
examine the possible role that nonorientation-based mechanisms may
play in mediating the direction preference of PMLS cells. Since PMand CM-direction selectivity may not be readily distinguished with
plaids (see Discussion), we developed a family of novel stimuli,
termed `random-line' patterns, in which the orientation element was
adjusted by changing the length of the component lines. Using these
stimuli, we found that many PMLS neurons were able to signal the
true direction of pattern motion when the orientation element was
relatively weak, and that the direction-selective behaviour of most
cells varied with the stimulus pattern.

Materials and methods
Animal preparation and maintenance
The general procedures were similar to those described in a recent
report (Li et al. 2000). Experiments were performed in compliance
with the NIH guidelines on the care and use of laboratory animals.
Brie¯y, experiments were carried out on normal adult cats weighing
2.0±4.0 kg. Anaesthesia was induced with ketamine hydrochloride
(20±30 mg/kg, i.m.). Surgery was performed to enable continuous
infusion of urethane (10±20 mg/kg/h), gallamine triethiodide (10 mg/
kg/h) and glucose (200 mg/kg/h) in Ringer's solution through a
foreleg venous cannula (» 4.0 mL/h) and arti®cial ventilation through
the trachea. Body temperature, end-tidal CO2, electrocardiogram and
sometimes, electroencephalogram were continuously monitored.
Pupils were dilated with homatropine and the nictitating membranes
were retracted with phenylephrine hydrochloride. The eyes were
protected using contact lenses of appropriate refractive power and
covered with 4 mm arti®cial pupils. The locations of the area
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centralis and optic disks were checked frequently with a reversible
ophthalmoscope.
Craniotomy was performed over the medial bank of the middle
suprasylvian sulcus at Horsley±Clarke coordinates P2±A6, according
to the division of PMLS by Palmer et al. (1978). Glass-coated
tungsten microelectrodes were used to penetrate the cortex tangentially through the medial wall of the sulcus, so that the electrode
tracks were roughly parallel to the cortical surface folded inside.
Neuronal activity was recorded extracellularly with a programmable
ampli®er (CyberAmp 380, Axon Instruments, Foster City, CA, USA),
and fed on-line into a computer via a laboratory interface (CED
model 1401+ with a 1401±18 discriminator card; Cambridge
Electronic Design, Cambridge, UK), by which the single-unit action
potentials were isolated and stored in terms of ®ring times. The
stimulus markers were also sent via the interface and recorded
through an individual channel to synchronize the data. Occasionally,
electrolytic lesions were made by passing a small direct current
(10 mA for 10 s) through the electrode for histological identi®cation
of the electrode tracks at the end of experiments.
Visual stimulation
For each cell, the receptive ®eld was ®rst approximately plotted with
hand-held stimuli (small patch, spot, short bar, etc.). In quantitative
sessions, stimulation was carried out using moving bars and, as
termed, `random-line' patterns, generated on-line by a PII 266
computer with a graphics acceleration card (WinFast 3D L2300,
Leadtek Research, Taipei, Taiwan) installed, and displayed on a 21inch monitor (Brilliance 201P, Philips Elec. Industries, Taoyuan,
Taiwan) with a resolution of 800 3 600 pixels and a refresh rate of
85 Hz. The luminance was 10±20 cd/m2 for stimulus patterns and
0.5 cd/m2 for background. The screen was placed 57 cm in front of
the animal, covering the receptive ®eld optimally. In the bar test, the
conventional method was used i.e., a light moving bar was swept
across the receptive ®eld in 24 pseudorandomly interleaved directions
at 15° steps, with the other parameters (size, velocity, contrast, etc.)
qualitatively decided so as to elicit optimal responses. A blank
control test was included to measure the spontaneous activity. The
whole repertoire was repeated for ®ve or ten trials to allow averaging
of the data.
The random-line stimuli were similar to the matrices of lines used
by Lorenceau et al. (1993) in psychophysical experiments but had
been modi®ed for the purpose of this electrophysiological study. The
patterns were composed of a number of thin line segments (width
0.1°) with identical length (L) and orientation, distributed randomly
within a circular window subtending 30° in diameter (for an
imaginary example see Fig. 1A). For some cells, the size of the
window and the number of lines were adjusted proportionally for a
better coverage of the receptive ®eld so as to elicit good responses.
Procedures similar to the bar test were performed: a complete trial
was composed of sweeps in 24 pseudorandomly interleaved directions with a blank control, such trials were repeated for ®ve or ten
times to obtain a direction tuning curve. During each sweep, all the
lines drifted coherently at the same velocity (usually 15±30°/s) and
direction so that no relative displacement occurred between individual components. Normally, each sweep lasted about 2000 ms and was
followed by a 500-ms pause (blank background) to remove `OFFresponses'. It should be emphasized that (i) during each measurement, the orientation of the component lines was altered with the
moving direction so that the angle between them was kept at a
constant value f; (ii) all lines moved within the virtual but
stereotyped window, and a wrap around procedure was used so that
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perpendicularly (f = 90°) or obliquely (f = 45°, 135°) to their
orientation (see Fig. 1). Some cells were also tested with patterns
of additional line length and/or moving texture composed of random
dots.
Data analysis

