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Abstract

Extrastriate cortical area MT is thought to process behaviorally important visual motion signals. Psychophysical
studies suggest that visual motion signals may be analyzed by multiple mechanisms, a “first-order” one based on
luminance, and a “second-order” one based upon higher level cues (e.g. contrast, flicker). Second-order motion is
visible to human observers, but should be invisible to first-order motion sensors. To learn if area MT is involved in
the analysis of second-order motion, we measured responses to first- and second-order gratings of single neurons in
area MT (and in one experiment, in area V1) in anesthetized, paralyzed macaque monkeys. For each neuron, we
measured directional and spatio-temporal tuning with conventional first-order gratings and with second-order
gratings created by spatial modulation of the flicker rate of a random texture. A minority of MT and V1 neurons
exhibited significant selectivity for direction or orientation of second-order gratings. In nearly all cells, response to
second-order motion was weaker than response to first-order motion. MT cells with significant selectivity for
second-order motion tended to be more responsive and more sensitive to luminance contrast, but were in other
respects similar to the remaining MT neurons; they did not appear to represent a distinct subpopulation. For those
cells selective for second-order motion, we found a correlation between the preferred directions of first- and
second-order motion, and weak correlations in preferred spatial frequency. These cells preferred lower temporal
frequencies for second-order motion than for first-order motion. A small proportion of MT cells seemed to remain
selective and responsive for second-order motion. None of our small sample of V1 cells did. Cells in this small
population, but not others, may perform “form-cue invariant” motion processing (Albright, 1992).
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Introduction

Visual motion information may be processed by multiple indepen-
dent mechanisms (Chubb & Sperling, 1988, 1989; Cavanagh &
Mather, 1989; Sperling, 1989). The mechanism that has been most
studied responds to “first-order” motion cued by the spatial distri-
bution of luminance. An additional mechanism is thought to re-
spond to “second-order” motion that is cued not by luminance, but
by some other feature such as contrast, or spatial or temporal
structure (Cavanagh & Mather, 1989). The characteristics of the
first-order mechanism are reasonably well accounted for by mod-
els in which selectivity is defined by the properties of linear spatio-
temporal filters, usually followed by nonlinear processing elements
(Watson & Ahumada, 1983, 1985; Van Santen & Sperling, 1984,
1985; Adelson & Bergen, 1985).

First-order models can account for a variety of perceptual phe-
nomena, including sampled (apparent) motion, reversed apparent
motion, and missing-fundamental motion (Van Santen & Sperling,
1984; Adelson & Bergen, 1985). Recent psychophysical data sug-

gest that motion detection on static backgrounds (Lu & Sperling,
1995) and motion segregation (Qian et al., 1994) are based on
first-order computations. The components of reasonably imple-
mented first-order models fit well with the properties of neurons in
early stages of the visual cortex. Some simple cells have receptive
fields that resemble the subunits often postulated by these models
(Movshon et al., 1978; Reid et al., 1987; McLean & Palmer, 1989;
DeAngelis et al., 1993a,b; McLean et al., 1994). The responses of
direction-selective complex cells in the primary visual cortex and
of cells in extrastriate area MT are consistent with later stages of
these models (Emerson et al., 1992; Britten et al., 1993; DeAngelis
et al., 1993a,b; Qian & Andersen, 1994; Simoncelli et al., 1996).
Thus first-order motion sensing may involve a roughly linear spa-
tiotemporal filtering of the retinal image, followed by a nonlinear
combination of these linearly filtered signals to produce signals
related to motion energy (Adelson & Bergen, 1985).

For the “microbalanced” random stimuli developed by Chubb
and Sperling (1988, 1989), the linear components of motion are
balanced, and thus produce no net output from first-order mecha-
nisms, yet the stimuli elicit a clear sensation of motion. This has
led some to suggest an independent mechanism for the analysis of
second-order motion (Chubb & Sperling, 1988, 1989). On the
other hand, Victor and Conte (1992) have suggested that a single
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mechanism might process both first- and second-order motion.
Other schemes have been proposed in which motion signals from
first- and second-order pathways are combined at the stage yield-
ing a motion percept (Wilson et al., 1992; Wilson & Kim, 1994;
Zanker & Hupgens, 1994). Psychophysical data thus do not pro-
vide a consensus view on where, or even how, second-order mo-
tion detection is done.

Neural substrate for second-order motion?

It is now well known that MT and neighboring areas in the superior
temporal sulcus (see Maunsell & Newsome, 1987, for a review)
are intimately involved in the processing of first-order motion.
Area MT receives direct input from direction-selective V1 neurons
(Movshon & Newsome, 1996), and in contrast to V1 and to other
extrastriate visual areas, almost all MT neurons are selective for
the direction of visual motion (Van Essen & Maunsell, 1983; Felle-
man & Kaas, 1984; Van Essen, 1985; Maunsell & Newsome, 1987;
Felleman & Van Essen, 1991). There is compelling evidence that
signals carried by neurons in area MT and its neighbor MST are
critical to the perception of motion. Small excitotoxic lesions of
area MT substantially (though transiently) elevate motion detec-
tion thresholds (Newsome & Pare, 1988). The motion sensitivity
of MT neurons is more than adequate to explain the sensitivity of
behaving monkeys (Newsome et al., 1989; Britten et al., 1992),
and there is a statistical association between MT neuronal re-
sponses to identical stimulus presentations and the behavioral choices
made by the monkeys (Britten et al., 1996). Simulations of these
results suggest an account of how neuronal signals in MT can be
pooled to provide the signals supporting motion judgments (Shadlen
et al., 1996). Furthermore, modifying the activity of MT neurons
(by microstimulation) modifies perceptual judgment in the expected
way (Salzman et al., 1990, 1992; Salzman & Newsome, 1994).

