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CONCLUSIONS

1. We studiedhow neuronsin the middle temporal visual area
(MT) of anesthetizedmacaquemonkeys respondedto textured
and nontextured visual stimuli. Stimuli containeda central rectangular “figure” that waseither uniform in luminance or consisted
of an array of oriented line segments.The figure moved at constant velocity in one of four orthogonal directions. The region
surroundingthe figure waseither uniform in luminance or contained a texture array (whoseelementswereidentical or orthogonal in orientation to thoseof the figure), and it either wasstationary or moved along with the figure.
2. A textured figure moving acrossa stationary textured background (“texture bar” stimulus)often elicited vigorousneural responses,
but, on average,the responses
to texture barsweresignificantly smallerthan to solid (uniform luminance)bars.
3. Many cellsshoweddirection selectivity that wassimilar for
both texture barsand solid bars.However, on average,the direction selectivity measuredwhen texture barswereusedwassignificantly smallerthan that for solidbars,and many cellslost significant direction selectivity altogether. The reduction in direction
selectivity for texture bars generally reflected a combination of
decreasedresponsiveness
in the preferreddirection and increased
responsiveness
in the null (oppositeto preferred) direction.
4. Responses
to a texture bar in the absenceof a texture background (“texture bar alone”) werevery similarto the responses
to
solid barsboth in the magnitudeof responseand in the degreeof
direction selectivity. Conversely,adding a static texture surround
to a moving solid bar reduced direction selectivity on average
without a reduction in responsemagnitude.Theseresultsindicate
that the static surroundis largely responsiblefor the differencesin
direction selectivity for texture barsversussolidbars.
5. In the majority of MT cells studied,responses
to a moving
texture bar were largely independentof whether the elementsin
the bar were of the sameorientation asthe background elements
or of the orthogonalorientation. Thus, for the classof stimuli we
used,orientation contrast doesnot markedly affect the responses
of MT neuronsto moving texture patterns.
6. The optimum figure length and the shapesof the length tuning curves determinedwith the useof solid barsand texture bars
differed significantly in most of the cellsexamined.Thus neurons
in MT are not simply selectivefor a particular figure shapeindependentof whatever cuesare usedto delineatethe figure.

INTRODUCTION

Most of our understanding of the neurophysiological
basis of vision comes from studies in which relatively simple visual stimuli, such as spots, bars, edges, and gratings
(cf. DeValois and DeValois 1988; Hubel and Wiesel 1965,
1968) were used. However, over the past 15 years, an increasing number of investigators have used more complicated visual stimuli to explore how cortical cells respond to
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textures and other patterns that more closely approximate
the rich visual environment typically encountered in the
natural world. Most objects in the natural world contain
complex surface markings or irregularities that give rise to a
textured appearance. Indeed, it is possible to recognize
borders between objects, even when there is no overall difference in brightness or color, if the textural characteristics
are sufficiently distinct. Hence it is natural to wonder how
cortical cells respond to textural patterns and to what degree their characteristics can be predicted on the basis of
their responses to simpler stimuli.
Various studies in cat and monkey visual cortex have
revealed that texture patterns (usually some type of random
dot pattern) are indeed effective stimuli for many cells in
both striate and extrastriate cortex (e.g., Hammond
198 1,
1985; Hammond
and MacKay 1977; Poggio et al. 1988;
Saito et al. 1986). In addition to this direct influence in
driving cells, texture patterns can also have an indirect influence by strongly modulating the responses to conventional
stimuli when presented as a surrounding background. Such
modulatory influences arise from both within and outside
the classical receptive field (Allman et al. 1985; Hammond
and Smith 1984), and they can be either suppressive or
facilitating.
In the present study, we have examined the responses of
cells in the middle temporal visual area (MT) of the macaque to moving texture patterns. MT was an obvious candidate for study because of the extensive evidence implicating it in various aspects of motion analysis (Maunsell and
Newsome 1987). For example, the great majority of cells in
MT show a high degree of direction selectivity when tested
with conventional moving stimuli (Maunsell and Van Essen 1983a; Zeki 1974). Moreover, discrete chemical lesions
within MT selectively affect motion perception (Newsome
and Pare 1988) and visual pursuit of moving targets (Newsome et al. 1985).
The texture stimuli that we have used differ from those
most commonly used in previous neurophysiological studies. Specifically, our stimuli were not random dot patterns,
but instead consisted of an array of discrete, isolated texture
elements whose position, orientation, and other characteristics were under computer control. This type of stimulus,
which was motivated by psychophysical studies of texture
vision (Bergen and Julesz 1983; Sagi and Julesz 1985), has
advantages for studying some of the specific cues that may
affect neural responses. Our analysis concentrated on three
general issues, some of which have been addressed in brief
reports elsewhere (Olavarria et al. 1988; Van Essen et al.
1989). First, we were interested in comparing the efficacy of
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texture stimuli relative with that of conventional solid bars
in terms of the magnitude of the neural responses elicited
by each type of stimulus. In cat striate cortex, for example,
Hammond and MacKay (1977) reported that simple cells
are largely unresponsive to texture patterns, whereas complex cells are consistently responsive (but see Skottun et al.
1988). Although MT lacks the simple-vs.-complex
cell dichotomy characteristic of striate cortex, it was nonetheless
of interest to know how much diversity in texture responses
might be present.
A second issue was whether the directional tuning profiles of MT neurons are independent of the type of stimulus
used to drive the cell. Albright (1987) coined the term
“form-cue invariance” for describing cells whose directional preference remains the same for identically shaped
stimuli defined by different cues. Our results suggest that
this property is characteristic of many, but not all, cells in
MT. Some cells showed significantly reduced or altered direction selectivity when tested with moving textures as
compared with conventional bright bars. We suspect that
these findings are significant for understanding how MT
represents motion information in the natural world.
A third issue was to understand what cues within a moving texture pattern affect neuronal response profiles. The
texture patterns that we used provided for independent
control of the orientation and the motion of both figure and
background elements. We found that motion-related
characteristics were more important than element orientation
characteristics in affecting neural responses in MT.
MATERIALS

AND

METHODS

IN MT
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nated or purposive movements either in the resting state or in
response to noxious stimuli. This variation on the “trial preparation” indicated that the level of anesthesia remained adequate
even after many days of continuous infusion.
The infusion solution contained sodium chloride (0.45%) glucose (2.5%) and dexamethasone (0.05 mg kg-’ . h-l), and it was
supplemented by periodic intravenous injections of amino acids
(Vet Labs Oral Solution, 3 ml/4 h) and vitamin B complex (0.75
ml/day). Expired CO, was monitored throughout the experiment,
and the body temperature was maintained at 37-38°C with a
water heating pad. At the end of each semi-chronic recording session, the infusion of the anesthetic and paralytic drugs was
stopped. Shortly after spontaneous movements were observed,
atropine (0.15 mg/kg im) and pyridostigmine bromide (0.33 mg/
kg im) were administered to facilitate rapid recovery.
Extracellular recordings of single-unit activity were made with
glass-coated platinum-iridium microelectrodes ( l-2 MQ), which
were advanced through a small durotomy with the aid of a microdrive mounted on the skull chamber. This microdrive was
equipped with an X-Y stage that allowed accurate positioning of
the electrode within the chamber. Selected recording sites were
marked by small electrolytic lesions (7 PA for 7 s) to aid in the
subsequent histological reconstruction. Atropine (2%) and neosynephrinewere administeredto the eyesto produce mydriasis
and cyclopegia.The eyeswerethen fitted with zero-powercontact
lensesand focusedonto a tangent screen( 114cm distant) with
appropriate trial lensesdeterminedby retinoscopy. Eye shutters
attachedto artificial pupils (8 mm diam) were placedin front of
the eyes.The projectionsof both foveason the tangentscreenwere
determinedwith a reversing-beamophthalmoscope,and a prism
wasusedto align them within 0.5- 1.O”.The alignmentwasfurther
improved by using an adjustable(Risley) prism to superimpose
left eyeand right eyereceptivefieldsfrom binocular cellsencountered while traversing Vl and V2.
l

Animal preparation and recording

Histology

Single-unit recordings were made from three macaque monkeys
(Macaca fascicularis) weighing between 2.9 and 3.6 kg. These animals were prepared for semichronic recording with the use of procedures similar to those described by Maunsell and Van Essen
( 1983a) and Felleman and Van Essen ( 1987). Under general anesthesia (Nembutal iv or 2-3% halothane in 50% N,O-OJ and aseptic conditions, a stainless steel cylinder (1.8 cm ID) was securely
attached, with the use of bone screws and dental acrylic, to the
skull overlying the posterior pole of the right hemisphere. The
center of this chamber was positioned - 17 mm from the midline
and 13 mm anterior to the occipital ridge, thus providing a posterior, parasagittal approach to MT.
After 3-8 days of recovery, semichronic recordings were conducted in twice-weekly sessions for up to six sessions, each of
which lasted - 12 h. For each animal, a substantial portion of the
data came from a final acute session lasting between 6 and 8 days.
During recording sessions, animals were paralyzed by continuous
intravenous infusion of pancuronium bromide (3-8 pg kg-’ h-l)
or gallamine triethiodide (11 mg kg-’ h-l), and were respirated
through a tracheal cannula with a mixture containing 2.5% CO2 in
air. Anesthesia was maintained with sufentanil citrate (3-8
pg kg-’ h-l) administered through the infusion. The level of anesthetic was adjusted for each animal by: I) assessing the adequacy
of anesthesia before starting the infusion of paralytic; 2) monitoring the electrocardiogram (EKG) continuously to insure it was in
an appropriate range (~200 beats/min); and 3) periodically testing
for the absence of transient EKG responses to noxious stimuli. In
addition, at the end of one 7-day recording experiment, we halted
the infusion of paralytic while maintaining the sufenta infusion.
After the paralytic had worn off, the animal did not give coordi-