FIG. 1. Schematic illustration of the `random-line' patterns used in the
experiments and the prediction for PM- and CM-direction-selectivity. The
stimuli are de®ned by two parameters: the length of the component lines (L)
and the angle between the moving direction (shown with thin arrows) and
the orientation of the component lines (f). (A±C) 20 line segments of
L = 6° are distributed randomly within a circular window of 30° diameter
and moved rightward (corresponding to 0° of direction in following polar
graphs), perpendicularly (A, f = 90°) or obliquely (f = 45° in B, 135° in C)
to their common orientation. An imaginary receptive ®eld is drawn in
dashed line in A. The tuning curve in D depicts a typical response pro®le to
the perpendicularly moved pattern. In E and F, the direction-tuning response
shown in D is plotted again in solid lines, which are considered as the
predicted pro®les for fully PM-selectivity. The dashed lines predict the fully
CM-selective response to the patterns moved obliquely and shown in B and
C. The small panels in D±F display the optimal stimuli in a simpli®ed mode
(with only one line and an arrow on it, representing the component
orientation and the moving direction, respectively) for the original response
and for each prediction, from which it can be seen that the preferred
direction (PD) keeps unvaried (rightward) for PM-prediction, while for CMprediction, the preferred orientation of component lines is constant (vertical)
but PD changes.

once a line left the window, it was immediately assigned a new
location at the opposite side of the circle.
As described above, the random-line patterns could be de®ned by
two parameters (L and f). Normally each cell was tested with both
shorter- (L = 1±1.5°) and longer- (L = 3±4°) line patterns. To keep a
constant mean luminance within the patterns, the number of
component segments was in inverse proportion to L (e.g. a pattern
should have 120 lines when L = 1°, 40 lines when L = 3°, and 20
lines when L = 6° as shown in Fig. 1). For each line length L, three
tuning curves were measured with all the segments moved

Neuronal response strength was determined as ®ring rate over the
duration of measurement. Some cells ®red very vigorously over a
short period soon after stimuli were given. As the random-line and
texture patterns covered a large area in the visual ®eld, these transient
responses might have been partly evoked by the general variation on
the screen (luminance, contrast, or the emergence of motion) rather
than the direction or orientation cue in the stimuli. To standardize
measurements of different cells, discharges within 0±200 ms were
excluded for all the samples in the analysis described below, except
for the ®nal part of the Results section in which an additional analysis
was performed on the initial 200 ms to check the PM/CM selectivity
in the earliest phase of responses.
Responses to random-line patterns were classi®ed as PM- or CMselective using the partial correlation analysis developed by Movshon
et al. (1985) and revised afterward (Rodman & Albright, 1989;
Movshon & Newsome, 1996). For each obliquely moved stimulus,
the PM-selective prediction was derived by assuming that the
response pro®le was the same as the tuning curve for the
corresponding, perpendicularly moved pattern, and the fully CMselective response pro®le was predicted by shifting this tuning curve
by 45° so that the preferred orientation of component lines kept
unchanged (see Fig. 1).
To compare the goodness of ®t of the two predictions, the partial
correlation coef®cients Rp (for PM-prediction) and Rc (for CMprediction) were calculated using the standard formulae:
rp ÿ rc rpc
Rp  q
2 
1 ÿ rc2 1 ÿ rpc

rc ÿ rp rpc
Rc  q
2 
1 ÿ rp2 1 ÿ rpc
where rp and rc are the simple correlation coef®cients between the
actual response and the PM- and CM-predictions, respectively, and
rpc, between the two predictions. A parametric statistical value t
showing the signi®cance of difference between Rp and Rc was
calculated using:
z p ÿ zc
t  p
2= n ÿ 3
in which
1 1  Rx
zx  ln
2 1 ÿ Rx