Given the evidence for MT’s role in motion perception, it is
natural to ask if MT plays the same role in second-order motion
perception. Albright (1992) briefly reported that most MT neurons
retained directionality when tested with second-order motion, but
this question has otherwise remained unexplored. We have now
made detailed comparisons of MT neuronal responses to first- and
second-order motion, and a similar comparison for a smaller sam-
ple of V1 neurons. We wanted to know whether area MT repre-
sents the neural substrate for the second-order motion mechanism
in the same way it does for the first-order mechanism. We found
that most neurons in MT respond poorly and nonselectively to
second-order motion stimuli. Those few neurons giving vigorous
and selective responses to second-order motion targets did not
appear to be distinct from other MT neurons with respect to
receptive-field eccentricity, component-pattern direction selectiv-
ity, or spatio-temporal tuning properties. They were distinct only in
that they were slightly more responsive and more sensitive to
stimulus contrast than other MT neurons. Area MT’s main func-
tions may concern the analysis of first-order motion, with other
kinds of motion processing largely done elsewhere in the visual
cortex.

Materials and methods

Surgical preparation

The procedures used for single-unit recordings from the cortex of
acutely prepared, anesthetized, paralyzed macaque monkeys have
been described in detail elsewhere (Levitt et al., 1994). Experi-

ments were performed on nine adult cynomolgus (Macacca fas-
cicularis) monkeys ranging in weight from 3.5 to 4.5 kg. Animals
were premedicated with Atropine sulfate (0.05 mg0kg) and Ace-
promazine malleate (0.05 mg0kg) and initially anesthetized with
Ketamine HCL (10 mg0kg). Anesthesia continued on 1.5–2.0%
halothane in a 98% O2–2% CO2 mixture while the initial surgery
was performed. Indwelling catheters were introduced into the sa-
phenous veins of each hindlimb, a urinary catheter was inserted,
and a tracheotomy performed. The animal was then mounted in a
stereotaxic instrument. Vital signs (including EEG, EKG, end-tidal
PCO2, temperature, and lung pressure) were monitored continu-
ously. Halothane anesthesia was then discontinued, and a contin-
uous infusion of sufentanil citrate (typically 4–6mg0kg0h) was
begun following a loading dose of 4mg0kg (the rate was deter-
mined for each animal during a stabilization period prior to the
induction of systemic paralysis, and monitored using conventional
assessments based on EEG, EKG, and autonomic signs). At this
point, the monkey was artificially respired with room air or with a
mixture of O2:N2O (typically 50:50). End-tidal PCO2 was main-
tained at 3.8–4.0%.

The scalp was openedvia a midline incision and the muscles
reflected back to expose the skull. A craniotomy was performed
and the surface of the cortex between the intraparietal sulcus and
the superior temporal sulcus was exposed (at approximately HC P
2.0, L 16.0). A hydraulic microdrive containing a tungsten-in-glass
electrode inside a 21G guide tube was lowered into position about
3–4 mm posterior to the postcentral sulcus at L 15.5. A plastic
chamber was constructed to surround the electrode and guide tube
and was filled with a 4% agar in sterile saline solution. In one
experiment, we recorded in V1, inserting the electrode through a
similar craniotomy and durotomy made over the dorsal surface of
the occipital lobe. At the completion of all surgical procedures, a
continuous infusion of muscle relaxant was begun (Norcuron, 0.1
mg0kg0h, loading dose of 0.1 mg0kg). The monkey was fitted
with 12D gas-permeable contact lenses; supplementary lenses were
used as necessary to make the retinas conjugate with the face of a
display placed (in different experiments) between 73 and 163 cm
distant. To maintain the animal in good physiological condition
during experiments (typically 72–96 h), intravenous supplementa-
tion of 2.5% dextrose0 lactated Ringer’s was given at 5.0 ml0h; an
anti-inflammatory agent (dexamethasone) and a broad-spectrum
antibiotic (Bicillin) were given daily.

Recording

Recordings were made using tungsten-in-glass microelectrodes
(Merrill & Ainsworth, 1972). Signals from the microelectrode were
amplified (10,0003), bandpass-filtered (300 Hz–10 kHz), and fed
into a hardware window discriminator and an audio monitor. The
discriminator’s output was fed into the digital input port of an
intelligent lab interface, along with synchronization signals from
the video graphics board. The lab interface collected standard pulses
triggered by each action potential and assembled them into con-
ventional averaged response histograms. Data were analyzed on-
line and used to determine subsequent stimulus presentations.

Visual stimuli

Stimulus presentation and data acquisition were controlled by an
IBM PC compatible computer. Stimuli were generated by a True-
vision ATVista board operating at a resolution of 7523 582 pixels
and a frame rate of 106 Hz whose gamma-corrected output was
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directed to a BARCO CDCT 7351 monitor (mean luminance 36.5
cd0m2), and later to a Nanao T560i (mean luminance 72 cd0m2).
The width of the screen varied between 10.4 and 24.5 deg in
different experiments. Standard stimuli consisted of sinusoidal grat-
ings whose size, location, spatiotemporal and chromatic properties
were under the control of the experimenter.

Second-order motion stimuli

Chubb and Sperling (1988, 1989) described methods for generat-
ing various classes of second-order motion stimuli. In general, the
stimuli are created by modulating the contrast, temporal structure,
or spatial structure of an underlying random carrier, and then mov-
ing themodulatorwhile leaving thecarrier stationary. Fig. 1 shows
x–t representations of the first- and second-order motion stimuli
used in the experiments.

