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ABSTRACT

Optic flow is the changing array of light that is reflected from objects in the

environment and is projected on the retinae during motion. Speed gradients are a

natural component of optic flow and they are the result of the relative ordering of

abjects iD depth. It bas been proposed that speed gradjenJ information may signal the

direction and speed of self-motion as weil as the three-dimensional structure of the

environment. The dorsal region of the medial superior temporal area of the visuaI

cortex, or MSTcl, is beJieved to !Je the neuronal basis for the anaIysis ofoptic flow and

therefore it couId CXII1vey information about the direction and speed ofself-motion and

the tbree dimensional structure of the environment. In our study, œIJs in MSTd were

tested with random dot stimuli moving al difTerentspeeds (speedgnuIients). We found

abat œIJs in MSTd are sensitive to stimuli containing speedgnuIients. This supports

a rote for MSTd iD detennining the speed of self motion o~ the three-dimensional

structure of the environment or both.
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RÉSUMÉ

L'image des objects de l'environnement qui se projette sur notre rétine est

continuellement changeante. Ce phénomène est nommé f1= optique. Une

composante naturelle du f1= optique sont les gradients tk viJesse qui sont le résultat

de l'arrangement des objets à diff:5rentes profondeurs de champs. Da été suggéré que

les gradients tk viJesse fournissent de l'infonnation sur la direction et la vitesse du

mouvement propre de l'observateur et sur la structure tridimensionelle de

l'envinmDement. La partie dorsale de la région temporale supérieure médiale du

cortex visuel, ou MSTd, est c:onsidérée come la base neurologique de l'analyse du /ha

optique et peut donc transporter de l'information sur la direction et la vitesse du

mouvement propre et sur la structure tridimen.<;ineDe de l'environnement. Dans notre

étude, les neurones du MSTd ont été testé par stimulation par des points distribués au

Iaazardse déplaçant à dift&entes vitesses (gnulim1s tk l'itesse). Nous avons trouvé que

les neurones du MSTd sont sensibles aux stimuli contenant des grrzdienls tk viùsse.

Ces résultats supportent le rôle du MSTd dans la détermination de la vitesse du

mouvement propre et de la structure tridimensioneDe de l'environnement.
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1.1 Area M5T and Motion Analysis in the Visual Cortex

1.1.1 Location and Anaromical Connections ofMST

Area MST of the superior temporal sulcus of the monkey belongs to the motion

analyzing or "dorsal stream" of the visual cortex. MST is located in the upper bank of the

caudal STS and in a small portion of the adjacent floor. This area is myeloarchiteeturally

heterogeneous and includes a small densely myelinated zone or DMZ. The functional

significance of !bis region is unclear. The borders of MST are defmed as the projection

field ta the highly myelinated area MT !bat forms its posterior boundary. Anteriorly, the

latcral boundaries of MST coincides with the medial boundaries of the fundus of superior

temporal area (FST). Physiological experirncnts suggest !bat the multisensory area

posterior parietal (PP) and the superior temporal polysensory area (STP) constitute other

borders of MST in the upper bank of the STS (Desimone et. aI. 1986).

Retrograde and anterograde injection studies bave served as powerful tools for

Ïmàing the colUlCCtions of MST ta the other regions of the cerebral cortex. Injections

indicaIe direct connections with MT, FST. and PP. 1abc:JIjng of areas within STP is also

observed. The connections of area MST within the parietal cortex include the inferior

parietal gyms (IPG), lateral intraparietal area (LIP). and ventral intraparietal a."ea (VIP).

Connections with the temporal area include areas TEO and TF. MST is also shown ta

project ta the dorsomedial part of the frontal eye field (FEF) locared within the prefrontal

cortex (Boussaoud et aI.. 1990).

Within MST a dorsal-medial region. or MSTd, and a lateral-anterior region. or

MSn, bave been identified. AnatolIÙcally. these two subregions show very Jittle
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differenccs except that MSTd has more widespread connections with both the parietal

cortex and the temporal visual areas than docs MSTI. The differences between these two

subregions are mostly physiological. They show differences in the relative frequency and

composition of their type of cens with MSTI neurons showing litùe or no response to

rotation or expansion/contraction stimuli. Evidence of retinotopic deficits in pursuit eye

movemcnts following lcsions of MSTI as weil as the fmding that many cells in t1ùs region

respond to small moving spots of light and when electrically stimulated produce

aœcleration of the pursuit movemcnt towards to side of the brain stimulated, suggest a roIe

for MSTI in maintaining pursuit eye movemcnlS. MSTd, on the other hand, shows no effect

upon eIectticaI stimulation before and during pursuit task: and its neurons are characterized

by response to large-field moving random dot patterns with litùe or no response te small

spots of Iight (Saïte et al. 1986; KOmalSU et. al, 1989; Tanaka et al. 1989; Boussaoud et

ai., 1990; WUIlZ et al., 1990). More detliJed response characteristics etf MSTd neurons and

their functional raIe will be discussed later in this chapta.