x  p; c; n  24

The t-value was used as a single index to quantify the status of PM/
CM selectivity. Whilst lower t-values indicate higher CM-sensitivity
of the cells, higher t-values represent more signi®cant PM-selectivity.
Qualitatively, the responses were classi®ed into three categories at the
signi®cance level of P = 0.05 (see Fig. 3).
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FIG. 2. Polar graphs illustrating the direction tuning curves of three representative PMLS neurons to different stimuli drifting in 24 directions. The leftmost
column, responses to moving bar (thick line) and texture (thin line). The other columns, responses to random-line patterns moving obliquely (thick line), with
the values for f and L given in degrees at the top. In each panel, for a random-line stimulation of the same line length, the response to a pattern moved
perpendicularly is plotted as a thin line as the prediction for a fully PM-selective unit, while the dashed line represents the predicted pro®le to the pattern
moved obliquely for full CM-selectivity (cf. Figure 1). The spontaneous activity levels are shown as small central circles. (A) There was a close
correspondence among the tuning curves no matter which stimulus was applied (though the tuning was sharper for moving bar), indicating that the cell was
orientation-cue insensitive and PM-selective, which was also con®rmed by the Rp and Rc values for each pattern moved obliquely. However, the difference
between Rp and Rc (the statistical value t) was smaller for 3°- than for 1°-line patterns. (B) Signi®cantly PM-selective to 1°-line patterns. For the 3°-line
patterns moved obliquely, the major peak obviously shifted toward the CM-prediction, though the comparison between correlation coef®cients resulted in an
unclassi®ed unit. The neuron seemed to prefer large ®eld texture stimuli rather than a single bar. (C) The responses to 1°-line patterns were weaker and short
of clear direction preference, and were unclassi®ed in the partial correlation analysis. But when 3°-line patterns were applied, the cell turned out to be
signi®cantly CM-selective as the major peak shifted to opposite sides in the panels for f = 45° and 135°.

Results
A total of 138 PMLS neurons were successfully recorded for their
direction-tuning responses, with a moving bar and a series of randomline patterns. For the latter stimuli, the length of component line
segments was altered to assess the dependence of direction tuning on
the orientation element, which is presumably stronger with longerline patterns, and even stronger with long contours. The receptive
®eld properties were in general similar to those reported previously
(for reviews, see Spear, 1991; Payne, 1993). Compared with striate
cells, these neurons were usually more motion-sensitive, had larger
receptive ®elds (ranging from < 10° to > 30°), and preferred higher

velocities (10±40°/s). All the cells tested quantitatively were at least
direction-biased or bi-directionally tuned to the moving bar, most of
them showed strong direction selectivity (see below). 106 cells were
completely measured with both shorter- and longer-line patterns, the
others with only one of the two line lengths as their responses faded
during further recordings. In most cases there was a good correspondence between a cell's tuning curves to a moving bar and, either a
shorter- or longer-line pattern moved perpendicularly, and the
preferred directions were close to each other. However, direction
tuning was usually somewhat broader with shorter-line patterns (see
examples in Figs 2 and 5). For each cell and every obliquely moved
pattern, the tuning curve was compared with that of a pattern, of the
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FIG. 3. Scatter plots for PM- and CM-selectivity of PMLS neurons to random-line patterns. (A and B) Partial correlation coef®cient Rp against Rc. The data
space is divided into three statistical regions by the boundaries de®ned as the signi®cant difference between Rp and Rc, between Rp and 0, or between Rc and
0, at P = 0.05. (A) Data measured with shorter-line patterns (L = 1±1.5°, 124 cells). (B) Data measured with longer-line patterns (L = 3±4°, 120 cells). (C)tvalue, the parametric statistical difference between Rp and Rc, for longer-line patterns (tL) against that for shorter-line patterns (tS). For each of the 106 cells
and every line length, the t-values for f = 45° and for f = 135° were averaged instead of being plotted individually, since there was no obvious difference
between them (see A and B). The signi®cant level of P = 0.05 is shown as dashed lines, outlining the regions in which the cells are de®ned as PM-like or
CM-like. Note that most samples fall below the diagonal, indicating a shift in favour of CM-selectivity when longer-line patterns were presented.