Fig. 1A shows anx–t representation of a rightward drifting
sinusoidal first-order grating. Each row of pixels represents a hor-
izontal slice through the center of each frame of the image se-
quence, with slices stacked top to bottom over time. By tracking
the orientation of the light and dark regions, an observer can de-

duce that the plot represents movement of the grating to the right.
The motion of this type of display is cued by luminance and is
therefore first order. Fig. 1B shows anx–t representation of a
second-order motion stimulus consisting of a rightward drifting
sinusoid modulating the contrast of a static, two-dimensional tex-
ture whose pixel elements which were assigned values drawn from
a Bernoulli distribution withP 5 0.5. The motion of this stimulus
is cued by contrast; the expected luminance within any arbitrarily
defined region of thisx–t plot is uniform (it is microbalanced, in
the terminology of Chubb and Sperling, 1988, 1989). We used a
version of this stimulus in early experiments, but found it difficult
to escape contamination by luminance artifacts at high contrasts.
We therefore abandoned this stimulus in favor of the one shown in
Fig. 1C, which consists of a random two-dimensional spatial tex-
ture (like that described above) whose temporal structure is mod-
ulated by a drifting square wave. The flicker rate of the peak of the
square-wave modulator was typically 53 Hz (but adjustable), while
the flicker rate at the trough of the square-wave modulator was
fixed at 0 Hz. Because this stimulus contains the same two lumi-
nance levels in both the static and flickering regions, it is free from
luminance artifacts even if monitor calibration is imperfect. The

Fig. 1. x–t plots of first-order and second-order motion stimuli. All stimuli illustrated here were vertically oriented and drifting
rightward. The rightward motion is represented by the diagonal orientation in space-time. A:x–t plot of a drifting sinusoidal grating.
The x dimension is a horizontal slice taken from one frame of the grating sequence. They dimension represents time starting at the
top and progressing downward. B:x–t plot of a drifting contrast-modulated second-order grating. The stimulus was created by
sinusoidally modulating the contrast of a two-dimensional static texture. C:x–t plot of a drifting flicker-modulated second-order
grating. The flicker frequency of the static two-dimensional binary noise (indicated by the black and white bar regions) was modulated
by a drifting square wave (indicated by the checked regions). D:x–t plot of a drifting second-order “envelope” stimulus. The stimulus
was created by sinusoidally modulating the contrast of a stationary sinusoid. In B, C, and D, orientation in space-time can be observed
by segregating the texture regions but cannot be observed by comparing luminance, since the average luminance in all regions is
identical.
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motion of this stimulus is cued not by luminance but by flicker; the
expected luminance within an arbitraryx–t window is uniform.
Therefore, the motion of this stimulus (and the one in Fig. 1B)
cannot be recovered by first-order mechanisms. Fig. 1D shows a
representation of a different class of second-order motion stimulus,
an “envelope” stimulus consisting of a drifting contrast modulation
of a high-spatial-frequency sinusoidal grating carrier used in some
earlier studies of visual cortex of cat and monkey (Albrecht & De
Valois, 1981; Zhou & Baker, 1993, 1994). This stimulus is second-
order, since the motion is cued by contrast, not luminance, but it is
not microbalanced (Fleet & Langley, 1994). We studied the re-
sponses of a small number of MT neurons to this type of stimulus.

Receptive-field mapping and classification

The fovea of each eye was plotted on a plotting table with a
reversible ophthalmoscope. Receptive fields of isolated neurons
were mapped with slits of light on the plotting table and were then
projected onto the face of the monitor by means of a front-surface
mirror. We used quantitative techniques to determine each neu-
ron’s stimulus preferences. First, direction tuning was assessed by
presenting drifting, sinusoidal gratings whose direction spanned
360 deg in 30-deg steps. We then measured spatial-frequency tun-
ing in the preferred direction and temporal-frequency tuning in the
preferred direction at the preferred spatial frequency; in most cells,
we also measured contrast response. We measured responses as a
function of stimulus area; if the neuron’s response was suppressed
by stimuli presented outside the classical receptive field, we re-
stricted the size of the stimuli with a contrast window that pre-
sented unmodulated midgray background to the periphery of the
receptive field. After finding the optimal stimulus parameters for
first-order gratings, we studied the neuron’s response to second-
order gratings. Initially, we set the parameters to match those ob-
tained for the first-order gratings and made a subjective assessment
of the neuron’s response. If response to the second-order gratings
was weak, we attempted to reoptimize stimulus parameters, nota-
bly texture size (typically 2 min arc, but adjustable to 1, 2, 4, or
8 min arc) spatial frequency, temporal frequency (from;0.2–
13.25 Hz in octave steps), and to some extent, flicker rate (typi-
cally 53.0 Hz, but adjustable from;6.12–53.0 Hz in octave steps).
When we were satisfied with the selected parameters, we ran a
direction tuning experiment on the cell. If the neuron gave little or
no response to our initial set of second-order parameters, it gen-
erally gave no better response to parametrically different second-
order targets. If the neuron responded reliably to second-order
motion, we measured spatial- and temporal-frequency tuning and
contrast response (by manipulating the Michelson contrast of the
carrier pixels) for the second-order gratings.

Quantitative measures

Our response measure was of net mean firing rate (for MT cells
and V1 complex cells) or response modulation at the stimulus
temporal frequency (for V1 simple cells), based on 3–6 randomly
interleaved repeats of 2–4 s presentations of each stimulus. Mean
baseline responses to a uniform mean luminance stimulus were
subtracted from the response to each stimulus for MT cells and V1
complex cells. For most measures (spatial frequency, temporal
frequency, contrast response), we fit descriptive functions to the
data (Levitt et al., 1994) to compute estimates of optima and tuning
bandwidths.