At the end of the acute session,animalswere deeply anesthetized by administeringan overdoseof pentobarbital sodium,and
then perfusedwith normal salinefollowedby glutaraldehydeand/
or formaldehydein concentrationsappropriate for anatomic experimentscarried out in the hemisphereoppositeto the recordings.Blocks of tissuecontaining the electrodetracks were equilibrated in 30% sucrose, frozen, and sectioned at 31 pm.
Reconstructionsof electrodepenetrationsweremadefrom analysisof seriesof sectionsstainedfor Nisslsubstance,myelin (Gallyas
1979) and cytochrome oxidase(DeYoe et al. 1990;Wong-Riley
1979).The location of MT wasdeterminedprimarily from myelin-stainedsections(Van Essenet al. 1981).

l

l

l

l

l

l

Visual stimulation
Oncea cellwasisolated,stimuligeneratedwith anoptical projection systemwere projected onto a tangent screenand usedfor
mapping receptive fieldsand qualitatively assessing
other receptive field characteristics.The basic stimuluswas a stationary or
moving bar whoseluminance,length, width, orientation, velocity,
direction, binocular disparity, and wavelengthcould be controlled
either manually or by computer. An optimal stimulusselectedby
varying theseparameterswasusedto plot monocularand binocular receptive fields and to make an initial estimateof the cell’s
preferreddirection of motion. For most MT cells(81 of 111)the
direction tuning wasthen determinedquantitatively with the use
of the optical projection system(Maunsell and Van Essen1983a).
For presentingtexture stimuli, the central 60 x 60 cm areaof
the tangent screencontaineda hingedpanelthat could be swung
opento exposethe 66-Hz monitor (noninterlaced)of a Masscomp
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Aurora Graphicsdisplay.The animal’sdirection of gazewaspositioned by rotating the head within a flexible head-holderor by
placingprismsin front of both eyes,sothat the receptive fieldsof
MT neuronsin a given penetration werewell within this window.
The 19-in. monitor restedon a hydraulic platform and could be
positionedanywherewithin the window asneededfor the particular cell under investigation.
Computer graphicsstimuli were generatedwith the useof customized software modified from that developed previously for
psychophysicalstudies(Juleszet al. 1976;Sagiand Julesz 1985).
Figure 1 illustratessomeof the key characteristicsof the texture
patterns that we used.Each stimulus consistedof a sequenceof
sevenframespresentedin rapid successionto generateapparent
motion. The speedof motion wasdeterminedby the interval between frames (usually 50-l 50 ms) and by the spatial offset of
whatever portion of the pattern wasmoving, both of which could
be independentlyspecified.Eachframe consistedof two rectangular regions(a central rectangular figure surrounded by a larger
background region). The central figure could be either a texture
bar (madeup of discrete,elongatedtexture elements,asin Fig. 1)
or a solidbar of uniform luminance(equalto the meanluminance
of the texture patterns). The background could be either completely blank or composedof a texture field whosetexture elementscould beidentical in orientation to thosein the center or, as
in Fig. 1, orthogonal in orientation. During successiveframesin
which the figure wasdisplacedacrossthe screen,the texture elementswithin the figure retained their positions relative to one
another, rather than taking on the positionsof the other elements
in the background.In effect, the result wasequivalent to a texture
pattern that hadbeenpainted on a pieceof cardboardand moved
stepwiseacrossthe screen,progressivelyoccludinga newregionof
the textured backgroundwhile restoringthe original background
pattern in the region it just left. Individual texture elementswere
never partially occluded,however; they were alwaysfully present
\

\

\
\
\
\
\
\
\
\
\
\
\
\
\\
\
\
\’

FOX, AND VAN ESSEN

or completely absent.A similar procedurewasusedto simulate
motion of the background,which appearedasa rigid texture pattern moving acrossthe screen.Unlike the net translation across
the receptivefield that took placefor the figure, the bordersof the
background pattern remainedfixed asthe internal pattern translated.
By their nature, thesestimuli were characterizedby coherent
motion of the collection of texture elementsin the figure and/or
background. In this respect, they differed from the “drift-balanced” stimuli exploited by Chubb and Sperling (1988) and Albright (1992) in which the motion of local elementsis uncorrelated with one anotheror with the direction of figural motion. Our
stimuli contained componentsof motion energy in many directions, becausethe displacementof individual texture elements
could occur in any direction asthe moving texture bar occluded
the backgroundpattern. However, coherent motion of the figure
pattern occurred only in one direction (seeDISCUSSION).
Numerousparameterswereneededto specifythe exactcomposition of the texture stimuli, and all of thesecould be independently adjustedat the time of the experiment. Beforeundertaking
any quantitative analyses,we routinely carried out a preliminary
qualitative assessment
aimedat finding a type of texture stimulus
that waseffective in driving the cell under study. The texture pattern wascenteredon the receptive field of the cell under study, the
direction of motion wasmatchedto the bestdirection determined
with the useof the optical projection system,and various other
parameterswere then adjustedin an attempt to elicit a vigorous
responsefrom the cell. Additional information on stimuluscharacteristicsis given in the legendto Fig. 1.
For practical reasons,our main quantitative analysiswas divided into three separatestimulus series(A-C), each of which
addressed
a particular setof issues.When possible,all three series
were run on each cell, but owing to the limitations of recording
stability and the fact that eachseriesrequired lo-30 min to com\
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Frame 7
Frame 1
1. Characteristics of computer-generated texture patterns used in this study. This figure shows the first and last
frames of a 7-frame sequence that simulates motion of a texture bar. Each frame contained a rectangular array of elements
(20 X 20 in this example, but up to 25 X 25 in size). Most series were run with the use of white elements on a dark
background, but in some instances we used dark elements on a light background, as shown here. The mean spacing between
element centers was adjusted according to the size and eccentricity of the receptive field; it was usually between 0.27 and
0.5”. The overall stimulus size was typically 6- 12” across and was adjusted to be 2-3 times the receptive field size. The array
was divided into a rectangular figure surrounded by a background pattern. The figure size was based on the optimal bar size
determined during preliminary testing and typically ranged from 1 x 4 to 4 X 12 elements in size. Each texture element was a
short line segment 0.05-0.08” in width and 0.15-0.2” in length. Their orientation was always +45 degrees oblique to the axis
of the figure, which minimized any luminance artifacts at the border between figure and background. The exact position of
each texture element was locally displaced (“jittered”) relative to a precise geometric array to minimize alignment artifacts.
Each element was randomly displaced ~20% of the distance between geometric array centers along both axes of the array.
Motion was simulated by displacing the figure (and sometimes also the background) by a discrete number of element
spacings at time intervals that were integral multiples of the 15-ms refresh period for the 66-Hz monitor. Owing to hardware
limitations of the computer, only 7 frames of motion could be presented in rapid succession. We commonly used interframe
intervals of 50- 150 ms and interframe displacements of 1 (or occasionally 2) element spacings, resulting in apparent motion
at speeds usually between 3 and 20 deg/s. This was in the low half of the range of preferred speeds for middle temporal visual
area (MT) neurons (Maunsell and Van Essen 1983a), and, except at the longest intervals, it gave an appearance of relatively
continuous motion to human observers.
FIG.
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plete, many cellswere lost after running only one or two series.
Moreover, somecellsfailed to give a significantresponseto any of
the stimuli usedin a series,in which casethey wererejectedfrom
further analysisfor that series.The number of cells tested and
acceptedfor subsequentanalysisin eachseriesis indicated in Table 1.A total of 111cellsweretestedwith at leastone series,and 80
of thesegave significant responses
to at least one texture condition. Black-on-white stimuli wereusedin quantitative testsfor the
smallminority of cellsthat clearly preferred this signof contrast,
but the great majority of testswere run usingwhite-on-black texture patterns.

screen.Low-passfiltering the image in this way eliminatesthe
orientation information carried by the relatively fine (high-frequency) grid of texture elements.We found that after completion
of the luminancecalibration process,the staticand moving figures
usedin this study wereinvisible againstthe textured background
when viewed through the paper.Hence any differential responses
to the moving patternscould be attributed to relatively high spatial frequency information in the images(i.e., textural differences)
rather than to low spatialfrequency artifacts.