1J 2 ParaIlel Srreams in the >'isuaI Cortex and the Processing ofMotion

VISWl1 cortex in the macaque comprises 60% of the total surface ofthe neocortex

and it bas bccn divided into 32 areas (Fe1leman et al., 1991). In the visual cortex, an overall

cortical hieraIchy is observcd whereby the output information of an an:a is the input of the

next higher Ievel area. At each successive Ievel the transformation ofvisual information

occurs and the anaIysis becomes more advanced. Although hierarchical proccssing is

observed, the visual cortex docs not appear to function in a strietIy serial fashion. Two

majorparalIeI stream of information processing exist in the cortex: the "motion pathway"•
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or the dorsal stream. that projcets to the parietal cortex and the "colour and form" pathway.

or the ventral stream, that projcets to the temporal conex (Van Essen et al.. 1983: Felleman

et al. 1991). Evidence suggest that the dichotomy in visual information processing begins

as carly as the retinal levels. continue within the lateral geniculate nucleus (LGN) and

funher differentiates within VI and extrastriate visual cortex. At the cortical level the

"ventral stream" begins with cells in the interblobs of V1 and the cytochrome oxidase rich

blob regions of VI that project to the interstripes of V2 and the cytochrome oxidase rich

thin stripes ofV2. The two men heavily project to V4 and further continue to subdivisions

of the infero-temporal cortex. The dorsal streom of the cortex includes ce1ls in layer 4B

of striate cortex that project to the cytocbrome oxidase rich thick stripes of V2. followed

by V3 then Mf, MST and higher processing areas in the posterior parietal cortex (De Yoc

et al, 1988). It is suggc:slCd tbat thcse two streams are associated with different capabilities

and types of infonnation they process. The dorsal stream is involved in the perception of

motion and spatial relationships while the ventral streom is associaIcd with the recognition

ofobjeas. Suppon for this hypothesïs springs from physiological data that demonstrate the

sensitivity ofcells in the ventral streom to attribulcS cssential for the recognition of objects

and analysis of form and colour. For instance, a large proportion of œlls in this stream

show sensitivity to fine disparity, orientation. and colour, as well as preference for gratings

of higher spatial frequencîes. On the other band. in the dorsal stream.. a large proportion

of crienrarion. direction and disparity selective ce1ls that prefer gratings with lower spatial

frequencies is observed. The characteristics of these cells make them ideal candidates for

the analysis of motion and spatial relation of objects in space (De Yoc et al~ 1988).
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Injections of retrograde tracers show evidence of considerable overlap or "cross-talk"

berween the two paraIlel processing streams which is suggestive of the integration of spatial

and object information at these levels. For instance, dual input from the two pathways in

area V4 (however with spatial specificity within V4) is observed. The output from V3

diverges bath ta areas V4 and Mf and from V4 ta bath parietal and infero-temporal cortex.

Similarly, there exis+.s evidence of convergence and lateral connections of inputs hetween

regions and subregions of the two pathways (Baizer et al, 1991).

CIcarly, a very large fraction of the visuaI system is dedieated ta motion processing.

This is pcchaps due ta the faet !bat motion is a fundamental attribute and not simply a

displacement ofvisuaI image over time. Motion aftereffects are a strong demonstration of

this phenomenon: in the "watelfaI1" illusion for instance, motion and position can ooly he

separa!e senses since in this situation they are acting in a paradoxical fashion (Nakayama,

1985). Observations of selective impainnent of motion perception in humans also indicate

tha1 motion is a fundamental biological sense. For instance, in the case of the weIl studied

patient LM.. the tests and cr scans indieate !bat the area of bilaterallesion in this patient

is in the lateraI temporo-occipital cortex. an area !bat is thought ta he analogons ta area MT

of the noohuman primate. AIl aspects of the patient's vision is tested nonnaI using the

standard visuaI tests. However, any test requiring the perception of motion fails ta produce

nonnal results. The patient perceives movernent of objects as a discreet change in position

in time with little or no notion of movernent. She also shows 10ss of visua1 motion

after-effects and impairment in perceiving apparent motion (Zihl et al, 1983). Ibotenic acid

lesions of motion sensitive areas in the STS of the monkey confirm these findings. ACter
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lesions. the animaI is capable of seeing the stimulus (little or no change on the contrast

tbreshold) but not its movement (in= in motion perception threshold) (Newsome et ai.•

1988: Pasternak et al. 1994).