Component-pattern classification

We also compared responses to drifting gratings with responses to
drifting plaid patterns composed of the sum of two gratings whose
direction of motion differed by 120 deg, to permit classification as
pattern- or component-direction selective (Movshon et al., 1985).
We predicted the response of a component-direction-selective cell
to a plaid pattern by shifting a copy of the grating response so that
it matched the direction of each component of the plaid pattern. We
then computed partial correlations between the response to the
plaid (Rp) and the response to the component gratings (Rc) (Mov-
shon et al., 1985; Movshon & Newsome, 1996). We classified
neurons as pattern-direction selective ifRp . Rc, and as component-
direction selective otherwise.

Selectivity measures

To characterize a neuron’s selectivity for direction or orientation
independent of response magnitude, we calculated direction and
orientation biases (Levick & Thibos, 1982; Leventhal et al., 1995).
We treated each response (baseline subtracted for MT cells and V1
complex cells) as a vector whose length is the response magnitude
and whose angle is the direction or twice the orientation of the
stimulus. We divided the vector sum by the sum of the absolute
values of the vectors (Leventhal et al., 1995). The index provided
an estimate of preferred direction or orientation and selectivity
(sharpness of tuning) that was independent of response amplitude.
A direction or orientation bias of 1.0 indicates “perfect” selectivity
(response to only a single orientation or direction), while a bias of
0.0 indicates complete absence of selectivity (equal response to all
directions0orientations). We estimated the significance of each bias
estimate by a permutation technique. For each data set, we ran
2000 permutations of the data through the bias analysis and con-
structed distributions of the resulting estimates. We defined a data
set as showing significant bias if the measured bias exceeded the
90th percentile of the permuted bias distribution. We chose this
relatively loose criterion to include data from as many neurons as
possible in our analysis of selectivity. A neuron that was highly
orientation selective but not direction selective would have a low
direction bias and a high orientation bias, so we computed both
selectivity indices for each neuron and if both indices were sig-
nificant, selected the larger of the two bias indices as a measure of
selectivity. We thus determined whether each neuron was selective
for the direction or orientation of first-order motion, and compared
that selectivity to the same measure of selectivity for second-order
motion.

Results

We measured direction tuning for both first- and second-order
gratings in 207 MT neurons in nine monkeys, and 34 V1 neurons
in one monkey. We collected spatial- and temporal-frequency tun-
ing data for first-order gratings from all of these neurons, and
collected contrast-response functions and area tuning data from
most. For neurons that responded to second-order gratings in the
direction tuning tests, we measured spatial- and temporal-frequency
tuning and contrast-response functions for the second-order gratings.

Receptive fields of MT neurons were centered within 20 deg of
the fovea, with the majority (148 of 207) having receptive fields
centered within 6 deg of the fovea. Receptive fields of V1 neurons
were all centered within 3 deg of the fovea.

Fig. 2 shows direction tuning data collected from eight repre-
sentative MT neurons. Responses to first-order motion are plotted
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with filled symbols connected by solid lines; responses to second-
order motion are plotted with open symbols connected by dashed
lines.

Nearly all cells were responsive and selective for first-order
motion, while responsiveness and selectivity for second-order mo-
tion varied widely. Figs. 2A and 2B show data from two MT
neurons whose directional tuning for first- and second-order grat-
ings was similar. Figs. 2C and 2D show example data from two
MT neurons that were less selective for second-order gratings than
for first-order gratings. The reduced selectivity for second-order
motion was due in part to decreased responses in the preferred
direction and in part to increased responses in the null direction.
Figs. 2E and 2F show example data from two MT neurons that
gave direction-selective responses to first-order gratings and non-

selective responses to second-order gratings. Most cells in our
sample behaved like the neurons illustrated in Figs. 2G and 2H,
giving vigorous, direction-selective responses to first-order grat-
ings and little or no response to second-order gratings.

Response strength

For the vast majority of MT and V1 neurons, second-order gratings
were less effective than first-order gratings. This is illustrated in
Fig. 3, which plots the net response evoked by first-order gratings
against the net response evoked by second-order gratings for MT
cells (Fig. 3A) and V1 cells (Fig. 3B). The majority of the data
(93% and 88% for MT and V1 cells, respectively) fall below the
diagonal indicating equal responses. There was a significant cor-
relation between responses to first- and second-order motion for
both MT (r 5 0.597,P , 0.0001) and V1 (r 5 0.503,P , 0.0025)
neurons. Fig. 3 also shows a marginal distribution of the ratio of
responses to first- and second-order motion. The geometric mean
of the distribution was 4.5 for MT cells and 5.4 for V1 cells. Only
17 of 207 MT neurons and three of 34 V1 neurons responded as
well to second-order motion as they did to first-order motion.

Selectivity

The responses of MT and V1 neurons to first- and second-order
motion usually differed, both in response strength and in the shape
of the direction tuning curve (Fig. 2). Cells that were direction
selective for first-order motion were frequently orientation selec-
tive (e.g. Figs. 2C and 2D) or nonselective (e.g. Figs. 2E and 2F)
for second-order motion. In V1, most cells were orientation selec-
tive for first-order motion, and nonselective for second-order mo-
tion. To compare tuning for first- and second-order motion, we
took the greater of direction or orientation bias as the cell’sselec-
tivity for first-order motion, and compared that to the same selec-
tivity to second-order motion; we counted neurons as selective if
the value of their bias index achieved a significance level of 0.1 on
a permutation test (see Materials and methods).

