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ABSTRACT A recurrent theme in the organization of
vertebrate visual cortex is that of receptive fields with an
associated "silent" opponency component. In the middle
temporal area (area MT), a cortical visual area involved in the
analysis of retinal motion in primates, this opponency appears
in the form of a region outside the classical receptive field
(CRF) that in itself gives no response but suppresses re-
sponses to motion evoked within the CRF. This antagonistic
motion surround has been described as very large and sym-
metrically arrayed around the CRF. On the basis of this view,
the primary function of the surround has long been thought
to consist of simple figure-ground segregation based on
movement. We have made use of small stimulus patches to
map the form and extent of the surround and find evidence
that the surround inhibition of many MT cells is in fact
confined to restricted regions on one side or on opposite sides
of the CRF. Such regions endow MT cells with the ability to
make local-to-local motion comparisons, capable of extracting
more complex features from the visual environment, and as
such, may be better viewed as intrinsic parts of the receptive
field, rather than as separate entities responsible for local-
to-global comparisons. 4

The antagonistic surround mechanism is a recurring principle
throughout the visual systems of vertebrates (1-3). It has been
extensively studied in primate intermediate visual cortical
areas, where the surround is more complex in function than at
earlier levels of the visual system. Surround mechanisms are
well documented in cortical visual area V4, for example (4-8),
where they are thought to underlie color constancy. Antago-
nistic surrounds have been most extensively investigated in the
middle temporal visual area (area MT) (9-12), an area inti-
mately associated with retinal motion processing (13-18).
These silent surrounds are generally assumed to completely
encircle (18) the classical receptive field (CRF), where they
produce no response on their own, but reveal their presence
only through the suppression of the responses arising from the
CRF when stimuli extend beyond the CRF (19, 20). The
functional relevance of surrounds is underscored by the ver-
tical (laminar) and horizontal (columnar) organization of
surround influence within area MT (10-12).
Most functions commonly attributed to the antagonistic

surround in area MT, such as figure-ground segregation,
differentiation of object motion from self motion, and insti-
gation of attention (18, 21, 22), have assumed that the surround
completely envelopes the CRF and acts as a local-to-global
comparison mechanism. Theoretical considerations (23-26)

have suggested that a nonsymmetric surround could be of
much greater computational utility, particularly with regard to
computing three-dimensional structure from motion, which is
impaired by MT lesions (27). Previously, authors have specu-
lated (23) on the existence of such surrounds but have con-
ceded that evidence for such surrounds was lacking. Given the
theoretical importance of asymmetry in the region outside the
CRF, we have investigated the surround by using small stimuli
to resolve its spatial configuration in finer detail.

METHODS
The spatial distribution of surround inhibition in area MT was
studied by extracellular recording techniques (19) in 12 anes-
thetized and paralyzed monkeys (Macaca fascicularis), weigh-
ing between 3.2 kg and 5.4 kg. All cells studied showed a
response inhibition of at least 50% for a full-screen stimulus
compared to stimulation of the CRF area alone. The basic
stimulus consisted ofwhite random dots on a dark background,
moving coherently in the frontoparallel plane (13-17) at the
optimum speed and direction of motion. These parameters, as
well as stimulus position and size, were optimized for each
neuron during the preliminary testing as described in ref. 20.
Stimuli were viewed at 57 or 28 cm, depending on the receptive
field (RF) size. At 57 cm, the dots measured 0.35° in diameter
with a density of 2.5 dots per square degree, and the display
measured 25.60 x 25.6°. Data were collected from 10 or more
presentations of all stimulus conditions. Tests examining the
spatial structure of the surround utilized a stimulus covering
the CRF plus one or two "probe" stimuli positioned in the
surround. The first of these tests, the surround asymmetry test
(SAT), used a circular probe stimulus (Fig. 1A) to test eight
positions arranged symmetrically around the CRF. These
positions were tested either singly (position test), to quantify
the levels of inhibition in each of the eight positions around the
CRF individually or two at a time (axis test) by using pairs of
positions on opposite sides of the CRF, to measure inhibition
along four different axes (Fig. iB). The surround mapping test
(SMT) utilized a probe stimulus presented in 24 of the 25
positions in a 5 x 5 grid (Fig. IC), with the center most position
containing the CRF stimulus. This mapped the surround
influence as a two-dimensional contour plot. For further
analysis, inhibition elicited at a given position was expressed as
the percent change from the control (CRF alone) stimulus.
A selectivity index (SI) quantifying the degree of surround