In the visuai cortex. the hierarchical organization of the motion pathway is

suggested by the fmding that neurons aIong the seriai sequence from VI to MT and MST

anal)'21: motion information over an increasingly large proportion of the retina (increasing

reccptive field size). respond selectively te more complex motion stimuli. become more

dircctly Ùlvolved wiIh oculomoter control. and the transformation of information between

aIe3S appear te dcve10p new and more complex properties. For instance. Ùl the case of the

two consecutive stageS MI' and MST. evidenœ suggests that MI' is a more general motion­

sensitive region of the cortex and it serves te refine and concenttate motion processing for

any motion dependent function. In contrast, MST represents a higher level of motion

proc:essing and is divided into functionally separaœ: subregions Mm and MSTd which arc

used for specifie applications of motion information.

Under many experimcntai conditions. the ability of the visual system te process

motion information bas been isolated and its propenies extensively studied. Many

experimcnts of electrophysiological ICCOIdings arc performed on behaving (or

anacstherizrd) monkcys that are visuaIly SlimulaIcd by large field information such as optic

flow fields.

1.2 Optic Flow: Stinwlusfor MSTd Neurons

Opticanay is the thIee-dimensional set of light rays reflected onte the retina from
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objects in our envir:mment. Qlangcs in the optic array resulting from the movement of the

eyes. head. body or by looking at moving objects result in what is tenned "optic f1ow"

(Gibson, 1950). Optic f10w can he thought of as the field of velocity vectors of light rays

that is in a COIlSlant state of smooth transfonnation as a resuIt of the relative motion hetween

the observer and the environment. This changing f10w field is defined bath spatially and

temporaIlyand its pattern depends on the direction of motion and the angle of gaze of the

subject. Optic f10w patterns present in our environment are the resuIt of complex

combinations ofrowion of the head or eyes and ttansIation of the subject. The most simple

fonns are thase due te pure rotation or pure translation. For instance a subject moving

teWatds the direction of gaze experiences a f10w field that consists of a radial component

only. Any changes in a region of the optic f10w field can he defined as a combination of

four mathematical transformations: div or expansion, curl or rotation, trans or translation,

and defor sbear (change in shape withODt change in area). Trans and de/bave direction and

magnitude and are expressed in vector fonn while div and curl bave only (signed)

magnitude and are expressed as scalars. These changes can he thought of as global

transfonnations oflocal points or events (Koendc:rjok, 1986; HaIris, 1994).

Optic fIow bas been suggested te contaio information available te our visual system

regarding the three-dimensional structure of objects and the environment as well as on

aspects of self-motion (Gibson. 1950). Although classically binocuIar disparity bas been

the fecus of most studies, it is now a well known fact that motion parallax and optic f10w

are aIso significant contributers te our perception of depth. This phenomenon is well

demonstrated by the faet that one eyed individuals and animals lacking stereopsis are
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perfectly able ta navigate effectively in the thIce-dirnensional environmenL Motion

parallax refers ta the relative movement of two object or environmental points caused by

the movernent of the observer or the objects. It was first noted by Helmholtz:

•... a persan standing still in a thick woods. where it is impossible for him

ta distinguish, except vaguely and roughly. in the rnass offoliage and branches aIl

around him what belongs to one tree and what ta another. or how far apart the

separate trees are. ete. But the mornent he begins ta move forward. everything

disentangles itself, and immediately he gcts an apperccption of the rnaterial

contents of the woods and their relations ta each other in space, just as ifhe were

looking at a good stereoscopie view of il.· He then further points: ·Objects !bat

are nearer appear ta move faster, those !bat are farther appear ta move more

slowly.· (Southall ed., 1925).

Velocil;y gradients are a component of optic flow and they are a resuIt of the relative

distance of objects or surfaces ta the observer. When looking at a surface while moving,

the parts cIosertaus willappearta movefasterthan ourpoint of fixation (which is virtually

stationary). Several studies stand evïdence for the effectiveness of motion parallax as a

sourœ of infonnaIion !bat can produce an unambiguous impression of the depth order and

shape ofobjects (Rogers et al., 1979; Braunstein et al., 1988). Many of these experiments

are unique in that they use a stimulus !bat is solely defined by motion paraIlax, therefore

the depth pen:eption is independent of other depth eues such as texture gradients or

binocular disparity. The aceuracy of judgements, which does not agree in aIl the

experiments, is beIieved ta be based on velocity ratios present in the stimulus disp~y as

well as the velocity of the maximum speed in the gradient (Braunstein et al., 1981;
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Braunstein et aI., 1988; Rogers et aI., 1992). The perception of absolute distance of objects

from the observer has aIso been suggested based on motion paraIlax information aIone

(Ferris, 1972). However, the data appears ta be aIso dependent on 5Object-training

paradigms and proprioceptive nonvisual factors 50ch as head movements.