Fig. 4 shows the relationship between selectivity for first-order
gratings and selectivity for second-order gratings for MT (Fig. 4A)
and V1 (Fig. 4B) neurons. About 24% of our MT sample (490207)
exhibited significant selectivity for both first- and second-order
motion (Fig. 4A, filled circles); of the remainder (Fig. 4A, open
circles), 71% (1480207) were selective for first- but not second-
order motion, 1% (30207) were selective for second- but not first-
order motion, and 3% (70207) were not selective for either type of
motion. About 9% of our V1 sample (3034) exhibited significant
selectivity for both first- and second-order motion (Fig. 4B, filled
circles); of the remainder (Fig. 4B, open circles), 88% (30034)
were selective for first- but not second-order motion and one cell
was selective for second- but not first-order motion. Nearly all MT
(1970207, 95%) and V1 neurons (33034, 97%) were selective for
first-order motion; about one quarter of the MT (520207, 25%) and
V1 neurons (9034, 26%) were selective for second-order motion.
There was no correlation between selectivity for first- and second-
order motion in MT or V1. Of the cells with significant selectivity,
22% (11049) of our MT sample and none of the V1 sample showed
equal or greater selectivity for second-order motion; most neurons
had substantially greater selectivity for first-order motion.

We wanted to know what proportion of our samples could
potentially provide a behaviorally relevant signal—i.e. what pro-
portion of our samples wereboth selective and responsive for a

Fig. 2. Direction tuning of MT neurons for first-order (filled circles) and
second-order (open squares) motion. Stimulus direction is represented by
polar angle and response is represented by distance from the origin. Solid
circles indicate average baseline discharge. Calibration bars show response
rate for each cell. A, B: Data from two neurons that had similar directional
tuning for first- and second-order motion. C, D: Data from two neurons that
were less direction selective for second-order motion than for first-order
motion. E, F: Data from two neurons that showed nonselective responses
to second-order motion. G, H: Data from two MT neurons that gave no
responses to second-order motion, but brisk responses to first-order motion.
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Fig. 3. Comparison of response strength for first-order and second-order gratings. Data are net responses (i.e. maximum response minus baseline). Marginal distributions show the
ratio of responses to first- and second-order motion. A: Data from 191 MT neurons; 16 neurons had zero net response to second-order motion. B: Data from34 V1 neurons.
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particular type of motion signal. In Fig. 5, we plot each cell’s
selectivity against its response for first-order motion (top panel)
and second-order motion (bottom panel). The dashed lines arbi-
trarily divide the plots into quadrants to help visualize differences

in the distributions of data for the two stimuli. The proportion of
cells falling in each quadrant is indicated to the lower right of each
plot. Nearly two thirds (62%) of our sample of MT neurons fell
into the upper-right quadrant when tested with first-order motion;

Fig. 4. Comparison of selectivity for first-order and second-order gratings. Filled circles represent cells with significant selectivity for
both first- and second-order motion. Open circles represent cells that lacked significant selectivity for either first- or second-order
motion. A: Data from 207 MT cells, 49 of which showed significant selectivity for both first- and second-order motion. B: Data from
34 V1 cells, three of which showed significant selectivity for both first- and second-order motion.

Fig. 5. Relationship between response and selectivity for first-order motion (top panels) and second-order motion (bottom panels).
Symbols are as in Fig. 4. Insets show proportion of sample falling into each quadrant of the plot (defined by dashed lines). A: Data
from MT neurons. B: Data from V1 neurons.
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only 5% fell into the upper-right quadrant when tested with second-
order motion (Fig. 5A). A similar proportion of our V1 sample fell
into the upper-right quadrant when tested with first-order motion;
however, none fell into the upper-right quadrant when tested with
second-order motion (Fig. 5B). Thus, only a small minority of the
neurons we studied werebothselective for and responsive to second-
order motion.

Tuning properties of cells selective for second-order motion

For neurons that responded reliably to second-order motion in
the direction tuning experiments, we measured spatial tuning,
temporal tuning, and contrast response for suitable second-order
targets. Fig. 6 shows the data for a single MT neuron (the neu-
ron whose direction tuning data are shown in Fig. 2B). We
measured spatial-frequency tuning (Fig. 6A) for both first- and
second-order gratings and fit the data with a descriptive function
(solid line) to estimate preferred spatial frequency and band-
width. This neuron’s tuning curve for second-order gratings was
shifted down in both amplitude and spatial frequency compared
to that for first-order gratings. We then measured temporal-
frequency tuning at the optimal spatial frequency (Fig. 6B) and
fit the data with a descriptive function (solid line) to estimate
preferred temporal frequency and bandwidth. This neuron showed
similar temporal-frequency tuning for first- and second-order mo-
tion, though response amplitude for the second-order gratings
was lower than that for the first-order gratings. We measured
contrast responses (Fig. 6C) in the usual way for first-order
gratings, but for the second-order stimuli, we manipulated the
contrast of the pixels of the binary texture carrier. This neuron
had different contrast responses for first- and second-order mo-
tion; for first-order gratings, the response exceeded baseline for
contrasts above 0.06, while for second-order gratings, no con-
trast below 0.5 was effective in driving the cell.

We compared the orientation0direction tuning, spatial-frequency
tuning, temporal-frequency tuning, and contrast response for first-
and second-order motion for the 49 MT neurons that showed sig-
nificant selectivity for both stimuli. Our V1 sample was insuffi-
cient (only 3 cells) for these comparisons.

Direction/orientation tuning

For each cell, we calculated the difference in preferred direction
for first- and second-order gratings. Fig. 7 shows a polar distribu-
tion of these data. In this plot, polar angle represents difference in
preferred direction and distance from the origin represents percent-
age of the sample. Just under half of our MT sample that was
selective for second-order motion had direction preferences for
first- and second-order motion that differed by less than 30 deg.