same line length but moved perpendicularly and classi®ed by the
partial correlation coef®cients between the PM- or CM-prediction and
the observed data.
PM- and CM-selective responses
The response pro®les of three typical neurons are illustrated in Fig. 2.
In Fig. 2A, the tuning curves to different stimuli were similar to each
other in shape and the preferred directions were nearly identical,
implying that this cell was insensitive to the orientation cue contained
in the stimuli. Partial correlation analysis showed that this cell was
PM-direction-selective to both 1°- and 3°-line patterns. The cell in
Fig. 2B was signi®cantly PM-selective to 1°-line patterns, but could
not be classi®ed as either PM- or CM-sensitive for 3°-line patterns as
the observed major peak lay between the two predictions. The cell in
Fig. 2C did not show clear direction preference to 1°-line patterns,
but had signi®cant CM-sensitive responses to 3°-line patterns. It
should be noted that this cell had obvious bimodal tuning curves,
having two preferred directions opposite to each other, to the moving
bar and 3°-line patterns.
The classi®cation of the whole sample is shown in Fig. 3. Of the 124
cells measured with shorter-line patterns, none was classi®ed as CMsensitive. The numbers of PM-sensitive cells were 93 and 90 for
patterns of f = 45° and f = 135°, respectively. 120 cells were tested
with longer-line patterns. For f = 45°, 60 cells were PM-selective and
another 11 cells were CM-selective. For f = 135°, the numbers were
72 and 8, respectively. In other words, the proportion of PM-sensitive
cells decreased from » 70% to » 50% with the elongation of
component lines, while a small subset of neurons (< 10%) were
identi®ed as CM-selective, rather than nonselective. In Fig. 3C the
responses to shorter- and longer-line patterns were considered jointly
and the 106 cells tested with both line lengths were divided into three
categories: PM-like, CM-like and unclassi®ed. In Fig. 4A the response
strength and direction index of these cells to the moving bar are shown
as a scatter plot to allow comparison among the three categories. No
obvious difference can be seen in the distributions of response
strength, but for direction index values it seems that the PM-like and

CM-like cells are separate populations, while the unclassi®ed cells
cover the full range from close to 0 to above 1 (Fig. 4B). However, as
shown in the ®gure, the relative PM/CM selectivity, evaluated by the
parameter tL, is signi®cantly correlated to the direction index in a
continuous distribution, of which the data space between PM-like and
CM-like cells is ®lled up by the unclassi®ed cells.
As shown in Fig. 3C, 52 neurons (49.1%) were PM-selective to
both the shorter- and longer-line patterns, and in general, they were
similar to the example shown in Fig. 2A. For most of the PM-like
cells, the preferred direction remained almost unchanged when tested
with the different stimulus patterns. In addition, all the direction
index values of these cells were above 0.6 with only a few exceptions
(for the moving bar see Fig. 4A, data not shown for other stimuli),
implying that they had strong direction preference but were not
sensitive to the orientation cue varied in the measurements. All these
results indicate that these neurons might be able to signal the true
direction of pattern motion in spite of interference of the component
orientation, at least when the orientation element was not very strong.
A subset of seven neurons (6.6%), like in Fig. 2C, closely matched
the prediction for CM-selectivity when longer-line patterns were
applied, indicating that they processed the one-dimensional motion
feature making up the stimuli. However, when tested with shorter-line
patterns, most of these CM-like cells responded poorly and the
direction preference was usually poor also. On the other hand, even
though their responses to the moving bar were no weaker than those of
the PM-like cells, their direction index values were much lower, within
a range in which there was almost no PM-like cell (see Fig. 4). Further
observation found that the low DI values resulted from the obvious bidirectional responses (with two preferred directions opposite to each
other, as for the tuning curves to the moving bar and 3°-line patterns in
Fig. 2C) instead of a `real' poor direction sensitivity. Therefore, these
cells might actually be orientation-selective and their direction-tuning
responses based on the orientation mechanism, this would mean that
they would hardly detect the direction of moving patterns when the
orientation element was relatively weak, but when the orientation cue
was clear enough, they would respond in an obvious CM-selective
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FIG. 4. (A) Distribution of response strength (Rbar) and direction index
(DIbar) to moving bar stimuli. Only the cells shown in Fig. 3C are included.
For each cell, the conventional direction index was calculated as
DIbar = 1 ± RNPD/RPD, where R represents the response strength for the
preferred direction (PD) or its opposite direction (NPD), and RPD was taken
as Rbar. The spontaneous activity was subtracted prior to this calculation.
All the response strength values, regardless of the cell category, are broadly
distributed in the same range except for a few cases. The mean values and
standard deviations are 33.11 6 22.70 (PM-like, crosses), 37.24 6 16.75
(CM-like, open squares), and 30.81 6 16.72 (unclassi®ed, dots) spikes per
second. The differences are far from signi®cant (Kruskal±Wallis c2-test,
P > 0.6). However, the CM-like cells have much lower direction indexes
than the PM-like ones (mean values 0.302 6 0.156 vs. 0.846 6 0.199,
Kruskal±Wallis c2-test, P < 0.0001). For the unclassi®ed cells, the points are
more scattered with an intermediate mean value (0.713 6 0.259). (B) tL, as
de®ned in Fig. 3C, is plotted against DIbar. The sample points are broadly
scattered rather than forming discrete clusters, and the two parameters are
signi®cantly correlated to each other (r = 0.617, P < 0.0001).