In studies aimed at assessing Lite conaibution of optic flow information in the

guiding of self motion, computer generated random dot flow patterns are often used that

model the velocity vector fields generated on our relÏnac during motion. Optic flow

patterns can generate the illusion of self-motion in a stalÏonary 50bject and it bas been

shown that in such situations the thresholds of velocity and luminance for self-motion

dcœction are within the same Iimits as those for deteetion of the visual images themseIves

(Bcnhoz et al, 1975). Evidence 50ggests that~ field optic fIow patterns are, in many

viewing conditions. the only necessary source of information for the perception of the

direction ofheading. For instance, an observer that moves in a rigid environment and who

holcls the head and the eyes fixed will experience an optic flow pattern that bas a radial

pattern away from the focus of expansion. In this condition, the focus of expansion

jndicates the direction ofheading for the moving 5Object. However. in situations where a

rolational component is added ta the optic flow field, by the movement of the head or eyes

while traeking an object on the side. the optic flow pattern is no longer represented in a

simple radial fonn. Several experiments have studied the addition of extrarelÏnal

information (such as proprioceptive or "efferent copy" information from the extra-ocular

muscles) ta the perception of heading. Compatisons between heading judgements while

traeking a point and fixating a stalÏonary point with the flow field stimulating the effects
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of a tracking eye movements have been perfonned. Observers accurately judge the

direction of self motion based soIely on optic flow infonnation provided that the eye

movement velocities used are relatively slow (range of 0.2-1.2° per second) (Warren et al.•

1988; Warren, Motris et al. 1988). However with lùgher eye movement velocities. that are

more typical of natura! conditions (range of 0-5" per second). extra-retinal infonnation

about eye position are possibly needed for accurate heading perception (Royden et

aL.1992).

In nature, the optic flow patterns experienced by a moving subject a.re a result of

both sta%iOIlllIY and moving objects. The vector field resulting from the stati0IlllIY objects

in the cuvironment are purely caused by the motion of the subject whereas moving objects

generale motion vectors !bat are wue!aJed 10 ego-motion. In experimental conditions. it has

been observed !bat the accuracy of perception of heading from optic flow remain accurate

in the presence ofrnndom dot noise or dots with a rrDnced lifetime. These findings suggest

!bat the points that move independently 10 the movement of the subject are removed from

the anaIysis ofheadingfromoptic flowtields (Van Den Berg. 1992). Additionally. heading

accuracies incœase as the speed and density of dots in the stimulus is increased with the

motion ofpoints at the leve1 of the horizon playing an especially important role in heading

perception (Wauen and Hannon. 1988; Warren. Motris et al. 1988).

When the diIection of self motion is aImost perpendicular 10 the direction of gaze,

a more complex pattern of optic flow is generated on the retinae that includes a translational

as weil as a rotational component. FIGURE 1 is a simp1ified illustration of such flow field
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that is expcrienced by a moving observer. What is important to our project is the kind of

infonnation !bat a flow field similar ta the one in FIGURE 1 provides ta our visual system.

A close observation of this figure shows that the geometric relations among velocity of the

image of an object on the retina (1) at a disparity (a), the velocity of self motion (v), and

interocU1ar distance (1) can be given by the equation:

vIi =11a

It is thus seen that as the ab501ute value of a decreases, the velocities of the images (1)

decreases as weIl. It is clear from the fonnula as well as the figure that the images of

objects locaœd in front of the fixation point move in the direction opposite ta the direction

of self-motion, and the images behind the fixation move in the same direction as the

direction of self-motion. In addition, images that are closest ta the fixation point (lower

disparities) move at slower angular velocities (shorter arrows) while those fanhest away

from the fixation (higher disparities) move at faster angular velocities (longer arrows). In

this situaDon, a gradient of speeds and disparities is generated that depend on the positions

of the objects in the environment in relation 10 the observer and the fixation point

Infonnation provided by binocuIar disparity is, in this situation, a key point 10 the

perception of the direction ofheading based on flow pattern alone. Suppose the speed and

direction of the objects is aIl the infonnation available 10 detennine the direction of self­

motion. In this situation, the velocity pattern observed could mcan that self-motion is ta

the right (as the diagram depicts) or 10 the left. Hence, with speed and direction

infonnation alone ambiguities arise. On the other band. suppose that the direction

infonnation is tagged with depth information 50 that the foreground (near disparities) move
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to the left (as in the figure) and background (far disparities) move to the right. In this

situation. the only possibility is that the observer is moving to the right. Therefore. with

disparity information. the problem of heading direction is disambiguated and solved.

Physiological data confmn the above observations. In the dorsal region of area

MSTd, 90% of neurons show coarse disparity sensitivity (suggestive of analysis of global

motion): 95% of whicb are eithcr sensitive ta ncar stimuli (ncar cells) or far stimuli (far

cclls). The most striking finding is that 40% of cclls tested in MSTd prefcrred one direction

of motion when presented with one disparity and the opposite direction of motion when

presented with the opposite disparity. These cclls are named disparity dependent direction

selective or DDD neurons and a 1arge proportion of them respond prefcrentially ta

horizontal motion (60% of DDD œlls show preference for horizontal axis motion).