Fig. 6. Tuning properties of one MT neuron for first- and second-order motion. Symbols are as in Fig. 2. Solid lines are the fits of
descriptive functions used to estimate tuning parameters. Baseline activity is indicated by dashed lines. Error bars are61 standard error
of the mean. A: Spatial-frequency tuning. B: Temporal-frequency tuning. C: Contrast response.

Fig. 7. Polar distribution of the difference in preferred direction for first-
and second-order motion for the MT neurons that were selective for both
first- and second-order motion. Polar angle represents direction difference
(30-deg bins), distance from the origin represents percentage of the sample
falling into each bin. Calibration bar indicates half the radius of the plot,
27.5%.
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We made the same computation for the eight cells in our sample
that were orientation selective for both first- and second-order
motion and found similar results; seven of eight cells had orien-
tation preferences that differed by less than 30 deg.

Spatial-frequency tuning

We were able to measure spatial-frequency tuning for both first-
and second-order gratings in 37 MT neurons. Fig. 8A shows the
relationship between preferred spatial frequency, and Fig. 8B shows
the relationship between spatial-frequency tuning bandwidth (in
octaves) for first- and second-order gratings. Six cells preferred
spatial frequencies below 0.1 cycle0deg for either first- or second-
order gratings (open circles). For the remaining cells, there was a
significant correlation between preferred spatial frequencies for
first- and second-order motion (Fig. 8A) (r 5 0.645,P 5 0.0001).
We did not estimate spatial-frequency tuning bandwidths for the 15
neurons that exhibited low-pass tuning (i.e. the response to the
lowest spatial frequency was greater than half of the response to
the preferred spatial frequency—open circles in Fig. 8B). For the
remaining cells, spatial-frequency tuning bandwidths for first- and
second-order motion were uncorrelated.

Temporal-frequency tuning

We were able to measure temporal-frequency tuning for both first-
and second-order gratings in 32 MT neurons. Fig. 8C shows the
relationship between preferred temporal frequency for first- and
second-order gratings. Six cells preferred temporal frequencies
below 0.3 Hz for either first- or second-order gratings (Fig. 8C,
open circles). The rest of the neurons preferred lower temporal
frequencies for second-order motion than for first-order motion
[t(50) 5 4.34, P , 0.0001]. The preferred temporal frequencies
for first- and second-order motion were uncorrelated—one could
not predict a neuron’s preferred temporal frequency for second-
order motion from its preferred temporal frequency for first-order
motion, other than to say that it would be lower.

Contrast response

We were able to measure contrast responses for both first- and
second-order motion in 12 MT neurons. Fig. 9 shows the relation-

ships between C50, (contrast evoking half-peak response) (Fig. 9A)
and contrast threshold (contrast evoking 1 impulse0s above base-
line firing) (Fig. 9B) for first- and second-order gratings, estimated
from fits of a hyperbolic ratio function to the data (Albrecht &
Hamilton, 1982). Peak response (not shown) for first- and second-
order gratings was well correlated (r 5 0.777,P , 0.003), as was
expected (given that responsiveness for first- and second-order
gratings was correlated in the direction tuning experiments). Both
C50 [t(22) 5 4.4, P 5 0.0001] and contrast threshold [t(20) 5
5.89,P , 0.0001] were significantly higher for second-order than
for first-order gratings (Figs. 9A and 9B). Neither C50 nor contrast
threshold for second-order motion was correlated with that for
first-order motion.

What receptive-field properties predict selectivity
for second-order motion?

We compared the distributions of receptive-field center eccentric-
ity, pattern selectivity, direction selectivity, spatial- and temporal-
frequency tuning, and contrast-response parameters for the 49
neurons that showed selectivity for second-order motion with those
for the remainder of our MT sample to determine if cells that were
selective for second-order motion could be distinguished on the
basis of standard receptive-field properties. The only receptive-
field properties that distinguished cells selective for second-order
motion from the rest of the sample were contrast sensitivity and, to
a lesser extent, spatial tuning bandwidth. Cells selective for second-
order motion had smaller C50s [t(111)5 2.28,P 5 0.024], lower
contrast thresholds [t(116) 5 2.94, P 5 0.004], and marginally
broader spatial bandwidths [t(169)5 2.05,P , 0.05] than the rest
of the sample. We found no relationship between receptive-field
eccentricity or pattern-direction selectivity and selectivity for second-
order motion.

Responses to different types of second-order motion

Zhou and Baker (1993, 1994) reported that more than half of the
neurons in cat area 18 and a minority of neurons in cat striate
cortex were responsive to second-order “envelope” stimuli in which
the contrast of a stationary (high spatial frequency), sinusoidal
grating carrier was modulated by a drifting (low spatial frequency)
sinusoidal contrast envelope (Fig. 1D). When the spatial frequency