manner. It should be emphasized that such cells constitute only a small
minority in our sample.
Variable PM/CM selectivity
Although PM-selectivity seems to have a preponderance in our
sample, this advantage reduced when shorter-line patterns were
replaced with longer ones. By this change, the responses of most cells
became less PM-sensitive and more CM-like, with a few of them
reaching the criteria for signi®cant CM-selectivity (Fig. 3B, for
examples see Fig. 2). This tendency, visualized in Fig. 3C as the
generally lower t-values for longer-line patterns (Wilcoxon test,
P < 0.0001), implies that the variation of the orientation element in
the visual stimulus may affect the direction-selective behaviour of
PMLS neurons. In order to con®rm this still further, we tested a
subset of samples with patterns composed of even longer random
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lines. The results (for example see Fig. 5, for statistics see Fig. 6)
demonstrated that the direction preference varied steadily in favour of
CM-selectivity with the elongation of component lines, although only
two out of 16 cells, and only when L > 8°, could be identi®ed as
signi®cantly CM-selective.
Although it seems reasonable to suppose that the PM/CM
selectivity of a cell to a pattern moved obliquely may depend on its
receptive ®eld size, we failed to ®nd an obvious relationship between
the classi®cation and the width/height of receptive ®eld. It should be
noted that all the data presented here were obtained using patterns of
which the line length was much shorter than the receptive ®eld width
of the cell being recorded. Actually, the conventional tests were
conducted with 1±1.5° and 3±4° lines, while the receptive ®elds were
usually larger than 10° and sometimes even close to 30°. Even when
additional tests were performed, the maximal line length was limited
to one-third or a half of the width of the receptive ®eld, and no more
than 9° (see Fig. 6). With this design, the lines composing a pattern
would not be too few and there would be always a number of lines
falling within the range of the receptive ®eld during stimulation (see
Fig. 1A). These settings may minimize the potential problems
introduced by the purely positional information and the inhomogeneity in the pattern. Given such conditions, it would not be
surprising to ®nd that no signi®cant correlation was detected between
the PM/CM selectivity and the receptive ®eld size.
The differences between PM- and CM-like cells and the correlation
shown in Fig. 4B indicate that the PM/CM selectivity is related to the
strength of direction bias. The more a cell prefers one direction over
the opposite one, the more it is likely to be PM-sensitive, while the bidirectionally tuned cells tend to be CM-selective. On the other hand,
the variable direction preference suggests that all the PMLS neurons
may form a continuum of response selectivity and the identi®cation
of PM- or CM-sensitivity is, to some extent, dependent on the
stimulus pattern. This idea is supported by the fact that the
unclassi®ed cells ®ll up the gap between PM-like and CM-like
cells in the distribution of data (see Figs 3C and 4B). It is plausible to
suppose that, with an increasing orientation element in the stimulus,
there would be more and more PM-like cells being re-categorized as
unclassi®ed, and unclassi®ed cells becoming CM-sensitive.
PM/CM selectivity during the initial phase of responses
All the results described above were obtained by analysing the
sustained responses occurring later than 200 ms after the stimuli
were given. Although those vigorous, early discharges may be
induced partly by stimulus features other than motion direction
and contour orientation, many cells had fairly good directiontuned responses within the initial 200 ms and it would be
interesting to compare the neuronal activities during these two
periods of time. Therefore, the same procedures for PM/CM
selectivity analysis were conducted on the initial transient
responses and the results are shown in Fig. 7.
In Fig. 7C and D it can be seen that, for both shorter- or longer-line
patterns, most cells had lower t-values during the initial phase than
during the late part of responses. The means of the whole sample
were signi®cantly different (Wilcoxon test, P < 0.0001). These are in
agreement with the ®ndings of Lorenceau et al. (1993) that the
accuracy of movement-direction discrimination of tilted lines is poor
at short durations when the perceived direction tends to be at right
angles to the to the lines. Pack & Born (2001) recently reported that
MT neurons initially respond primarily to the motion component
perpendicular to a contour's orientation, but over a period of
approximately 60 ms the responses gradually shift to encode the true
stimulus direction. All these data are in favour of the idea that the
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FIG. 5. Polar graphs illustrating the variation of direction-tuning responses of a PMLS neuron with the length of component segments (L) in random-line
patterns. When L was equal to 1°, 3° or 4.5°, the responses could be identi®ed as PM-selective, though the difference between Rp and Rc became smaller and
smaller. For patterns with f = 135°, the tuning curve fell into the unclassi®ed category when L = 6° and changed to CM-sensitive when L = 9°. Note that
with increasing L, the major peak shifted progressively to meet the CM-prediction. For patterns of f = 45°, the difference between Rp and Rc also decreased
when L was increased, but the peak shifted to the opposite side. At the bottom row, the tuning curve to a moving bar is depicted for reference (left), and the
difference between Rp and Rc (shown with the statistical value t) is plotted against L to show the variation more clearly (right).