Additionally tIV'St ofthe MSTd œlls show a higher dischar!;e rate when stimuli with higher

absolute values of disparity move al faster speeds (Roy et al., 1990; Roy et al., 1992).

Looking back al FlGURE 1, it is clear that DDD œlls are excellent candidates for

determining the direction of self motion in sucb a situation. For instance, the population

ofœlls thatrespond well ta foreground stimuli moving ta the left and background stimuli

moving ta the right are the ones that are activatcd the most when self-motion is ta the right.

In addition ta the DDD œlls, other evidencc bas aœumulated ta support the role of

MSTd œlls as the ideal candidates for the analysis ofoptic flow. For instance, MSTd cells

prefer1arge field random dot stimuli and show little response ta small spots or bars of light.

Their receptive fields are significantly 1arge and sometimes cover ha1f or ail of the visual

field. They are sensitive ta a wide range of stimulus speeds (from ur to 80· per second)
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and are independent of dot density (responding to 350 dots/10002 to as little as 25

dots/10002
). The shape, exact siz.e, and sign of contrast of stimuli are also insignificant

factors in detennining the magnitude of their response (Saito et al., 1986; Tanaka et al.•

1989; Wurtz et al., 1993).

Physiological studies that have revea1ed the sensitivity of MSTd neurons to

changing l;,rge field stimuli have cOlÛmned earlier theories that optic flow patterns can be

analyz.ed by relatively simple neural mechanisms (Nakayama et al., 1974). Psychophysical

results in hwnans a1so indieate the existence of neural mechanisms that integrate motion

signals of more comp1ex nature such as rotational and Iadial motion. For instance, it has

been observed that sensitivity of direction of detection, in Iadial and circular optic flow

patterns, increases with increased signal to noise ratio. This finding was rneasured using

stimuli divided into sectors and varying the signal ta noise ratio ("noise" inc1uded sectors

!cft blank or fi11ed with incoherently moving dots). It is thus suggested that discrimination

of direction of stimulus motion takes advantage of signaIs from aIl sectors and that

speriaJjzr:d dc'CCtOIS (or neurons) that integrate motion signaIs ofdifferent directions from

diffcrent locations of the visual field exist in the visual system (Morrane et al 1995). Many

neurons in the MSTd region show sensitivity to such components as rotation and Iadial

motion of optic flow fields. Response to conlraction or expansion stimuli as well as

c10ckwïse and counterclockwise stimuli have been observed in MSTd cells (Saito et al.,

1986; Tanaka et aI.. 1989; Duffy et al 1, 1991). More comp1ex response patterns have also

been recorded in MSTd. For instance, doub1e-component (cells that respond to two

components of optic flow patterns), lrip1e-components (cells that respond to three
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components of optic flow patterns), as well as c:Ils that respond 10 intennediate stimuli (cg.

spiral motion) have been observed (Duffy et al.!.. 1991; Graziano et al., 1994). MSTd

cells indieate a complex method of analysis and the infonnation coding in this region is

perhaps not the function of a single cell but that of a population.

The link between the psychophysical perfonnance and neuronal behaviour is

demonstrated in a study when: the average psychophysical and neuronal thresholds of

MSTd cells 10 motion perception an: measured. It is shown that the behaviour of MSTd

neurons in respect to neuronal threshold din:ctly correlated with the psychophysical

perfonnance of the animaI subject. In sorne cases, the probability of the animaI choosing

the prefeued direction of the neuron under study increased when that neuron responded

more strongly to the stimulus (Cclebrini et al., 1994). Sùnilar comparison studies that show

a strong comIarion between the psychophysical sensitivity of the animal and the sensitivity

of individual neurons have been conducted on other motion sensitive areas of the cortex.

For instance in atea MT it is found that, in most cases, the perfonnance of an individual MT

neuron also closely approximalcs the perfOtI11llllCC of the monkeys behaviour (Britten et al,

1992). AdditionaDy, miaostimu1alion ofMT neurons causes the animal to perteivc motion

in the prefeued direction of the cells stimu1ated (Sa1mIan et al.. 1990; Newsorne et al,

1993). These studies an: evidence for a link between a specifie aspect of perccptuaI

perfonnance and behavioral dccision makings to activity within a specifie neuronal circuit

within the cerebral cortex.
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1.3 Goal ofOur Project

Specd gradients arc a major componem of ecological optic flow patterns and their

magnitudes and specd ratios arc dependent on the three-dimensional organization of the

environment and the specd of self·motion. In a specd gradient the images farthest from the

fixation point move at faster specds and those closest te the fixation move at slower speeds.

It is thus of much interest te fmd neurons that respond best te stimuli containing specd

gradients. MSTd bas proven te be the prime candidate in the analysis of large field stimuli

similar te optic flow fields and is therefore the focus of our probing. By finding MSTd

neurons sensitive te specd gradients, wc can show their potential role in providing

information on the three-dirnensional structure of the environment and the speed of self­

motion.