symmetry was computed for each cell tested with the SAT by
using the formula

Abbreviations: area MT, middle temporal area; RF, receptive field;
CRF, classical RF; SAT, surround asymmetry test; SMT, surround
map test; SI, selectivity index.
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where n is the number of positions tested (eight for the position
test and four for the axis test) and S is the inhibition elicited
by the probe stimulus in a given position (28). This angularly
weighted SI gives a value between 1 for a completely asym-
metrical response (only one position shows inhibition) and 0
for a completely circularly symmetric response (all positions
show equal inhibition). Two SI values, the SIpl and SIp2, were
calculated from each position test. The first, the SIpl, is based
upon the inhibition elicited by each of the eight positions of the
position test taken one at a time. This index is maximal when
the inhibitory influence is confined to a single position and
appears as a single peak on one side of the CRF in the SMT.
The SIp2 is calculated from the same data but analyzed
pairwise, taking the total inhibition elicited by the four pairs
of positions situated opposite one another. This SI will be
largest when the inhibition is concentrated along a single axis
and appears as two peaks flanking the CRF. Thus, the relative
sizes of these two SIs give an indication of the degree of
symmetry associated with the surround modulation. A third
index, the SIa, was calculated by using the data from the axis
test. This test utilized the same four pairs of positions as those
used in deriving SIp2 but the data were obtained by stimulating
both positions simultaneously. Differences between the SIa
and the SIp2 are indicative of higher-order surround interac-
tions. An SI value of 0.15, which corresponds to a ratio of
approximately 2:1 in the inhibition strength at any two posi-
tions or axes, was chosen as the criterion level above which
surround influence was considered heterogeneous.

RESULTS
In all, 102 MT cells were recorded. Of these cells, 86 were
tested with the SAT, 32 ofwhich were also tested with the SMT
(Fig. 1). The remaining 16 cells were tested only with a
preliminary version of the SAT employing 16 pie-shaped
segments (18) that gave qualitative evidence of distinct sur-
round inhomogeneity in 6 of those cells. The prevalence of
surround heterogeneity was obvious even by direct comparison

of the responses in the SAT: In 33 cells (38%), a single
surround position inhibited the response by more than 50%
while one or more of the remaining positions elicited no
inhibition. In a number of cells, one or more of those positions
even showed a facilitation that exceeded 50% in 19 cells and
was statistically significant in seven cases (P < 0.05, Wilcoxon
paired sample test). The distribution of the ratios between
highest and lowest response, for each of the eight surround
positions in each cell, provides further indication of the
predominence of heterogenous surrounds. In 72 cells (84%),
this ratio was greater than 2. Position had a statistically
significant effect in 39 of the cells test (P < 0.05, one-way
ANOVA).
The SAT reveals that surround strength varies systematically

with the angular position of the probe stimulus in the surround
and that this variation can be characterized according to one
of three patterns, listed here in order of decreasing surround
symmetry: (i) those in which the surround strength is inde-
pendent of position (circularly symmetric); (ii) those in which
the inhibition is concentrated in two patches mirrored on
either side of the CRF (bilaterally symmetric), and (iii) those
in which inhibitory activity is concentrated in a single region
on one side of the CRF (asymmetric). Classification of cells
into the above three categories is based on the relative
magnitudes of the SIp2 and SIpl: If neither exceeds 0.15, the cell
is considered circularly symmetric (23%). If either exceeds
0.15, then the cell is classified according to which of the two
is greater. If the SIp2 is larger, then the cell is considered
bilaterally symmetric (32%), if the SIpl is larger, then the cell
is considered asymmetric (45%). An example of each of these
three classifications is shown in Figs. 2 and 3. The SIs were
distributed as follows in the sample: median SIpl = 0.16;
quartiles = 0.09 and 0.30; median SIp2 = 0.15; quartiles = 0.07
and 0.24; for the axis test, median SIa = 0.16; quartiles = 0.09
and 0.28.
The surround maps, like those in Figs. 2D and 3 A and D,

verify the type of symmetry shown by the SAT and visualize the
distribution of the surround in a more intuitive, albeit quali-
tative, manner. Fig. 2 also illustrates another general obser-
vation about bilaterally symmetric surround inhibition-that
the axis of the inhibition tended to be orthogonal (median 900)
to the long axis of elliptical CRFs. The distribution of this angle
differed significantly from uniform distribution (X2 = 14.25; P
< 0.001). The axis or position of the inhibitory regions also
showed a tendency to lie close to the preferred direction of
motion (X2 = 10.41; P < 0.005), in accordance with a previous
report (12) that the long axis of the RF tends to be oriented
orthogonal to the preferred direction. However, all possible