neural solution to pattern motion is ®rstly estimated by computing the
motion of orientated contours and then re®ned over time to
progressively approach the veridical direction of stimulation.
However, when compared with the classi®cation shown in Fig. 3A
and B (the sustained responses), there were far fewer PM-sensitive
responses in the initial phase, only slightly more CM-selective
responses in this phase and the vast majority of samples fell into the
unclassi®ed category (see Fig. 7A and B). Therefore, we are cautious
to make any conclusion on this issue. Since the data were averaged
over a much shorter period for the initial responses than for the
sustained responses, there may be relatively more noise in the tuning
curves. On the other hand, as mentioned above, the initial responses
may be partly evoked by the variation of luminance or other features.
Both of the two aspects may disrupt the regular direction tuning and
increase the chance of unclassi®ed responses, but probably can not
fully account for the unexpected low appearance of CM-sensitive

responses. Further explorations on the dynamics of direction selectivity varying with time may help answer further questions.

Discussion
In the present study, a series of random-line stimuli were used to
systematically investigate the direction selectivity of PMLS neurons.
It is the ®rst time, to our knowledge, that the substantial existence of
PM-sensitive responses has been observed in this extrastriate visual
area of the cat. In addition, our results show that the PM/CM
sensitivity of a certain cell is variable with the orientation element in
stimulation. These ®ndings imply that the commonly accepted twostage processing theory is probably incomplete for modelling the
visual motion analysis in the cortex.
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Considerations on stimulation: drifting plaid and random-line
patterns
The drifting plaid, as a pattern comprising contours moving in two
different directions, has been used in many studies to overcome the
inherent ambiguity of one-dimensional motion and the results are
taken as evidence for the two-stage processing theory (for review, see

FIG. 6. Effect of increasing the length of component segments (L) in
random-line patterns on the direction selectivity of 16 PMLS neurons tested
with multiple line lengths from 1° to 9°. The t-value, averaged from those
for f = 45° and for f = 135°, is plotted against L. For most cells, t-value
decreased monotonically with the increment of L, indicating that the
direction tuning varied in favour of CM-selectivity when the orientation
element in the stimulus was increased.
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Albright & Stoner, 1995). One potential problem with this approach
is that a plaid contains unambiguously moving local contrasts at
grating intersections that may possibly be used as a cue in a
nonorientation-based mechanism to signal the overall direction of
pattern motion (Stoner et al., 1990; Lorenceau & Shiffrar, 1992).
However, in the relevant studies, the intersection cue might be not
clear enough to prevail over the orientation element in the plaid. To
explore the possible involvement of nonorientation-based processing,
it is necessary to test the direction selectivity with stimuli containing
a weaker and adjustable orientation element. The random-line
patterns we used appeared to be appropriate for this purpose,
provided that the elongated line segments in our stimuli were not
misconceived by the neurons as the isotropic dots in conventional
random textures. As shown in our results, about 50% of the cells
tested were PM-selective to 3°-line patterns (length : width = 30 for
each component line), and when even longer lines were used, there
were still some cells giving PM-sensitive responses (see Figs 5 and
6). It is very unlikely that all these cells took the component lines as
circular dots. This hypothesis may ®nd support from the report by
Henry et al. (1974) that some striate cells are sensitive to the
orientation of a single ¯ashing bar as short as 0.57° (width 0.29°,
length : width = 2). There are no comparable data available for
PMLS cells, probably due to the poor responsiveness to stationary
stimuli. Since their receptive ®elds are usually larger, one may argue
that a distinction between short lines and small dots of similar size
might be not very clear especially when the pattern is moving.
However, the minimal line length used in the present study was 1°