In a situation where the direction of gaze and the direction of self-motion are

perpendicular te each other, the speed gradient magnitude will proponionally increase or

dccrease (the speed ratios remaining constant) with the speed of self-motion. FIGURE 2

represents a simplified version of the change in flow field as a result of an increase in the

speed ofself-motion. Neuronal units that will respond te such change in the tlow field will

signal and lead te the perception of a change in the speed of self-motion. FIGURE 3

represeuts the condition where the speed ofself-motion is kept constant but the depth of the

objects in the environment is changed. In this situation the speed ratios as well as the

magnitude of the speeds are subject te change. Once again, a change in the response of

speed gradient sensitive neurons may signal a change in the three-dimensional structure of

the environmenL Therefore, discovering cells that are seleclively responsive te speed
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gradients is important in our understanding of the basis of the coding and perception of

changes in the environment as well as ego-motion.

It is important to note that with speed gradient information alone the speed gradient

sensitive neurons cannot distinguish between the two situations of FIGURE 2 and

FIGURE 3. In othe: words. a cell tha: responds to a change in the speed of self motion will

aIso teSpond to a change in the structure of the environrnent since the two rcsulting speed

gradients (2b and 3b) may be identica1 in magnitude and their speed ratios. Thercforc. with

speed gradient information alone, the visual system is unable to decïde wether the change

is due to a change in speed of self-motion or a change in the three-dimensional structure of

the environrnent. For unambiguous coding by MSTd cells and our visual system, other

infonnation or eues need to be intrOdnced Further approaches to this problem are

discussed in Conclusions and Summary.

The data presented in this report supports the hypothesis that MSTd cells are

sensitive ta speed gradients. It is concluded that they either play a role in signalling the

speed ofself-motion or the thrce-dimensional sttueture of the environrnent. The possibility

that these cells provide bath kinds of information cannot be excluded based on our data.

The purpose of this project was ta look for speed gradient sensitive neurons and by doing

50 ta lay the initial steps that wiIllead ta a multistep study that aims at understanding the

analytical methods usee! by the visual system to code the structure of the environrnent as

weil as the speed of ego-motion. The u1timate goal is ta find the neuronal basis of these

peteepts through a series of neurophysiological tests on area MSTd of the Rhesus.



•

•

16

-t ·
--~

FIGURE L A simpIificd version of the optic flow field cxpcricnccd by an observer

moving to the right (bold arrow) while fixating al a point F. Objects in the forcground

move in the opposite direction and objects in the background move in the saIne direction

as the observer. A gr:1dicnt of spccd and disparitics is present with objects with higher

disparitics moving al faster spccd (larger vclocity vcetors).
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FIGURE 2. 2a) The optic f]ow p:lt!CII1 rcsulting from rlle movement of an observer to rlle

left while fixaling on an object aI approximately right angle. 2b) The change in optic f10w

pattern resulting from an in= of rlle speed of self motion.
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FIGURE 3. 3a) The optic flow pattern resu1ting from the movement of an observer to the

left while fixating on an object at approxim:ue1y right angle. 3b) The change in optic flow

pattern resulting from a change in the thrce-dimensional structure of the environmenL
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2J Surgieal Procetbues andAnimal Care

The animaI that served as subjea to this study was prepared for eiectrophysiological

rccordings by surgically implanting a plastic cylindcr and hcad-holder (Crist Instruments)

on its skulL The implant was fonificd with the help of surgical stain1css steel and titanium

=ws (8 mi1lirncttcs in lcngth and 2 mil1imctres in width) and dental cement. Monitoring

of the eye movcmcnts was made possible by surgical placing of eye coils under the

conjunctiva ofeach cyc. Isoflurane gas was used for gcncral ancsthcsia during the surgcry

and all surgical procedures wcre condueted undcr ascptic conditions. Post-surgical care

included injection ofBuprcnorphine as an analgcsic and oral antibiotic to avoid infection.

Following surgcIy. the cylindcrs and wound edgc wcre c1eaned with saline, hydrogcn

pcroxidc, chl0r0bexidine, and other antiscptic produets on a dai1y basis. AIl procedures

wcre approvcdby the Animal Care Comnùttce at McGill and wcre in accordance with the

Canadian Council on Animal Care.

2.2 Behavioml Tnzining

Ten days following the surgcry the animal wcnt through several wceks of training

and leamed to fixate a spot of light while visual stimuli wcre presented. The method of

training was by trial and caor leaming whereby the animal was rewarded (with fruit, juice,

or special animal trcats) for every task: properly accomplished. During the training and latcr

during recording sessions, the rewards ~.re replaced with juice. The watcr intake of the

animal was controlled and the animal had to ca.-n rnost of its liquid intakes by pcrforming

the fixation task. The watcr intake during a recording session varied frorn day to day and
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was supplemented at me end of each day 10 maintain a constant weighL During long

holidays or following an operation me animal was provided wim water ad libitum. The

water control was needed for motivation purposes and performance of me fixation task.