Calibration

The spikedata werestoredand processed
on a PDP 1l/34 computer asdescribedpreviously (Maunsell and Van Essen1983a).
For eachseries,data were averagedfrom 3 to 10(usually 5) pseudorandomly interleaved presentationsof each stimulus. After
each test series,the averageimpulserate and standarderror for
each stimuluscondition were printed, which helpedin directing
the courseof further testing.Additional calculationsof peristimulus time histograms,averageresponsecurves, and direction selectivity indexesfor the various stimulusconditions were done offline.
At the beginningof eachtrial, the first frame in the stimulation
sequencewaspresentedasa stationary pattern for a period of 1 s.
The figure pattern generally appearedwithin the classicalreceptive field, but near its margin. In most MT cells,this causedno
obvious changein backgroundactivity, but somecellsresponded
to this static pattern with a transient or even a prolongedchange
(either elevation or suppression)of background firing. After this
initial period, the target moved acrossthe classicalreceptivefield
at a speedand duration determinedasdescribedin the legendto
Fig. 1, terminating at a position opposite to the starting point
(relative to the receptive field center). Responsemagnitudeswere
calculatedasthe mean firing rate during the period of stimulus
motion (starting 40 ms after motion onset and stopping40 ms
after offsetto compensatefor responselatencies)minusthat during the initial l-s static frame (Eq. 1)

of stimulus

luminance

Severalprecautionswere taken to ensurethat no differencein
averageluminance wascausedby the shape,orientation, or motion of the figure. We found that on our video monitor (in fact, on
all raster monitors we tested), the luminance of line segmentsat
different orientationsvaried substantially,especiallyfor thin lines
(1 or 2 pixelswide). This may reflect both aliasingof obliquelines
andthe limited temporal bandwidth of the z axis (brightness)amplifiers. The former tends to make oblique lines less bright,
whereasthe latter makesvertical lines lessbright. The resulting
relationshipbetweenluminance and line orientation wasneither
simple nor smooth. Consequently, a lookup table was used to
specify the gun valuesneededto achieveequal luminance(23%)
for eachorientation, elementwidth, and length availablefor use.
The semiautomatedcalibration process used to create these
lookup tables was repeatedperiodically to compensatefor any
drift in the system.Relative luminancematcheswere established
with a United Detector Technologiesphotometerequippedwith a
sensorcalibratedto measurephotopic luminance.Absolute luminance values were measuredwith a Pritchard telephotometer
(Spectra).Luminance of the blank video screen,including reflection of ambient illumination, was ~0.2 cd/m2, and the Michaelson contrast betweenthe blank screenand the white texture elementswas ~95%.
Another way that luminance artifacts might occur is at the
boundary betweenadjacentrowsof orthogonally orientedtexture
elements.If the elementswere regularly spacedand alignedwith
the row-column axes, the gap between rows would be different
alongthe figure boundary than elsewherein the display. Because
this irregular gapis correlatedwith the orientation and motion of
the texture figure, it could produce a spuriousluminance cue for
figural motion. This was avoided by using figure and surround
elementsthat wereorientedat 45” relative to the figureaxis (which
waseither orthogonalto or parallelto the cell’spreferreddirection
of motion) and were randomly displacedrelative to an array of
regularly spacedgrid positions(seeFig. 1). Also, a different random distribution wasusedto calculate the elementpositionson
successive
presentationsof the samestimuluscondition. A useful
way to check for luminanceartifacts wasto view the video display
through a sheet of translucent tracing paper placed over the

Data analysis

Ri = Fi - Fbi

(1)

whereRi is the net motion-evokedresponsein direction i, Fi is the
mean firing rate during stimulusmotion in direction i, and Fbi is
the meanfiring rate in the l-s period immediatelybefore motion
in that direction. Differencesbetweenresponseaveragesfor stimulus onset and stimulusmovement were evaluatedwith the Student’st test.A cell wasconsideredto respondsignificantlyto stimulus movement if these averagesdiffered at the 5% level (onetailed). To estimate the standard error of the mean for the
individual “before” periodsasneededin this analysis,we usedthe
standard deviation calculated acrossall stimulus presentations.
(The individual standarderrorswere not availablefrom our computer analysisprogram, and this alternative strategy provides a
conservative basis for assessingthe statistical significance of
evoked responses.)When the responseto two different types of
TABLE
1.
Number of cellstestedandfound to have signiJicant stimulus(e.g., solidbar vs. texture bar) werecompared,only cells
that respondedsignificantly to at least one of the stimuli were
responses
considered.To analyze the direction selectivity of MT cellsfor
various stimuli, we calculated a direction index (DI) using the
Total
Series A
Series B
Series C formula (Maunsell and Van Essen1983a)

Tested
Accepted

111
80

80
54

29
25

82
57

Patterns used in series A and B are shown in Fig. 4; those for series Care
shown in Fig. 14. The data from each series presentation were accepted for
further analysis only after meeting several criteria: a minimum of three
repetitions of each stimulus condition in the series; good isolation of the
single-unit waveform above the background activity; and statistically significant responses (P < 0.05) for at least one stimulus condition in the series.

DI = 1 - RJR,

(2)

whereR, and RPrepresentthe net motion-elicitedresponses
to the
oppositeand preferred directions, respectively.For comparisons
of direction selectivity betweentwo typesof stimuli, only cellsthat
respondedsignificantly to at least one direction for both stimuli
were considered.The direction index is a common and useful
measureof the direction selectivity of a cell. However,becauseit is
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basedon a ratio of two values,it is difficult to assess
the statistical
significanceof a differencein a cell’sdirection index for two stimulus types. We therefore choseto usea two-factor analysisof variance (ANOVA) to test the statistical reliability of differencesin
responses
of singlecells to different stimulus types and different
directions.The two levelsof,fuctor I were the stimulustype (e.g.,
texture bar vs. solid bar), and the two levels of,fuctor 2 were the
preferredand oppositedirectionsof motion. As with the direction
I
”
index, the measurementsusedto calculatethe ANOVA were the
20”
0”
10”
RF
Eccentricity
responsemagnitudescalculatedwith the useof Eq. 1. Cellswere
consideredto have a statistically significant difference in direcFIG. 3. Receptive field size as a function of eccentricity of receptivetionality if there wasa significant(P < 0.05) interaction between field centerfor a sample
of 110 middletemporalvisualarea(MT) neurons
the stimulustype and the direction of motion. It is important to from 3 monkeys.Thissample
includes
23 unitslostbeforecompletionof
notethat the ANOVA doesnot measurethe statisticalsignificance any of the quantitative series, and it does not include 24 cells that were
werenotplotof differencesbetweendirection indices,for DI is basedon a ratio studiedquantitativelybut whosereceptivefieldboundaries
betweentwo responses,
whereasthe ANOVA isbasedon absolute ted (usually because the fields were so similar to their immediate predecessorsthat the borderswerenot explicitlydrawn).
differencesin responsemagnitudes.Nevertheless,the ANOVA
provides the cleanest test that we are aware of for assessing
whetherthe differencein a cell’sdirectionality for different stimuappropriately sized receptive fields at depths between 10.5
lus types is statistically reliable or is the result of chancefluctuaand
12 mm from the entry site in V 1. Our results are based
tions.
RESULTS

Assignment of recording sites
Entrance into MT during an electrode penetration was
manifested by clusters of directionally selective cells having

on data from cells that were judged to be in MT by their
receptive field properties and by the histological reconstructions of electrode penetrations. Figure 2 shows a parasagittal section through the superior temporal sulcus stained for
myelin. The path of an electrode penetration and two electrolytic lesions are visible within the boundaries of MT.
Figure 3 shows a plot of receptive field size (square root of
receptive field area) as a function of the eccentricity of the
center of the receptive field in the population of 110 units
for which borders were mapped. These data were fit by a
least-squares regression line in which the relationship between receptive field size (S) and eccentricity (E) is S =
1.10 + 0.72E. This relationship is similar to that reported
by others for MT (Albright and Desimone 1987; Desimone
and Ungerleider 1986; Gattass and Gross 198 1; Maunsell
and Van Essen 1987; and Tanaka et al. 1986).
Solid bar versus texture bar stimuli

(series A and B)

One of our primary objectives was to compare the responses to a moving texture bar (TB) with those to a solid
bar (SB) having the same size and velocity. This comparison was provided by stimuli I and 2 of series A, as illustrated schematically in Fig. 4. As shown below, these responses were not always identical, and the remaining stimulus in series A and those in series B were designed to explore
the basis for these differences in tuning profiles. Specifically, stimulus 3 (series A) contained a moving texture bar,
but without any textured background (texture bar alone,
TBA); series B contained a moving solid bar in the presence
of a stationary textured background (stimulus 1, texture/
solid bar, TSB) or in its absence (stimulus 2, solid bar, SB).
Response magnitude

FIG. 2. Photomicrograph of a parasagittal brain section through the
superior temporal sulcus stained for myelin. The line segments indicate the
border of the area of dense myelination that corresponds to the middle
temporalvisualarea(MT). The path of an electrode penetration and 2
electrolyticlesions
arevisible(+) withintheboundaries
ofMT. Posterior is
to the right: anterior is up.