A SAT: Position Series B SAT: Axis Series C SMT

FIG. 1. Diagram of the stimuli used in the surround tests. (A and B) Position and axis series of SAT. Arrows indicate moving dots. Lines
delineating borders of stimuli were not present in the actual stimuli. The SAT consisted of nine circular areas, one central area covering the CRF
and eight others positioned around the CRF at 450 intervals. The circles in the surround extended from within 1° of the CRF to the edge of the
display. The center area was stimulated alone (CRF control), with one of the areas in the surround (position series) (A), or with two of the areas
in the surround placed 1800 apart (axis series) (B). A full screen stimulus was also added as a control. (C) SMT. In this test the screen was divided
into 25 equal squares 5° on a side at a distance of 57 cm. A stimulus square was presented in the central position alone (as the control) or in
combination with a probe square in one of the remaining 24 positions.
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FIG. 2. Layer 3c MT cell, at eccentricity 18.20, that had a bilaterally symmetric surround. (A and B) CRF mapping test. (C and D) SMT. (E
and F) SAT. (A) The peristimulus time histograms (PSTHs) of the CRF mapping test (10 trials). Horizontal bars under histograms indicate the
stimulus presentation period (320 ms). The 5° calibration bar applies to bothA and C. (B) CRF mapped the normalized responses to a single stimulus
patch in 25 positions, plotted as a function of stimulus position, on a five-level isoresponsive contour plot, with interpolated values between positions
(20). The crosses in this and other maps indicate the center of mass of the CRF. The calibration bar applies to both B and D. Positive values represent
excitation or facilitation; negative values indicate inhibition. (C) The PSTHs for the SMT (13 trials). Histograms in each square show responses
when two areas were stimulated simultaneously, one in the center covering the CRF and another in the position shown by the square. The center-
most square shows the response to the center stimulus alone. (D) Data from C presented as a 10-level isomodulation contour plot, showing inhibition
or facilitation of center response by stimuli in the other 24 squares. Values between positions are interpolated. The dashed oval indicates the 50%
response level shown in B. This cell illustrates the principle that the long axis of a elliptical cell, which in this example is near the horizontal, tends
to be orthogonal to the axis of the inhibition, which is near vertical in this SMT. (E) The strength of the inhibition elicited by each stimulus of the
SAT position series plotted in polar coordinates. The angle reflects the eight positions of the probe stimulus in the surround and is expressed relative
to the preferred direction of motion (arrow). Circle shows the response level with center stimulus alone (no inhibition) and the distance from the
origin represents the degree of inhibition. Negative values (inside the circle) represent facilitation. With an SIp2 value of 0.41 and an SIpl value
of 0.25, this cell was classified as an bilaterally symmetric surround cell. (F) Inhibition in the axis series of the SAT plotted in polar coordinates
(same conventions as in E except each of four positions was plotted symmetrically). The cell retained its bilaterally symmetric surround. In this
test, SIa = 0.45. The response to the center circle alone was 49 spikes per s, and the full screen evoked an inhibition of 90%.

angles between the RF and the preferred direction occurred
within the sample population.

Comparison of the SIp2 and SIa tests in which one or two
probe stimuli were present in the surround revealed a further
degree of complexity in the spatial structure of the inhibitory
regions outside the CRF. About half of the cells that had been
shown to be either asymmetric or bilaterally symmetric in the
position series appeared circularly symmetric when tested in
the axis series of SAT (Figs. 2 and 3). This suggests that
inhibitory regions outside the CRF in some cells have sublim-
inal tails (29), which may explain why earlier investigators (9,
18) have reported more uniform surrounds.

DISCUSSION
It is clear that the classical concept of a uniform antagonistic
surround applies only to a minority of MT cells. The CRF of
many MT cells is in fact flanked by discrete inhibitory regions
that are capable of engaging in more complex operations
performed upon the motion signal and, as such, should be
considered an integral part of the RF, albeit a composite RF.
It is important to distinguish between an aspecific surround
and more specialized inhibitory regions. The former is not
intrinsic to the operations performed by the CRF but simply
acts as a spatial filter for rejecting uniform motion, whereas the
latter contributes to higher-level operations performed by the
neuron. In the first case, the surround can be masked without
altering the basic functional role of the neuron but not in the
second case.