During the recording and cleaning sessions (average six hours per day) me animal

sa! in a specially desîgned primate chair and its head was fixed through a head-holder. This

procedure allowed little head movements. The monkey was trained to fixate on a dot of

light in the centre of a 80·x66" (equivalent 10 130x14O cm) tangent scn:en situated 57 cm

awayo A reward was granted for each trial during which the monkcy's cycs wcrc kcpt

within an approximately 5"x5"arca ofelcaronic window smrounding me fixation. Ifeimcr

cyc lcft the window during this pcriod the trial was aborted. The cyc movcments wcrc

monitored using a rnagnetic scarch coù apparatus that sUIIOundcd me primate chair but did

not obstruct the vicw 10 me tangent scrcen.

A setofcomputer gencratedSlimuli wcrc projccted on the = whcrc me monkey

fixatcd. Each stimulus consistcd of a set of ovcrlapping planes of random dots with

diffcrcnt values ofdirection. spced, and disparityo The disparity stimuli wcrc produced by

ICplacing each dot with a horizontally scparatcd pair ofdots (green and l'Cd) and placing a

red filtcr ovcr the right cyc and a green ovcr me lcft cyc of the animal The following

formula was used 10 calculate the separation between the dots for me desircd disparity

values

a = [ tan°I (ü2f) - tan°I (ü2d)]

whcre a is the angle of disparity, i is me intcroeular distancc.fis me distance from me

midpoint between me animal's eyes 10 the fixation point. and d is me distance from me
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I~dpoint to the plane of the visual stimulus. For example, for the fIxation distance of 86

and an interoeuIar distance of 3.0 cm, a stimuli with 1° crossed disparity would appear to

be 30 cm in front of the fIxation point.

2.3 Electrode Penetration and Neuron lso1aJion

A hydraulic microdrive (Narishige) was placed on the recording cylinder and

allowed a gentle descent of the tungsten microelectrodes (Frederick Haer) through a

srainless steel guide tube. The guide tube was positioned a few mi11irnettes above the

loca!ion ofMST and pencttaIed the dura. Following the penetration of the microelectro<le,

a cell's activity was iso1alcd using window discrimination, and magnifIed and displayed on

an oscilloscope. The neuron acti'nty was assessed using an audio monitor and an on-line

rasIer display. The sensitivity of the cell to motion was initially tested by using random dot

from hand-held projectors or slits and spots of light from an ophthalmoscope. Cells that

wcre notmotion sensitive wcre not furthcr testcd. The receptive fields locations and extent

wcre dctemùned by moving the stimuli away from the centre of the field until the ce11 no

longer responded. The receptive field was markcd on the screen and its eccentricity

delcmüncd. Its size was estimaIcd as the square root of the 3ICa and the eccentricity as the

distance between the centre of the field and the fixation point. The computer generated

stimuli weIC then projected on the screen and the cell's properties weIC further tested.

2.4VisualStinudi

Each stimulus was random1y displayed for an avetage ofone second. The response
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ta each stimulus was viewed as a raster or a histagram. Dot number for all stimuli was 300

dots per stimulus so that the density of the dots varied with the size of the receptive field.

In stimuli with speed and disparity gradients, the random dot planes closest and farthest

away from the point offixation (higher disparities) moved at a faster rate than those closest

ta the point of fixation. Three types of stimuli were used in these experiments that tested

disparity tuning, speed gradient sensitivity, and speed tlming of the cells.

DISPARITY TUNING TESTS. The disparity tuning was examined using six stimuli of

single planes moving in the prefem:d direction of the cell al six disparities: crossed 1·, 2·,

3·, and uncrossed 1·, Z', 2.5".

SPEED GRADIENT TESTS. The tuning 10 specd gradient was examined by using the 5

different pairs of stimuli that moved in the prefcned direction of the celL Each pair

consists of a control stimulus (containing no specd gradient) and a stimulus with planes

moving at diffcrent specds:

pair 1: stimuli (3 planes) containing disparity gradients with and without specd gradient
pair 2: stimuli (3 planes) moving al one disparity with and without specd gradient
pair 3: stimuli (3 planes) moving al the plane of fixation with and without specd gradient
pair 4: two plane moving in opposite directions with and without specd gradient
pair5: a single plane moving in one diIection with or without speed gradient

SPEED lUNING TESTS. The specd tuning was examined by presenting 10 stimuli

moving aldifferentspeeds (mcluding O"/sec) al 0" disparity. The speeds tested include: 10·,

20",30·,40·,50",60·,80·,100·,120·, and O"/sec.

2.S ldenti./ictltion ofMST

MST was located. using a magnetic resonance image of the animal's brain that
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alIowed visnaljzarion of the superior temporal sulcus (STS). The physiological properties

of the neurons were aIso used 10 conflITTl the area of recording.