comparison

We found that texture bars elicited robust responses in
most, but by no means all, cells in MT. The diversity of
results obtained is illustrated in Fig. 5 with data from three
cells. Each plot shows response magnitude (spikes/s exceeding the before period, when the first frame of the sequence
was present but not moving) in each of four orthogonal
directions. Peristimulus spike histograms for each cell are
shown at the bottom of the figure. Filled squares and solid
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able from the neuron’s maximum response to solid bars. In
about a third of the sample (19/5 1, 37%, solid squares in
scatter plot), the maximum responses to texture bars and
solid bars were significantly different (P < 0.05). In all of
these except the one case shown in Fig. 5C, the texture bar
//
/response was significantly less than the maximal solid bar
response. These differences are not attributable to the eft\ \
fects of the stationary patterns on the firing rate before stim\ \ \\‘\ \\ \ \\\;,.- \ \\ ’
ulus motion. During the period before the onset of stimulus
motion, the mean firing rate in the presence of the stationSeries B
ary
texture pattern was lower than that in the presence of
2: SB
1: TSB
the
stationary
solid bar (4.5 vs. 6.7 spikes/s). On an individ\’
‘\\
\ \”
\ \’
\\‘,‘\
,\‘\‘\
ual
cell
basis,
the
rate was lower for texture patterns than for
;\
.
\ ‘\ ‘\\ \
\ \\‘\ \ ’ \\\ \’
’ \
solid bars in 43 cells and higher in 8 cells, a difference that is
\‘\\
\
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significant at the P < 0.05 level (sign test). This difference in
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\
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firing
rate was statistically significant in 27 cells (P < 0.05, t
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alone. For clarity, these illustrations contain fewer texture eiements ( 12 X
12) than the 20 2 20 or larger arrays used in the actual experiments (cf. Fig.
1). Four different directions of motion were presented for each stimulus,
for a total of 12 conditions in series A and s conditions in series B. An
optional extension sometimes used in series A included an additional 12
conditions in which the figure was rotated by 90°, so that motion was
parallel to the long axis of the figure. For the great majority of cells studied,
the actual stimuli presented were bright texture elements on a dark background, i.e., the reverse of the contrast illustrated here.

lines show the responses to solid bars; open squares and
dashed lines show the responses to texture bars. The direction giving the highest response is shown at the left in each
plot. Our sample contained cells whose maximal response
to texture bars was smaller (A), about equal (B), or larger
(C) than to solid bars. Note that in general, the shapes of the
tuning curves are not identical for the solid bar versus the
texture bar stimuli, an issue that is further addressed in the
next section.
On average, MT cells responded less strongly to texture
bars than to solid bars. This is illustrated by the population
analysis in Fig. 6, which shows a scatter plot of mean responses to the most effective solid bar versus responses to
the most effective texture bar (top right), as well as separate
histograms for the solid bar maximal responses (inverted
histogram, bottom right) and texture bar maximal responses (sideways histogram, top left), for all 5 1 cells that
gave a significant response to one or the other stimulus
type. In the individual histograms, cells giving significant
responses above that to the initial stationary pattern are
represented in black; those with nonsignificant responses
are represented by open bars. The response in the preferred
direction for texture bars (14.7 t 1.9 spikes/s, mean t SE)
was on average about two-thirds of that for solid bars
(mean = 23.2 t 2.3 spikes/s), a difference that is statistically
significant (t = 2.8, P < 0.05). There was a significant positive correlation between the maximum
response magnitudes obtained from single cells for solid bar and texture bar
stimuli (r2 = 0.50, P < O.Ol), although the correlation was
far from perfect. Thus the magnitude of maximum
response of a neuron to texture bars is only partially predict-

Direction selectivity
The examples already illustrated (Fig. 5) indicate that
directional tuning curves were not always identical for solid
bar and texture bar stimuli. Figure 7 shows several additional examples to illustrate the diversity in directional tuning profiles that we encountered. As in the earlier example,
firing rates in each of the four directions tested are shown
for solid bars (solid squares, continuous lines) and texture
bars (open squares, dashed lines). The cell in Fig. 7A was
highly direction selective for both types of stimulus, and the
tuning curves differ rather little. In contrast, the cell in Fig.
7B was highly direction selective for solid bars but showed
only a slight directional bias for texture bars. This difference in directional tuning was attributable to a combination of decreased responsiveness for downward movement
of the texture bar (the preferred direction for solid bars) and
enhanced responsiveness for the upward direction. The cell
in Fig. 7C responded most strongly to upward movement
for the solid bar but was essentially pandirectional for the
texture bar, showing, if anything, a slight bias for downward
movement.
To analyze the results for the entire population of cells,
we computed a direction selectivity index (DI) using a standard formula in which values near zero reflect low direction
selectivity and values near unity reflect strong direction selectivity (see METHODS). Because the direction of maximal
response was often different for solid bars and texture bars,
there were two ways in which the comparisons could be
carried out. One was to calculate the direction index on the
basis of independent determinations of the preferred direction for each stimulus type, irrespective of whether the preferred directions happen to be the same or different. This
measure, which we call the “absolute directionality,”
indicates the overall degree of directionality
associated with
each stimulus type. Another approach was to use the direction of maximal response for one stimulus type as the reference direction for comparing preferred directions and for
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FIG. 5. Response magnitude comparisons for solid bar and texture bar
stimuli presented to three different cells. Each plot in the upper portion
shows response magnitude (spikes/s) in each of the four orthogonal directions tested for texture bar (open squares, dashed lines) and solid bars
(filled squares, solid lines). The direction giving the highest response is
shown at left in each plot. Peristimulus time histograms are shown below.
These examples illustrate cells whose highest response to solid bars was
larger (A: 88C07E), about equal (B: 88B14D), or smaller (C: 88BlSJ) than
to texture bars. For C, none of the stimulus directions gave a statistically
significant response above background for solid bars, but there was significant suppression opposite to the preferred direction. In this and later figures, standard errors are indicated for the responses to individual conditions and for the baseline activity before motion onset (horizontal dashed
lines).
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6. Response magnitude comparison for solid and texture bars.
Histograms show the distributions of magnitude of best responses to texture bars (sideways histogram on left) and solid bars (histogram on bottom). Filled portions represent cells giving statistically significant responses; open portions represent nonsignificance above the background.
Responses of each cell to both stimuli are shown in the scatter plot. Filled
squares represent responses that differ significantly from one another.
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7. Direction selectivity comparison for solid bars (m, -)
and
texture bars (0, - - -). Data from 3 cells are shown to compare direction
selectivity to solid and texture bars when the preferred direction for solid
bar is taken as a reference. All responses are normalized to the response for
the solid bar in the preferred direction. A (cell 88C IOF): similar direction
selectivity for solid and texture bars. B(cell 88C 13D): a cell highly selective
for solid bars but nonselective for texture bars. C (cell 88B 16M): a cell
highly selective for solid bars and slightly (but not significantly) biased in
the opposite direction for texture bars.
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calculating both direction indices. This measure, which we
call the “relative directionality,”
indicates the degree to
which the population of cells can signal the particular direction in which a target is moving independent of the cues
with which it can be distinguished. We carried out both
of analysis, because they provide complementary
ofi nformation.

A

Solid

B Texture

Bar

Bar

Absolute directionality
Figure 8 shows histograms of the direction index as calculated independently for solid bars (bottom right) and texture bars (top left). Each histogram includes only cells showing a statistically significant response for the stimulus in the
preferred direction (45 cells for solid bars, 35 cells for texture bars). In addition, the scatter plot in the top right includes data from the 29 cells that responded significantly to
both solid and texture bars (shown by solid bars in the individual histograms). As expected, most MT cells were highly
selective for the direction of motion of solid bars. The mean
direction index for our sample of 45 cells was 0.8 t 0.05
(SE), similar to but slightly lower than previous reports (Albright 1984; Maunsell and Van Essen 1983a; Rodman and
Albright 1987). For texture bars, the distribution
was
skewed toward lower values; the mean direction index was
only 0.4 t 0.04, which was significantly lower than that for
solid bars (t = 7.0, P < 0.0 1). Fewer than half of the cells ( 15
of 35) had a direction index >0.5, which is a common criterion for a direction bias, and only 4 cells ( 11%) had an index
~0.7, a common criterion for strong direction selectivity.
Another way of summarizing these results is by way of
the population tuning curves shown in Fig. 9. These plots
N=29
/

Direction

of Motion

(Degrees)

Population tuning curves for solid and texture bars. Averages
from 5 1 cells of response magnitudes in four orthogonal directions for
solid bars (left) and texture bars (rigk). The best direction was determined
separately for each stimulus type. Note that the maximum responses (at
left in each curve) are on average greater for solid bars, and that responses
in the opposite direction are greater on average for texture bars. Bars indicate standard errors of the mean.

were prepared by aligning the tuning curves from individual cells along the direction of maximum response for each
stimulus type (i.e., as if the best responses for all cells were
in the same direction). The response magnitudes (spikes/s
minus the before period) were then averaged for each of the
four directions and plotted separately for solid bar stimuli
(Fig. 9A) and texture bar stimuli (Fig. 9B). For solid bars,
the mean response 180’ from the best direction was 3.6 t
1.3 spikes/s, only 16% of the maximum. The corresponding
value for texture bars was 8.3 t 1.O spikes/s, which was 56%
of the texture bar maximum and was significantly greater
than that for solid bars.