Fig. 8. Comparison of spatial- and temporal-frequency tuning for first-order and second-order gratings for the MT neurons that were
selective for both first- and second-order motion. The dashed line indicates identical preferences for the two stimuli. A: Preferred spatial
frequency. Open circles indicate cells with a preferred spatial frequency below 0.1 cycle0deg. B: Spatial-frequency bandwidth
(octaves). Open circles indicate cells with low-pass spatial-frequency tuning, for which bandwidth could not be estimated. C: Preferred
temporal frequency. Open circles indicate cells with a preferred temporal frequency below 0.3 Hz.
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of the carrier and the envelope are sufficiently different, the motion
of this stimulus is second order, i.e. there is no luminance com-
ponent that falls within the neuron’s spatio-temporal tuning pass
band (see Fig. 1 in Zhou & Baker, 1994). We wondered if MT
neurons would respond in a similar manner to different kinds of
second-order motion and therefore measured the responses of 30
neurons to envelope stimuli. We fixed the spatial frequency of the
(drifting) modulator at the neuron’s preferred spatial frequency and
systematically varied the spatial frequency of the (stationary) car-
rier over a 4-octave range (of higher spatial frequencies). Fig. 10
shows the results of the envelope (filled and open squares) spatial-
frequency tuning experiments for four MT cells. Fig. 10 also shows
each neuron’s spatial-frequency tuning for conventional sinusoidal
gratings for comparison with the envelope data. Fig. 10A shows an
example (the only one we found) in which the neuron exhibited a
direction-selective response when the carrier frequency of the en-
velope stimulus exceeded the high-frequency cutoff for first-order
gratings. This cell was also responsive and direction-selective for
our standard second-order motion stimulus. The data in Fig. 10B
show non-direction-selective envelope responses over a range of
carrier frequencies up to and exceeding the neuron’s high-frequency
cutoff for first-order gratings. This cell was not direction selective,
but was orientation selective for both first- and second-order grat-
ings. The responses to envelope stimuli containing high-frequency
carriers, like those illustrated in Figs. 10A and 10B appeared to be
genuine responses to second-order motion. Most of the remaining
neurons did not respond to envelope stimuli containing high-
frequency carriers, and thus did not respond to second-order mo-
tion. Many responded like those illustrated in Figs. 10C and 10D,
when the carrier and modulator frequencies were within a factor of
1–4 of each other, and within the cell’s spatial pass band. In many
cases (e.g. Fig. 10D), MT neurons responded to envelope stimuli
in the same way a motion energy detector would, reversing pre-
ferred direction when the carrier frequency was a factor of 2 higher
than the modulator frequency (Adelson & Bergen, 1985).

Discussion

In our experiments, almost all MT neurons responded vigorously
and selectively to first-order motion. Only a small subset of these

neurons showed significant selectivity for second-order motion,
and few cells responded as well to second-order motion as they did
to first-order motion. The same pattern of results holds for our
small sample of V1 neurons. Nonetheless, a minority of our MT
(25%) and V1 (9%) cells showed significant selectivity for both
first- and second-order motion. In MT, those cells tended to have
slightly broader spatial tuning and better contrast sensitivity for
first-order motion than other cells, but their properties did not
otherwise differ from the remainder of our sample. These neurons
tended to prefer roughly similar directions and spatial frequencies
for first- and second-order motion, and preferred lower temporal
frequencies for second-order motion. Though the responses of these
cells to high-contrast first- and second-order gratings were corre-
lated, their contrast sensitivity was much poorer for second-order
gratings.

Comparison with previous results

We are aware of only a single previous report of MT responses to
second-order motion. In that study, Albright (1992) found that
most MT neurons (87%) were selective for the direction of second-
order motion. This is a much larger fraction than we found (25%).
This is an important difference, because it leads us to adopt a rather
different view than Albright about the role of MT in processing
visual motion. The difference between these results might be due
in part to methodology. We recorded in anesthetized monkeys,
while Albright recorded in alert monkeys. While most evidence
suggests that MT properties are similar in alert and anesthetized
animals, it is conceivable that anesthesia might have a selective
effect on responses to second-order motion. We have recently com-
pared neuronal responses recorded in anesthetized monkeys to
those recorded in an alert monkey using the same stimuli (O’Keefe
& Movshon, 1996). In our hands, neuronal responses to second-
order motion in the alert monkey were (on average) more vigorous,
but no more selective than those in anesthetized monkeys.

Another difference is that we used somewhat different kinds of
first- and second-order motion stimuli than Albright. Albright used
a flicker-defined bar that drifted over a static texture for his second-
order stimulus, while we used a rather similar flicker-defined square-
wave grating that drifted over a static texture. The first-order motion

Fig. 9. Comparison of contrast response for first-order and second-order gratings for the MT neurons that were selective for both first-
and second-order motion. A: C50 (contrast evoking half-peak response). B: Contrast threshold. Other conventions are as in Fig. 8.
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stimuli were different—Albright used a luminous bar that drifted
over a static texture, while we used a drifting sinusoidal grating
without static texture. It seems unlikely that Albright’s second-
order stimulus was more effective than ours, but possible that
Albright’s first-order stimulus was less effective than ours, because
the textured background can reduce the response and0or direction
selectivity of MT neurons (Olavarria et al., 1992; O’Keefe & Mov-
shon, 1996). A combination of these factors might account for the
difference between Albright’s results and our own.

A final issue of potential importance is sampling. There is no
reason to suppose that experiments in alert monkeys record from
the same population of neurons as experiments in anesthetized
animals, and it may be that Albright’s strategy for sampling units
or the properties of his microelectrodes somehow enriched his
population in neurons responsive to second-order motion. This
possibility is attractive because our findings on the properties of
neurons thatdid respond to second-order motion are similar to
Albright’s: (1) most, but not all, of the neurons that were selective
for second-order motion preferred similar directions for first- and
second-order motion (Fig. 7); (2) neurons were significantly less
direction selective; and (3) significantly less responsive for second-
order motion than they were for first-order motion.

Are MT cells form-cue invariant?