FIG. 7. PM/CM selectivity during the initial
phase of responses. All the neurons shown in
Fig. 3 were subjected to analysis again but the
spike counting was performed within
0±200 ms after the onset of stimulation, the
period which was excluded while preparing
Figs 2±6. (A±B) Partial correlation coef®cient
Rp against Rc for L values of 1±1.5° (A) and
3±4° (B). Conventions are the same as in
Fig. 3A±B. (C±D) t-values for initial responses
(t0) against that for subsequent sustained
responses (t) for L values of 1±1.5° (C) and
3±4° (D). Most samples are distributed below
the diagonal, indicating that the initial transient
responses may be more CM-sensitive than the
late part of responses.
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which corresponds to a length : width ratio of 10 : 1, and for each
cell, the receptive ®eld was well covered by numerous randomly
distributed component lines making the orientation cue more visible.
In addition, the moderate velocity could help to overcome the illeffects caused by motion (blurring, jerking, etc.). With all the
settings, it is reasonable to believe that the random-line patterns were
effectively anisotropic to the neurons in the orientation domain and to
make the PM- and CM-predictions as described in Methods.
During the experiments, the drifting velocity of an obliquely
moved pattern was always identical to that of the corresponding
perpendicularly moved pattern, thus, the component vector normal to
the line orientation was about 30% smaller than the physical speed.
This setting should not affect the PM-prediction, but for the CMprediction in which the cell is presumed to be sensitive to component
orientation, the effective velocity vector is possibly no longer optimal
for the cell and the responses may decrease. However, this effect
would not vary with the line length and has little in¯uence on the
results of correlation analysis. One may expect that the CM cells have
higher preferred velocity to patterns moved obliquely; probably due
to the low appearance of CM-sensitive responses, so far we have not
found reliable evidence for this hypothesis. It would be interesting to
conduct this test in area V1, in which one may have a better chance in
inducing CM-sensitive responses (see below).
Since random-line stimuli have rarely been used in relevant
investigations, there are no data available from other sources for a
direct comparison. To gain more con®dence, each cell included in our
sample was always tested with patterns oblique to opposite sides as
shown in Fig. 1B and C. When the direction-tuning pro®les were
classi®ed into different categories, the two obliquely moved patterns
of the same line length frequently gave similar results (see examples
in Figs 2 and 5, statistics in Figs 3A and B, and 7). When a neuron
was not PM-selective, the major peak of its tuning curve usually
shifted to the opposite sides for the two stimuli, no matter whether the
criteria for signi®cant CM-sensitivity were reached or not (Figs 2B
and C, and 5). In addition, the cells were not tested in a stereotyped
order (e.g. from shorter- to longer-line patterns, or from f = 90°, 45°,
to 135°) but in an interleaved manner, especially for those measured
with multiple line lengths. Therefore, one may exclude the possibility
that the results presented here were artefacts but consider them as
representing the direction-selective behaviour of PMLS neurons.
Implication of the present ®ndings
In the two-stage processing theory, it was proposed that PMselectivity is achieved by integrating the outputs of CM-selective
units (Adelson & Movshon, 1982; Movshon et al., 1985; Welch,
1989; Derrington & Suero, 1991; Albright & Stoner, 1995; Nowlan &
Sejnowski, 1995; Simoncelli & Heeger, 1998) and that CM and PM
neurons are distinct subpopulations in the cortex (Rodman &
Albright, 1989; Gizzi et al., 1990; Movshon & Newsome, 1996;
Scannell et al., 1996; Gegenfurtner et al., 1997; Merabet et al., 1998).
Here we have shown that PM- or CM-sensitivity may be not a ®xed
feature of certain cells, but the direction tuning of a PMLS neuron can
vary with the orientation element in the stimulus. The scale of such
variation could be different from cell to cell, within the range from
fully CM-sensitive to fully PM-selective (Figs 3C and 6). Such
dynamic variation would probably require dual underlying mechanisms. Besides the widely discussed orientation-sensitive mechanism,
certain types of additional process, relatively independent of the onedimensional orientation cue, may also be involved in determining the
direction of motion. The two mechanisms would act simultaneously
in a dynamic competition where one rises as the other falls,
depending upon the strength of the orientation element in the