Relative directionality

Direction

F

Number

Index--Solid

Bar

of

FIG. 8. Population statistics on direction selectivity for solid bars vs.
texture bars. The bar histograms show the distribution of direction indexes
on the basis of the direction of best response assessedseparately for each
stimulus type. The histograms include cells that responded significantly to
texture bars (N = 35, left) or solid bars (N = 45, right). The scatter plot of
direction indexes for each stimulus type is based on 29 cells that gave
significant responses to both stimuli. This subset of cells is indicated by the
solid part of each histogram

In only about half of the cells (15/28) for which a valid
comparison could be made were the directions of maximal
response identical for solid bar and texture bar stimuli. For
the remaining 13 cells, the maximal texture bar response
was either in the direction opposite to that for the solid bar
( 11 cells) or in one of the two orthogonal directions (2 cells).
If shifts in preferred direction had occurred randomly, one
would expect twice as many cells in the “orthogonal” group
as in the “opposite” group, rather than a small minority
(because there are two possible orthogonal directions). This
bias might be related to the shapes of the population response curves in Fig. 9, where the minimum
response occurs at 180’ for solid bars but at 90 and 270’ for texture
bars. However, these tendencies within each population
curve are not statistically significant, and the correlation
might be coincidental.
Figure 10 illustrates a quantitative comparison of direction indices when both calculations were based on the preferred direction determined for solid bars. We chose solid
bars rather than texture bars as the reference stimulus because, as already shown, they gave stronger responses on
average. Consequently, direction indices for solid bars (abscissa) are all positive, whereas those for texture bars (ordi-
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nate) are either positive or negative depending on whether
the maximum response agreed with or differed from that
for the solid bar (see legend). There was no significant correlation between the direction indices for solid bars and texture bars (r2 = 0.006). For 11 of the 28 cells, the measured
direction index was opposite in sign for texture bars versus
solid bars; for 7 cells (black squares) the differences in direction selectivity were statistically significant (P < 0.05,
ANOVA). Thus our results demonstrate a clear loss of directionality in many cells when texture stimuli were used, but
convincing reversals of direction preferences in individual
cells were rare.

0

Eficts of the texture surround

N=41
\

The differences in directional tuning profiles for texture
bars versus solid bars were initially unexpected. An obvious
question is whether this difference is attributable to the textured nature of the moving target or to the presence of a
static texture surround. Two types of comparison were used
to address this issue. One comparison involved the use of a
texture bar alone, which contained the same distribution of
texture elements as in the standard moving texture bar, but
which lacked any texture surround (stimulus 3, series A,
Fig. 4). We found that the texture bar alone was on average
more similar to the solid bar than to a standard texture bar

k

m

1

1
Direction

Index:

Solid Bar

0
Direction

1
Index: Texture

L

Bar Alone

FIG. 11. Textural cues contributing to reductions in direction selectivity. A: scatter plot comparing direction indices to solid bars and texture
bars alone (texture bars without texture surround, see Fig. 4) for 4 1 cells
that responded significantly to both stimuli. Direction indices for texture
bars alone were computed along the axis determined by the maximal responses to solid bars. One of the 4 1 cells in this sample had a significantly
different directionality for these stimuli. The mean direction index was
0.8 * 0.04 for the population of cells that responded significantly to solid
bars (N = 45) and 0.7 f 0.04 for that responding to texture bars alone along
the best axis for solid bar (N = 44); these values were not significantly
different. B: scatter plot comparing direction indices for texture bars alone
and texture bars for 27 cells that responded significantly to both stimuli.
Direction indices for texture bars were computed along the axis determined by the maximal response to the texture bar alone. The correlation of
direction indices is much weaker than that for texture bars alone vs. solid
bars shown in A. The 9 filled squares indicate cells that showed a significant
interaction between stimulus type and direction of motion in their responses (ANOVA, P c 0.05; see METHODS and legend to Fig. 10).

in terms of the magnitude and directionality
of the responses elicited. The average response magnitude for the
most effective texture bar alone (25.0 t 2.5 spikes/s) was
not significantly different from that to the most effective
solid bar (24.0 t 2.4 spikes/s) for the 48 cells in the comparison group, and the correlation i n response magnitudes for
individual cells was strong (r2 = 0 .69). Figure 11 illustrates
the results on directionality
by showing a scatter plot of
direction indices for texture bar alone versus solid bar (Fig.
2
Direction
Index: Solid Bar
1 lA), where the correlation is high (r2 = 0.53), and a sepaFIG. 10. Comparison of direction selectivity for solid and texture bars
rate scatter plot for texture bar versus texture bar alone (Fig.
using the preferred direction for solid bars as the reference. This scatter plot
1 lB), where the correlation coefficient is low (r2 = 0.07); in
shows direction indices for solid and texture bars from 28 cells that re- the latter comparison, nine cells showed statistically signifisponded significantly to both types of stimulus. The direction index for
solid bar stimuli (DI,) was calculated as described in Eq. 2: DIs = 1 - SOIS,, cant differences in their direction preference. The fact that
the texture bar alone acts very much like a solid bar stimuwhere S,, and S, are the responses in the preferred direction and opposite
direction, respectively, for the solid bar. The direction index for texture bar lus is not surprising, because there is a strong luminance
stimuli (DI,) was based on the respon ses ( Tpl and To,) to the texture bar in
difference between target and background for both stimuli.
the preferred and opposite directions for the solid bar, respectively, and it
To test more directly for the effects of a textured
was calculated as DI, = 1 - T,,/T,, if Tot < Tpf and as DI, = -( 1 T,,/Tot)
if To, > T+ Thus, when the direction of maximum response surround, we generated a hybrid stimulus consisting of a
differed for texture bars and solid bars, their direction indices were bpposolid bar for the moving target a nd a texture pattern of
site in sign, but the indices retained the characteristic of being near 0 when
equal average luminance for the stationary backgrou nd
the di rection bias was small and of being near unity (positive or negative)
when the direction bias was l large. Similar conventions apply to Figs. 11, (stimulus 1, series B, Fig. 4). In terms of response magni13, and 16. Because these cells were required to give significant responses tudes, there was a high positive correlation (r2 = 0.64) in the
to texture bars along the axis determ ined by the maximal response to solid
maximum
response to a solid bar with texture surround
bars, the sample is slightly different from that in the scatter plot of Fig. 8. versus that to a standard solid bar for the 25 cells that reThe black squares indicate cells showing a statistically significant interacsponded significantly to at least one stimulus. The average
tion between direction of motion and stimulus type (2-factor ANOVA; see
response to the most effective solid bar with texture
METHODS).
Note that this test does not address the reliability of the differsurround (24.1 t 4.5 spikes/s) was not significantly differences in DIs themselves, because it is based on absolute differences in
responses rather than ratios.
ent from that to the most effective solid bar (26.8 t 5.0
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spikes/s). Five cells (20%) responded significantly differently (t > 3.35; P < 0.01) to the solid bar versus the solid bar
in texture surround. In three cells, the texture surround
reduced the maximum
response, whereas in two, it enhanced the response.
Figure 12 shows directional tuning curves for three cells
that represent the spectrum of results we encountered for
the 19 cells giving significant response to both the standard
solid bar and the solid bar in the texture surrounds. Direction selectivity for a solid bar stimulus was not affected by
the static texture surround for the cell in Fig. 12A, but it was
abolished for the cell in Fig. 12B. For the cell in Fig. 12C,
direction selectivity was reversed for the two stimulus types.
As with the comparisons between texture bars and solid
bars, these effects were attributable to a combination
of
reduced responsiveness in one direction and enhanced responsiveness in the opposite direction. The mean direction
index for the solid bar in texture (0.68 t 0.07, SE) was
significantly smaller than that for the standard solid bar
(0.93 t 0.05, SE), suggesting that the texture surround accounts in large part for the reduced direction selectivity to
texture bars.
Results for the entire population of cells studied with series B are shown in a scatter plot of direction indices for
solid bar versus solid bar in texture surround (Fig. 13), using the preferred direction for the solid bar as the reference.
More than half of the population showed a comparably
high degree of direction selectivity for both stimulus types.
However, the correlation was poor for the remaining cells,
and the overall correlation coefficient was low (r2 = 0.04).
When comparing relative directionality of individual cells,
the differences were statistically significant for 5 of 19 cells.
There was no significant reduction in average response
magnitude accompanying the partial reduction in direction
selectivity caused by the texture surround.
The effects of a texture surround might, in principle, be a
consequence of the presence of texture per se in the backA

B
Solid
0 Solid
n

Direction

C

Bar
Bar in Texture

of Motion

FIG. 12. Comparisons of direction selectivity for ordinary solid bars vs.
solid bars with a texture surround (see series B, Fig. 4) for 3 cells. These
examples illustrate that adding a texture surround to a solid bar can have
diverse effects on direction selectivity. In A (cell 88C09F), there was no
effect on direction selectivity. In B (cell 88B 15F), direction selectivity was
greatly reduced. In C (cell 88C06B), the largest response in the presence of
the texture surround was opposite to the preferred direction for the solid
bar alone.
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FIG. 13. Scatter plot comparing the direction indices to solid bars alone
and solid bars with texture background from 19 cells that responded significantly to both stimuli. The direction indices for solid bars with texture
surround were computed along the axis determined by the maximal response to solid bars. Many cells showed a high degree of direction selectivity for both types of stimulus, but there were enough exceptions that the
overall correlation was poor (r2 = 0.04). The 5 filled squares indicate cells
that showed a significant interaction between stimulus type and direction
of motion in their response (ANOVA, P < 0.05,see METHODS and legend
to Fig. 10).

ground pattern. Alternatively, it might reflect the loss of
luminance contrast between the figure and surround. To
address this issue, in three cells we increased the luminance
of the solid bar by ~0.5 log units above the average luminance of the surround. In two of the three cases, this resulted in significantly increased direction indices (from
0.15 to 0.6 and from -0.24 to 0.5) for the solid bar in texture surround, but no significant change in directionality
for the solid bar on a blank background. This preliminary
observation suggests that the degree of luminance contrast
between figure and surround may be an important factor
affecting direction selectivity.
To summarize, the results obtained using the stimuli in
seriesA and B revealed three important findings. 1) Texture
bars often elicit vigorous responses from MT neurons, but
the magnitude is usually less than for a solid bar stimulus.
2) The degree of direction selectivity is, on average, markedly lower for texture bars than for solid bars. This occurs as
a result of enhanced responsiveness to texture bars moving
in the null direction of solid bars as well as a reduced responsiveness to texture bars moving in the preferred direction,
with little change in the two orthogonal directions. 3) The
differences in direction selectivity for texture bars versus
solid bars are in part attributable to the presence of the
textured surround rather than the textured nature of the
moving target. However, this does not reveal what aspect of
texture is important, or whether all texture patterns would
have the same effect. This issue is addressed in the next
section.