Although we speak of asymmetrical surround influences as

arising exclusively from inhomogeneities in the surround, it
might be argued that they could also arise from an asymmetric
CRF. Some ambiguity in this regard is unavoidable because the

surround itself cannot be tested in isolation, but only mapped
in terms of its effect upon the CRF response. The surround in
Fig. 2D, for example, might appear bilobal as a result of overlap
with the elongated CRF that cancels or overrides the inhibition
on the right and left, and a certain amount of overlap has in
fact been shown between the excitatory and inhibitory RF
components in area MT (12). Nonetheless, there are several
indications that the conformation of the surround itself is
responsible for the observed inhomogeneites. The center
stimulus in the SAT tests, which is adjusted to the optimum
diameter of the CRF, drives the CRF at maximum or near-
maximum capacity. Any response evoked by a second probe
stimulus will, thus, sum poorly with that evoked from the CRF,
evoking little if any additional spike activity that could com-
pete with the surround influence at a given point. Further-
more, manifestations of surround heterogeneity were often
too distally located to be associated with the CRF. In both Figs.
2D and 3A, there are peaks of facilitation and inhibition
located some distance from the CRF. Finally, if asymmetric or

elliptical CRFs produce uneven surround influences, then a
relationship should exist between the shape of the CRF and
the degree of symmetry shown by the surround. For example,
highly elliptical CRFs, like that in Fig. 2, should show a higher
tendency to produce bilaterally symmetric surround influ-
ences. Plotting the SIp2 as a function of the percent difference
between the long and short axes, however, failed to show such
a relationship (slope = 1.1 x 10-3; intercept = 0.14; R2 = 2.5
x 10-2). In the final analysis, however, it is probably irrelevent
from a functional standpoint which of these two mechanisms
leads to the observed asymmetry, since the output of the cell
will be identical in either case.

Mathematically (25), optic flow processing can be imple-
mented in several equivalent ways. Present findings indicate an
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FIG. 3. (A-C) Asymmetric cell (cell 6824, a layer-5 cell at 1.30
eccentricity). (D-F) Circularly symmetric cell (cell 7608, layer 5 at
8.50). (A and D) Isomodulation contour maps from SMT. (B and E)
Polar plot of SAT position series. (C and F) SAT axis series. Same
conventions as Fig. 2. For cell 6824, the center square evoked 67 spikes
per s, the center circle evokeck 98 spikes per s, and the full-screen
evoked 115% inhibition, since the firing rate was suppressed below the
rate of spontaneous activity. For cell 7608, these values were 105 and
104 spikes per s, and 85% inhibition. For cell 6824, the SI values were
0.19 (pl), 0.06 (p2), and 0.01 (a); for cell 7608 these values were 0.07,
0.12, and 0.03, respectively.

implementation in area MT based on directional derivatives of
the flow (changes in flow velocity along a line in the image).
Since surround influences generally possess the same speed
and direction specificity as the CRF (refs. 10 and 18; D.-K.X.
and G.A.O., unpublished results), an MT cell of the asymmet-
ric type will be maximally driven when unequal velocities are

presented over the CRF and the flanking inhibitory region,
thus effectively taking the derivative of velocity along the line
linking the two regions. Such a cell should be able to analyze
slant in surfaces specified by motion, a possibility that appears
likely in light of ongoing experiments (D.-K.X. and G.A.O.,
unpublished results). Similarly a bilaterally symmetric MT cell
will be driven maximally when the velocity over the CRF
differs from the speed over the two flanking regions and can
be thought of as implementing a second-order directional
derivative. This configuration would be responsive to surfaces
curved in the direction parallel to the axis of the inhibition.
Moreover, the second-order derivative indicates the direction
of heading of ego motion, irrespective of the direction of
derivation (25, 30). This could be achieved by bilaterally
symmetric and by circularly symmetric surrounds (31).

Analysis via directional derivatives appears to be a recurring
strategy throughout the primate visual system, starting with

luminance in the case of simple cells (32, 33) and perhaps
extending to texture or disparity gradients in the intermediate
cortical visual areas cohierachical with area MT. The present
demonstration that inhibitory regions outside the CRF of
neurons in area MT also represent a local-to-local comparison
mechanism may, therefore, have widespread implications for
the entire primate visual system.
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