Based in part on his experiments with second-order motion, Al-
bright has proposed that MT neurons respond to a wide variety of

moving stimuli regardless of the cue that conveys the motion. This
“form-cue invariance” would have the advantageous property of
providing sensitivity to motion independent of the visual features
that define the moving object (Albright, 1992, 1993). However,
both our results and those of others suggest that most MT neurons
fall far short of the idealized form-cue invariance postulated by
Albright. Part of this shortfall is evident in the weak response
(Fig. 3) and poor selectivity (Fig. 4) that MT neurons show to
high-contrast second-order stimuli. Perhaps more important is that
even neurons responding vigorously to high-contrast second-order
motion had very poor contrast sensitivity for this motion—no MT
neurons responded to moderate contrasts (;0.1) at which second-
order motion is clearly visible to human observers. Another failure
of form-cue invariance is evident from earlier work from our lab-
oratory showing that most MT neurons respond poorly to stimuli
in which motion information is carried by chromatic rather than
luminance cues (Gegenfurtner et al., 1994), although Dobkins and
Albright (1994) have shown that chromatic information can un-
confound ambiguous motion stimuli for MT neurons. Also, Ola-
varria et al. (1992) compared the responses of MT neurons to bar
stimuli and backgrounds defined by uniform luminance or by tex-
ture. They found that the response and0or the direction selectivity
of many MT neurons varied with the cues (uniform luminancevs.
texture) used to define the stimuli, even when all of the cues were
first order.

It must, however, be recalled that we did find a few MT cells
whose response was similar for first- and second-order motion

Fig. 10.Responses of four MT neurons to drifting second-order envelope stimuli. Response is plotted as a function of the carrier spatial
frequency. Filled squares represent preferred direction responses for envelope stimuli, open squares represent null direction responses
for envelope stimuli. Open circles represent spatial-frequency tuning for first-order gratings drifting in the preferred direction. Error
bars are61 standard error of the mean. A: Envelope frequency (the spatial frequency of the drifting modulator) 0.61 cycle0deg.
B: Envelope frequency 1.22 cycles0deg. C: Envelope frequency 0.31 cycle0deg. D: Envelope frequency 1.84 cycles0deg.
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(Figs. 2A and 2B) just as Gegenfurtner et al. (1994) found some
MT cells that responded well to chromatic targets. Thus, a sub-
population of MT neurons may be, in a broad sense, form-cue
invariant, even if this property represents the exception rather than
the rule.

Properties of cells sensitive to second-order motion

Previous studies have revealed that some functional segregation
within MT may be revealed by the use of moving two-dimensional
patterns. Adelson and Movshon (1982) proposed that the perceived
direction of plaids (the sum of two drifting sinusoids) was derived
from an “intersection of constraints” defined by the velocity vec-
tors of the components, and Movshon et al. (1985) showed that
some MT neurons (pattern-direction selective) were capable of
signaling the direction of these patterns in a manner consistent
with the percept. Patterns composed of the sum of two sinusoids
(including plaids) contain detectable second-order motion signals
(Badcock & Derrington, 1985, 1989; Derrington & Badcock, 1985;
Derrington et al., 1992) that can bias (Ferrera & Wilson, 1990; Yo
& Wilson, 1992) or even reverse (Derrington et al., 1992) the
perceived pattern direction compared to that predicted by an in-
tersection of constraints model. Wilson and colleagues (Wilson
et al., 1992; Wilson, 1994; Wilson & Kim, 1994) proposed a model
to account for the perceived direction of plaid patterns by com-
bining first-order and second-order motion signals. In the most
recent incarnation of the model (Wilson, 1994; Wilson & Kim,
1994), the output is from pattern-direction selective neurons in
area MT that receive input from both first-order and second-order
component-direction selective MT neurons. Thus, the model pre-
dicts that MT pattern-direction selective neurons should respond to
both first- and second-order motion, while separate populations of
MT component-direction selective neurons should respond to first-
order motion and second-order motion. Our data do not support
this prediction: we found no differences in the proportion of
component- and pattern-direction selective cells that were selec-
tive for second-order motion. While we did find that cells sensitive
to second-order motion were somewhat more sensitive to contrast
and less selective for spatial frequency than other neurons, there is
no other evidence that the cells showing significant selectivity for
second-order motion formed a distinct subpopulation within MT.

Are different second-order motion stimuli
processed by the same mechanisms?

We measured responses of a subset of our neurons to two kinds of
second-order motion stimuli—microbalanced flicker stimuli (Chubb
& Sperling, 1988, 1989) and drifting “envelope” stimuli (Albrecht
& De Valois, 1981; Zhou & Baker, 1993, 1994). Most MT neurons
did not respond selectively to either envelope or microbalanced
second-order motion stimuli, but the few envelope-responsive cells
we did find also responded to microbalanced second-order motion.
Only three of 30 cells tested exhibited bandpass spatial-frequency
tuning for the carrier like that illustrated by Zhou and Baker (1993,
1994) for cat area 17 and 18 neurons. Thus on the basis of this
limited test, there is no evidence that different subpopulations of
MT cells process different kinds of second-order signal.

Conclusion

Our results raise as many questions as they answer. On the one
hand, we feel secure in asserting that MT does not appear to

function as a homogeneous “cue-invariant” motion analyzing sys-
tem, which processes information about all kinds of motion. Not
only do second-order stimuli fail to elicit reliable direction-selective
responses from most MT cells, but we have previously shown that
chromatically modulated targets similarly fail to elicit a vigorous
selective response in these cells (Gegenfurtner et al., 1994). But to
establish what MT, globally, doesnot do, does not answer the
question of where and how second-order motion signals are pro-
cessed. One possibility is that the small population of MT cells that
is responsive to second-order motion does in fact convey a behav-
iorally relevant signal. This seems unlikely, given the neurons’
poor contrast sensitivity for second-order targets, but cannot de-
finitively be ruled out. An alternative is that there exist neurons in
another area of the macaque’s visual cortex that are better adapted
to the task of processing second-order motion signals. In support of
this view, Greenlee and Smith (1997) have recently reported in
human patients that the distributions of brain damage associated
with deficits in first- and second-order motion perception are some-
what different. To decide between these possibilities will require
combining physiological and behavioral measurements, and we are
presently conducting suitable experiments in awake, behaving
monkeys.
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