Contributions of specijk textural characteristics to neural
responses(series C)
In the standard texture bar stimulus discussed in the preceding section (stimulus 1, series A), the central figure differed from the background in the orientation of its texture
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elements and also because the bar was moving while the
background was stationary. To explore the relative importance of different textural characteristics in shaping the responses of MT neurons, we used the collection of six stimuli contained in series C (Fig. 14). In stimulus 1 (texture
bar, TB,), the figure and background differed in both orientation and motion; this stimulus was equivalent to the texture bar of seriesA. In stimulus 2 (orientation bar, OB,), the
figure and background differed in orientation, but there
was no differential motion because the background moved
along with the figure. In stimulus 3 (motion bar, MB), there
was differential motion between figure and background but
no difference in element orientation. Stimulus 4 (texture
bar, TB,) was like stimulus I except that the element orientations between figure and background were reversed. Similarly, stimulus 5 (orientation bar, OB,) was like stimulus 2
except for the reversal of element orientation. Finally, stimulus 6 (motion field, MF) was a uniformly moving texture
field, with no differential motion and no orientation contrast.
In analyzing the results from this series, we focused on a
set of eight pairwise comparisons involving stimuli differing
in a single characteristic. In Table 2, these have been
grouped according to the particular characteristic that
differs between the two members of each pair. The first
column indicates which pair of stimuli (identified as in Fig.
14) are compared. The next two columns indicate whether
orientation contrast (column 2) or background motion (column 3) was present in both pairs (+), absent in both (0), or
was the characteristic that differed between members of the
pair (A). The last two columns indicate the orientations of
the texture elements in the figure and background, which
were either clockwise (/) or counterclockwise (\) relative to
the long axis of the figure, or which changed between
members of the pair (A).
Series
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FIG. 14. Texture pattc ns presented in series C. This sequence includes
6 types of texture motion: 1) texture bar (TB,) with figure elements 45’
clockwise to its long axis; 2) an orientation bar (OBi, drifting bar and
surround), again with figure elements 45” clockwise to the long axis; 3) a
coherent motion bar (MB); 4) TB2, same as TB, but with orientation of
texture elements interchanged between figure and background; 5) OB,,
same as OB, but with orientation of texture elements interchanged between figure and background; and 6) uniform motion field (MF).

FOX, AND VAN ESSEN

2. Pairwise comparisonsbetweentexture stimuli
dzfering in only a singlecue

TABLE

Stimulus
Comparison

Orientation
Contrast

Background
Motion

Figure
Orientation

Background
Orientation

1 vs. 2
4 vs. 5
3 vs. 6

+
+
0

A
A
A

I
\
I

\
I
I

1 vs. 3
4 vs. 3
2 vs. 6

A
A
A

+
+

A

\
A

0

\
A

1 vs. 4
2 vs. 5

+
+

+
0

A
A

\
A
A

Stimuli compared are from Fig. 14. +, present; A, present in one but not
the other; /, clockwise; \, counterclockwise; 0, absent.

Efects on responsemagnitude
Many cells responded comparably well to all four types of
moving texture stimulus in series C (motion field, motion
bar, orientation bar, and texture bar). The orientation of
texture elements in either the figure or the background generally had little effect on neural responses, but the presence
or absence of background motion was an important factor
for a significant minority of cells. Figure 15 illustrates these
findings by showing scatter plots of response magnitudes
for selected comparisonsone from each of the three
groupings listed in Table 2. Figure 15A plots the maximal
response to a motion bar (stimulus 3) lacking orientation
contrast versus the maximal response to a texture bar (stimulus I), using the most effective direction within each stimulus type as the basis for the comparison. The peak responses
for the two stimulus types were statistically indistinguishable in nearly all cells tested. Only one cell showed a nominally significant difference; this is within the range to be
expected from chance fluctuations. Similar results were
found for the other two comparisons of this type (stimuli 3
vs. 4 and 2 vs. 6). The mean responses differed by ~5% for
all three comparisons.
Figure 15B compares responses to the two texture bar
stimuli that differed only in the absolute orientation of their
texture elements (stimuli 4 vs. 1). Not surprisingly, both
types of stimulus were equally effective, on average. A few
cells (4 of 57) showed a significantly greater response (P <
0.05) to one stimulus than the other, suggesting that they
were sensitive to the absolute orientation of elements in the
center and surround. Likewise, a pronounced effect of absolute element orientation occurred for a few cells in comparing stimuli 5 vs. 2 (data not shown). Although these
effects appear genuine, they occur in only a small minority
of the overall MT population.
Figure 15C compares responses to an orientation bar
(stimulus 2, with background motion) to a texture bar (stimulus 1). For most cells, the two stimuli were comparably
effective, as evidenced by the clustering of data points near
the 45’ (equal effectiveness) diagonal. However, about a
third of the cells (18 of 57; filled squares) showed a statistically significant difference (P < 0.05) between their peak
responses to the two stimulus types. In most of these cases
(15 of 18), the texture bar response was greater than the
orientation bar response. Similar results were found for the
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FIG. 15. Scatter plots of maximal response magnitudes for cells tested with motion bars vs. texture bars (A; stimulus 3 vs.
1 of Fig. 14), texture bars with element orientations changed (B; stimulus 4 vs. l), and orientation bars vs. texture bars (C,
stimulus 2 vs. 1). Response magnitudes are strongly correlated for texture bars vs. motion bars and for the 2 types of texture
bar, but are less well correlated for orientation bars vs. texture bars.

other two comparisons of stimuli with or without background motion (stimuli 4 vs. 5 and 3 vs. 6). Taking all three
comparisons together, the maximum
response to stimuli
with a moving background was, on average, 30% smaller
than the maximum
response to stimuli with a stationary
background. Thus background motion on average caused
moderate decrement in neural responses.
Previous studies have shown that responses of MT neurons can be modulated by the direction of motion of background patterns lying completely outside the classical receptive field (Allman et al. 1985). In our stimulus displays,
the figure was usually contained entirely within the classical
receptive field, whereas the background covered the remainder of the classical receptive field and extended well
into the modulatory surround. As suggested by Tanaka et
al. (1986), both parts of the background pattern (inside and
outside the classical receptive field) may contribute to the
modulatory effects reported here, but we did not attempt to
dissect their relative importance.

Effects on direction selectivity
We noted previously that directional tuning profiles are
often different for solid bar and texture bar stimuli. The
same issue arises in relation to the various types of textural
motion presented in series C to what extent do the preferred direction and the degree of direction selectivity agree
for different texture stimuli? Altogether, series C contained
six different stimulus patterns, for which there are 15 pairwise comparisons that are combinatorically
possible. Figure 16 shows comparisons of direction indices for three
such comparisons: orientation bars versus uniform motion
fields (A, stimuli 2 vs. 6), texture bars versus motion bars (B,
stimuli I vs. 3), and texture bars versus texture bars with
element orientations interchanged (C, stimuli 1 vs. 4). For
all three pairwise comparisons, there is a positive and statistically significant correlation between the two sets of direction indices (r2 = 0.40, 0.24, and 0.23, respectively). However, the correlations are far from perfect, even though only

two cells showed statistically significant differences, which
is no greater than the number expected by chance.