stimulus. As a result, when one mechanism prevails over the other, it
would respond like a PM- or CM-sensitive cell, otherwise, an
unclassi®ed one.
With the above hypothesis, the present ®ndings are not contradictory with previous results obtained with drifting plaids where there
was a population of CM cells but no PM cell in PMLS (Movshon
et al., 1985; Gizzi et al., 1990; Merabet et al., 1998). Since a plaid is
rich in orientation elements, the intersection cue it contains is
probably not clear enough to prevail over the orientation-based
mechanism and to signal the coherent motion of the composite
pattern, so that no signi®cant PM-selectivity was detected. However,
the presence of a number of unclassi®ed cells in all of the previous
studies suggests that features other than orientation may also play an
active role in evoking the direction-tuning responses. This proposition may also account for the disagreement on orientation selectivity
of PMLS cells in previous studies with different stimuli (see
Introduction). When the orientation element is not strong (such as
in spots or short bars), the orientation mechanism might be not
effective enough to elicit selectivity as clear as that found with long
bars or gratings.
Although the detection of local orientated features has been
demonstrated by numerous experimental evidence, a succeeding
integration of the one-dimensional cues may result in incorrect global
motion perception in many cases (Nakayama & Silverman, 1988;
Ferrera & Wilson, 1990; Yo & Wilson, 1992; Rubin et al., 1995a,
1995b). Furthermore, many objects in the natural world do not
possess such regular component orientations as that in plaids, and the
estimation of orientation components in motion would become less
reliable due to blurring or smearing as the speed increases. Therefore,
some kind of nonorientation-based process may be necessary to
detect motion of objects in the environment under various circumstances. Our ®ndings, that many PMLS cells were PM-sensitive to
shorter random-line patterns may indicate that such a process is
probably present in this relatively lower extrastriate area which is
believed to provide outputs for motion integration in higher level
cortices (Movshon et al., 1985; Gizzi et al., 1990; Scannell et al.,
1996).
Neural substrates for nonorientation-dependent processing
Based on their results of human psychophysical study, Lorenceau et al
(1993) proposed a motion analysis model which relies on a dynamic
competition between two different classes of signals, one originating
from contour motion processing units, the other from line terminator
processing units (Castet et al., 1993; Lorenceau et al., 1993). This
theory is similar to our interpretation on the involvement of
nonorientation-dependent mechanism but different on how the
mechanism works. In their model, the competition occurs between
two populations of units driven by orientation-dependent and
nonorientation-dependent mechanisms, respectively, whereas, our
results suggest that the two kinds of mechanisms may act simultaneously on a single cell and the competition between them enables the
cell to demonstrate variable PM/CM selectivity to different stimuli.
Nevertheless, it is also possible that the two competitions are in
action together in the cortex to account for the dependence of
direction discrimination on the characteristics of visual stimulus.
No matter how the nonorientation-dependent mechanism works, it
requires the stimulus to contain certain identi®able features, other
than an orientation cue, for tracking motion over time: this could be
line ends (such as in our stimuli), corners, crosses, and so on (also see
Zucker et al., 1990; Mingolla et al., 1992; Shiffrar et al., 1995;
Shiffrar & Lorenceau, 1996). It was speculated that the end-stopped
cells in areas 17 and 18 may signal feature points in motion, and the
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activities of some speci®c neurons in area V2 of the monkey and area
19 of the cat were related to different pattern discontinuities (Castet
et al., 1993; Lorenceau et al., 1993). Previous ®ndings, that some
striate neurons are highly sensitive to cross- or corner-like ®gures
(Shevelev et al., 1995, 1998; Sillito et al., 1995), indicate the
possibility of detecting such angular features in area 17. Besides these
structural features, some motion cues may also contribute to
nonorientation-based processing. For example, a recent psychophysical study suggested that motion streaks may provide a spatial code
for motion direction (Geisler, 1999). Since lack of direct physiological evidence, these ideas are yet to be veri®ed by new
experiments.
The present study was carried out in PMLS because that, as an area
mainly involved in motion perception and the putative analogue to
MT, it may offer a better chance to encounter nonorientationdependent responses, though area 17 is also of great interest. With the
data available it remains unclear how the direction-tuning responses
of PMLS neurons are modulated so that they could vary with the
nature of stimulation. The aforementioned studies are in favour of the
idea that nonorientation-dependent processing may occur as early as
in striate cortex, but whether it is enhanced afterward in higher
cortical areas remains to be answered. Recently, we conducted a
number of similar experiments in area 17. The preliminary results
show variable PM/CM selectivity for some striate neurons, but the
PM-sensitive responses are not as pronounced as in PMLS, which
seems to imply that the orientation-selective mechanism may play a
more important role in this earlier cortical area.
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