Eflects of target dimensions
Previous studies have reported that most MT neurons are
relatively nonselective for stimulus dimensions, although a
minority of cells are quite selective (Maunsell and Van Essen 1983a; Zeki 1974). At the outset of studying each cell,
we made an initial qualitative assessment of the preferred
size, if any, of the solid bar, and we also tested several sizes
of texture bar. In these preliminary tests, most cells did not
appear sharply tuned for stimulus dimensions, but some
were moderately or strongly selective for stimulus length
and/or width. In the quantitative analyses discussed in preceding sections (seriesA-C), we used the figure dimensions
that seemed most effective in driving cells with the texture
patterns. For 28 cells, we carried out a quantitative analysis
of the response versus bar length for texture bars and solid
bars moving in the cell’s preferred direction. For each stimulus type, responses were measured for four or five stimulus
lengths, usually ranging from 20 to 30% of the classical receptive field size at the shortest to 150-200% at the longest.
In the majority of cells examined, the quantitative analysis revealed a significant degree of length tuning for one or
both types of stimulus, in that the response at the preferred
length was significantly greater than that at one or more
other lengths. In the majority of these cells, the preferred
length and the type of length tuning differed for texture bars
versus solid bars. Figure 17 shows results from four cells to
indicate the diversity in this population. The cell in Fig.
17A showed pronounced length summation for both texture bars and solid bars; the only significant difference was
the greater overall efficacy of the solid bar stimulus. In Fig.
17B, the texture bar response again showed length summation; in fact, only the longest bar elicited a statistically significant response. In contrast, the solid bar response clearly
declined for the two longest stimuli, indicating significant
end inhibition. In Fig. 17C, the only effective texture stimu-
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FIG. 16. A: effectsof contrast and absolute orientation cues on directionality. Effect of orientation contrast on uniformly
drifting patterns. Scatter plot comparing direction indices to orientation bars (drifting bar and surround) and uniform
moving fields (see Fig. 14) from 25 cells that responded significantly to both stimuli. Direction indices for uniform moving
fields were computed along the axis determined by the maximal responses to orientation bars. B: scatter plot comparing
direction indices to texture bars and motion defined bars (see Fig. 14) from 45 cells that responded significantly to both
stimuli. Direction indices for motion defined bars were computed along the axis determined by the maximal response to
texture bars. C: scatter plot comparing direction indices for the two types of texture bar (TB, vs. TB,), using TBI to define the
preferred direction.

lus was the shortest bar. In contrast, for the solid bar, all
lengths were effective, but there was a clear peak for an
intermediate length, indicating length summation for short
stimuli and end inhibition for longer ones. Finally, in Fig.
170, the texture bar response showed a peak at an intermediate length, whereas the solid bar response was best for the
shortest bar and showed substantial (albeit incomplete) end
inhibition.
For each cell, the responses to both texture bars and solid
bars were categorized as follows: I) a flat response, 2) length
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17. Length tuning curves for texture bars (0) and solid bars (H). A:
cell showing length summation for both stimulus types (cell 88B14U). B:
cell showing length summation for texture bars and end inhibition for solid
bars (cell 88CO71). C: cell showing end inhibition for texture bars and a
peaked tuning profile for solid bars (cell 88CO7L). D: cell showing a peaked
tuning profile for texture bars and end inhibition for solid bars (cell
88B14R).
FIG.

summation, 3) end inhibition, 4) peaked response (i.e., significant length summation as well as end inhibition), and 5)
nonresponsive or uncertain categorization. The most common category for texture bars was length summation ( 10
cells); only a few showed end inhibition (3 cells) or peaked
responses (2 cells). For the solid bar responses, end inhibition was more common (8 cells); 5 showed peaked responses and 3 showed length summation. Of the 18 cells
that were assigned to the first four categories for both solid
bars and texture bars, only 6 cells (33%) were in identical
categories for both stimulus types. We conclude that the
preferred stimulus dimensions and the length tuning profiles for stimuli differing in textural characteristics are often
not in close concordance.
In some tests, we used stimuli in which the motion was
parallel to the long axis of the texture bar as well as stimuli
in which the motion was orthogonal to the bar. We then
assessed whether the shapes of the directional tuning curves
were similar for the two types of stimulus motion. In general, this was indeed the case; the preferred direction for a
bar moving lengthwise (parallel to the long axis) was usually
the same as that for a bar moving sideways (orthogonal to
the long axis). However, in a few cells, the directional tuning curves were strikingly sensitive to bar orientation, because the preferred direction. for parallel motion differed
from that for orthogonal motion by 90’.
DISCUSSION

Processingof motion and textural information in MT
The suggestion that area MT is involved in motion analysis was first prompted by physiological studies showing that
it contains a high incidence of direction selective cells in
alert (Mikami et al. 1986) as well as anesthetized monkeys
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(Dubner and Zeki 197 1). More direct evidence on this issue
has come from recent studies in which lesions and focal
electrical stimulation were used to implicate MT directly in
contributing to pursuit eye movements and to the perception of motion direction (Newsome and Pare 1988; Salzman et al. 1990). However, there is much more to motion
analysis than simply computing the two-dimensional direction of motion of isolated targets in the visual world. Motion information is used for computing complex three-dimensional trajectories and also for various purposes unrelated to motion
perception
per se. These include
figure-ground segregation, estimating the relative distance
of different objects, and inferring the three-dimensional
structure of objects, all using cues of relative motion in the
visual field. Thus one might expect diversity and richness in
the physiological properties of MT neurons, and indeed this
has been reported in studies from several laboratories.
Many MT neurons are selective for speed and/or binocular
disparity (Maunsell and Van Essen 1983a,b), which indicates that tuning along multiple dimensions is common.
Responses to motion within the classical receptive field are
often modulated by motion in the far surround, suggesting
that relative motion, rather than just absolute retinal motion, is an important factor for MT neurons (Allman et al.
1985; Tanaka et al. 1986). Responses to combinations of
gratings (“plaid” patterns) are not always equal to the sum
of the individual component gratings, suggesting that important nonlinear interactions contribute to motion responses (Movshon et al. 1986; Rodman and Albright 1989).
In the present study, we extended this general approach
by analyzing the responses of MT neurons to a variety of
texture patterns and comparing them to the responses to
conventional moving bars. Our analysis focused on three
basic issues, two of which are relatively straightforward to
interpret. First, we found that most MT neurons responded
well to both solid bars and texture bars, but that, on average, solid bars were a more effective stimulus. This is not
surprising given our subjective impression that the moving
texture bars were perceptually less salient than the solid bar
stimuli for the particular stimulus conditions we used. Although the relative responses to texture bars versus solid
bars varied over a wide range, we found no indication of a
distinct class of texture-preferring cells.
A second issue was to analyze the relative importance of
different cues in eliciting responses to moving textures. We
found that neither the absolute orientation of the texture
elements nor the relative orientation between figure and
background elements had much effect on neural responses.
Also, the stimuli containing differential motion between
figure and background were often more effective than uniformly moving patterns. These observations correlate with
our subjective impression about the perceptual salience of
our stimuli for human observers. With the parameters used
in this study, bars defined by orientation contrast appear
less salient than bars that are equivalent in other respects
but are defined by differential motion. It would be of interest to compare neural responses generated by stimuli that
were matched for their perceptual salience, but we are not
aware of any studies done along these lines. Another unresolved issue is whether the presence of a figure per se affects
neural responses in MT. This could be tested using stimuli
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containing a smooth velocity gradient between center and
surround as well as stimuli with a sharp velocity discontinuity as in the present study. The finding that optical blurring
of a motion discontinuity
can strongly affect neural responses in area MST (Sugita and Tanaka 1992) suggests
that this is an important issue to address.
A third issue is the degree to which directional tuning
curves depend on the type of stimulus used. The present
study yielded some unexpected findings that merit detailed
consideration. In general, most neurons in visual cortex
respond to a wide variety of stimuli and are tuned along
multiple stimulus dimensions. An important question is
how the tuning profile along one dimension depends on
other characteristics of a visual stimulus.
Cue dependence and cue independence
When a cell is reported to be selective for a certain parameter (say, orientation or direction), it is often assumed, implicitly or explicitly, that the preferred value (say, vertical)
and the sharpness of tuning are not critically dependent on
the nature of the stimulus used to elicit the responses. This
has occasionally been documented by showing, for example, that orientation tuning curves change in magnitude but
not in shape when stimulus contrast is raised or lowered
(Sclar and Freeman 1982). However, there is no a priori
reason why this assumption should always be valid, and, in
addition to the counterexamples illustrated in the present
study, there are others documented in the literature (see
below).
We have adopted the general terms cue dependent and
cue independent to describe whether a cell’s tuning curve
for a given parameter depends on the particular characteristics of the stimulus. For example, Fig. 18A shows a hypothetical tuning curve for direction of motion that has the
same shape for stimuli defined by two different texture patterns (Tl and T2), even though the amplitudes of the curve
differ. The cell can be regarded as cue independent for stimulus direction when those particular textures are used. In
contrast, the hypothetical cells of Fig. 18, B and C, have
directional tuning profiles for the two textures that differ
either in shape (Fig. 18B) or in the location of the peak (Fig.
18C). They are therefore cue dependent for stimulus direction when these textures are used. Our terminology is similar to Albright’s (1992), who used the expression “form-cue
invariant” to describe MT neurons whose preferred direction did not depend on the type of stimulus used to define a
moving bar-shaped region. However, the directional tuning
that we studied was not necessarily related to figure-ground
segregation and the shape per se of the moving target. Therefore, we prefer to avoid the term form-cue and any misleading connotations it might have in the context of our results.
Parenthetically, it is worth mentioning an alternative nomenclature, separability versus inseparability, that relates
to this issue. Suppose that the responses (R) of a neuron are
measured as a function of two continuous parameters, say,
the direction (d) and speed (s) of motion. One can ascertain
whether the function R(d,s) can be expressed as the product
of two simpler functions, F(d) and G(s), each of which depends on only a single parameter. If this is indeed the case,
then R is a separable function of d and s over the region of
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FIG. 18. Distinctions between cue independence and cue dependence, on the basis of hypothetical tuning curves of
neural response (ordinate) as a function of stimulus direction (abscissa) for 2 different stimulus textures, T, and T2. Tuning
curves that are cue independent (A) have tuning curves that are indistinguishable in shape and preferred direction, even
though they differ in their peak height. Those that are cue dependent have tuning curves whose shape (B) and/or peak
position (C) depend on the stimulus-used.

parameter space that was explored. If not, then R is an
inseparable function for these parameters in that region of
parameter space. By these definitions, an inseparable response function is cue dependent, whereas a separable
function is cue independent. Although the formal distinction between separability and inseparability is broadly useful in sensory processing (e.g., Adelson and Bergen 1985), it
is not directly applicable to the present situation, because
the textural characteristics of the stimuli we used were not
functions of a single continuously variable parameter.
In the present study, we found that the majority of cells
appeared relatively cue independent over the range of stimuli examined. However, a substantial minority of cells
showed significant cue dependence when pairwise comparisons across different stimulus types were made. In a few
cases, the degree of cue dependence was quite pronounced
(cf. Figs. 7, B and C, and 12C), whereas, for many other
cells, the difference was more modest. In general, cue dependence manifested itself by marked differences in the degree of direction selectivity rather than wholesale changes
in preferred direction. However, our assay was not sensitive
to changes in preferred direction smaller than 90”, as has
been reported in cat visual cortex (Hammond
and Smith
1983; see below), and it would be worthwhile to reinvestigate this issue at higher resolution.
For any individual cell, the question of whether it appears cue dependent or cue independent should depend on
several factors. The incidence of cue dependence may increase if a wider variety of stimulus types is used for comparison. Increasing the number of repetitions for each stimulus
improves the quality of the data and makes the tests more
sensitive to small deviations from perfect cue independence. Indeed, with a sufficiently high signal-to-noise ratio,
one might well find that nearly all cells show at least a slight
(but perhaps meaningless) degree of cue dependence.
Hence a metric of the magnitude of any cue dependence as
well as its statistical significance may be useful to develop in
future studies.
Altogether, we do not attach great significance to the exact percentage of cue dependent cells encountered in the
present study. Our conclusion that a significant population
of individual neurons is cue dependent is buttressed by the
analysis of overall population statistics. The mean direction

index for texture bar stimuli was only half that for solid bars
(DI = 0.4 vs. 0.8; cf. Fig. 8), and the correlation between
directional indices was relatively poor for the various population comparisons illustrated in Figs. 10, 1 lB, 13, and 16.
Albright (1992) examined the responses of MT neurons
to texture bars and solid bars that were moving against a
stationary textured background.
Under these circumstances, he reported relatively little cue dependence. This
result fits with our findings that the presence of a stationary
background tends to reduce the directionality for a moving
luminance bar and make it more similar to that of a texture
bar. Thus the basic findings from the two laboratories are
consistent with one another, even though Albright used
drift-balanced
dynamic random dot texture patterns,
whereas we used patterns containing discrete, oriented texture elements and frame-to-frame coherence of the local
texture pattern. Albright stressed cue independence (“formcue invariance”) as the primary conclusion that applied to
the majority of cells, given the data and the criteria used.
Our inclination is to emphasize the occurrence of both cue
independence and cue dependence, on the supposition that
each may be important to our understanding of motion
processing in MT.

Functional sign$cance
The issue of cue dependence versus cue independence is
important for understanding the strategies that might be
used to compute motion trajectories on the basis of neural
activity patterns in MT. Suppose, for example, that the directional tuning profiles of all cells in MT displayed perfect
cue independence when tested with various types of moving stimuli. This would make it relatively straightforward to
compute the actual direction of object motion by comparing the relative activity in a population of cells having different preferred directions. One specific strategy that would
be attractive is the type of population coding strategy that
has been successful in relating motor performance to neural
activity patterns in motor cortex (Georgopoulos et al.
1988). In their model, each neuron “votes” for a particular
direction of movement (the cell’s preferred direction), but
the strength of its vote depends on the firing rate of the cell.
They found that the predictions of the model were more
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accurate when the strength of a cell’s vote also depended on
how strongly directional the cell was (e.g., weakly directional cells contribute less and highly directional cells contribute more). Applied to MT and motion analysis, the idea
would be that each neuron votes for a particular direction
of object motion (its preferred direction), but the strength of
its vote is weighted according to the neuron’s firing rate and
how strongly directional the cell is. Each neuronal vote
would be represented as a vector of appropriate direction
and magnitude; the vectorial sum of all the individual neuronal contributions yields an overall population vector that
would represent the perceived direction of object motion.
However, to the extent that directional tuning profiles are
strongly cue dependent, this simple population coding strategy would run into difficulty. This is because the strength of
each neuron’s vote could no longer be computed on the
basis of a fixed direction preference and degree of directionality. Rather, it would be necessary to take into account
the type of stimulus being viewed to compute the vectorial
contribution of each cell. This would not be impossible, but
it adds greatly to the computational
complexity of the
problem.
Given that a significant degree of cue dependence indeed
exists in MT, there are several possible implications relating
to the above analysis. One is that computation
of motion
trajectories may involve a more sophisticated population
coding strategy than that just outlined. Alternatively,
it
might be that the visual system relies on a relatively simple
but imperfect strategy, accepting that performance will deteriorate when viewing more complex motion patterns. This
raises the question of how various aspects of performance
such as motion discrimination
depend on stimulus composition. In general, discrimination
thresholds are not always
identical to detection thresholds in various psychophysical
tasks. For example, the threshold for discriminating the direction of motion of certain grating patterns (low temporal
frequency and high spatial frequency) is higher than the
threshold for detecting the presence of the grating (Watson
et al. 1980). In other words, an observer may reliably see the
presence of a target but be wrong about the direction in
which it is moving. Anecdotally, it is our impression that
such perceptual misjudgments can easily occur when viewing the texture patterns used in the present study. In future
studies, it will be of particular interest to use stimuli that are
matched for equal detectability when making comparisons
of perceptual discrimination
or of neuronal tuning curves.
Relevant to this is a striking illusion that was recently reported, in which the perceived direction of a bar moving
against a textured background can deviate from its actual
trajectory by up to 90’ (Cormack et al. 1992). The illusion
can plausibly be explained in relation to spatiotemporal
filtering mechanisms discussed in the next section.
Relation

to spatiotemporaljltering

mechanisms

Ours is not the first study to provide evidence for cue
dependence of direction selectivity in visual cortex. Hammond and Smith ( 1983) reported that many complex cells
in V 1 of the cat have a simple, unimodal directional tuning
curve when tested with solid bars and with slowly moving
texture bars, yet, when tested with rapidly moving texture
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bars, the same cells have bilobed tuning curves with preferred directions oblique to that for the solid bar. Movshon
(cited in Hammond
and Smith 1983) suggested that the
change in directional tuning profile might simply reflect
sensitivity for components of motion in the preferred direction and at the preferred speed by a conventional spatiotemporally tuned cell. However, this apparently cannot account for all of the findings of Hammond and Smith, because they reported bilobed tuning curves even when
testing at the cell’s preferred speed.
A related set of issues arise in our experiments, because
incoherent motion energy was distributed broadly in our
displays, even though coherent motion of texture elements
occurred in only a single direction in a given stimulus. To
appreciate why there should be components of motion energy in many directions, consider the array position associated with a single texture element. On any given frame,
the position of the element is randomly displaced from the
intersection of row and column lines in the array. As a
texture bar moves by, the texture element jumps to another
random displacement, thereby simulating apparent motion
of a single element in a random direction. Direction-selective neurons in VI that have conventional spatiotemporal
tuning would be responsive to small displacements of a texture element within their receptive fields. Hence the moving texture bar would activate a random subset of such neurons, representing a variety of preferred directions. A higher
center such as MT getting inputs from such cells would
receive conflicting signals in terms of the preferred directions of cells activated by different elements in the stimulus.
Conflicting signals of this type may contribute to the reduction in direction selectivity seen for texture bars relative to
solid bars. The fact that many MT neurons are nonetheless
direction selective for texture bars suggests that there are
mechanisms for integrating across space and taking advantage of either the progressive spatial sequence of frame-byframe changes (cf. Mikami
et al. 1986) or the coherent
movement of nearby texture elements. However, this integration need not take place primarily or even exclusively
within MT. Cells in VI are strongly affected by patterns
outside the classical receptive field (cf. Allman et al. 1990;
DeYoe et al. 1986; Knierim and Van Essen 1992) and can
show direction selective responses to moving texture bars
akin to that documented in the present study (DeYoe et al.
1986; Van Essen et al. 1989). It may be that this type of
processing is not restricted to any single area. Instead, it
might take place at different spatial scales in different areas,
and it might reflect the powerful feedback influences
known to project from higher to lower areas.
Concluding

remarks

The transition from bars and gratings to visual textures
represents a large step upward in the intrinsic complexity of
the stimuli used to study neural responses. Inherent in the
notion of texture is the idea of fluctuations in the spatial
luminance pattern that can only be analyzed statistically,
rather than by tracking the exact positional relationships of
every single feature. The present study adds to the growing
knowledge about which of these statistical characteristics
are important in determining neural responses in different
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visual areas. However, we are only beginning to scratch the
surface of a rich vein of analysis that will ultimately yield a
deeper understanding of visual processing in our complex
natural environment.
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