IDENTIFICATION BY MRI. Afrtr surgery, the monkey was anaesthetized and a magnetic

resonance image of its brain was obtained. Although MST itself could not be seen in the

MRI, its approximate location within the STS was estimated by identifying and assigning

coordinates 10 tlùs suIcus. Upon examination of the images, the STS and middle temporal

(MI) area were localjzed MT could be localized on the posterior bank of the STS because

ofits high myeIin content. The distance from MST 10 the centre of the recording cylinder

(reflectcd as a shadow on the image) was aiso mcasured.

IDENTIFICATION BY PHYSIOLOGICAL PROPERTIES. In all the experiments, the

electrodes penetrated venically in the direction of MST. Cells were tested for properties

sucb as response 10 large field stimuli. disparity, and size of receptive field that could

distinguished them as MST neurons.

2.6Hardware andDatll Analysis

The paradigm. storage, and immediate display of the data were controlled by a

reaI-time experlmental software, REX, whicb ran on a 486-PC computer. The large field

random dots were generated by a PC-286-based microcomputer and projectcd onto the

screen using aTV projector (Eectrohome ECP 31(0). The data for each cell was collectcd

in separa!e files and analyzcd using MATLAB. Activity ofa cell in response 10 a stimulus

Wl!S measured in terms of number ofpulses or spikcs in the rime window during whicb the

stimulus was presenled. The tirst 400 milliseconds was excluded from analysis 10 remove
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the strong "ON" or phasic response that was typically present following stimulus

presentation and was less selective for the type of stimulus presented. The response

between 400-1000 millisecond was then averaged over n trials (n = total number of trials

of the cell's response to one presentation of one stimulus). Graphs and figures were then

made using MATLAB and COREL software packages.

2.7 HisJology

Since the monkeys is still alive and used for further testing. histological

confinnation is not available. However. wc believe that the application of the MRI and

physiological testing has provided satisfaetory results in the identification of MST.
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3.3 Speed Tuning
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Following isolation of a neuron. severa! ll:sts werc conducted in order ta determine

its physiologicaI properties and confmn its location in MSTd. First the directional

selectivity and the rcsponse selectivity ta random dot stimuli or small slitslspots of light

werc tested. Then the size and the location of the receptive field werc dell:rmined using the

steps described in Methods and Mall:rials. A celI showing no visual rcsponse was not

funher tested. 13 directional selective cells that prcferrcd large field random dot stimuli

werc iso1aled and ll:Sted in one hemispherc of the Rhesus monkey. AlI had receptive fields

typicaI ofMSTd that covercd a large portion of the contralateral visual field and that came

close to or included the fovea

3J Disparity Sensitivil.y

A neuron is considercd disparity sensitive if it shows a significant incrcase in

neuronal rcsponse to a stimuli having different horizonlal disparities. To dell:rmine ifa cell

is disparity sensitive a disparity index is used that is defined as: DI = 1-(N-S)/(P-5) wherc

Pis the average of the discharge rates for the prcferrcd disparities (crossed or uncrossed),

N is the average of the discharge rates for the non-pœfwed disparities, and S is the average

of the spontaneous activity (before stimulus onset). A DI of 0.2 or more is takcn as an

indication of the disparity sensitivity of a neuroD. DIs of larger than 1.0 indieate neuroDS

that show an increased discharge rate for the pœferrcd disparities and a decrcased discharge

rate below spontaneous for the non-pœferrcd disparities. We have found 5/13 neurons that

show far or near tuned disparity sensitivity typical of area MSTd. The DIs of the cells in

this study are shown in TABLE L Most cells showed a DI of 0.3 and only 1 had a DI
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larger than 1 (DI= 5.7). FlGURE 4 shows a far nemon (preference ta all uncrosscd

disparities of 1°. 2°. and 3° present in the stimulus) with a DI of 0.3.

TABLE L Disparity indexes of the rccordcd disparity sensitive neurons

1:;uron # 1:.: 1:.: 1:'3
6

1:'3
8

1-:-.3
1
_
2
_-

In a prcvious study on MSTd (Roy et aL. 1992). from a sample of 272 neurons over

90% showed sensitivity ta binocuIar disparity and 95% ofdisparity sensitive neurons wcre

cither far or ncarœil prcscntcd at cqual frcquency. In our sample only 385% ofceIIs wcre

disparity sensitive and ail preferrcd crosscd stimuli (far ceIIs). Thesc findings raiscs

questions about tbe location ofour rccording eIcctrodcs in relation to MSTd. Two possible

cxplanations may belp to cIarify the situation. Fustly, the sample sizc uscd in this study is

relatively smaIl comparcd to typical studïes. The number of rccorded neurons bas been

limited as a result of the many teehnical problems that arase during the two years of

rccordi'1g from ~wo differcntprimates. The first primate uscd was eutbanizt:tf at the end of

the first year and is believed to have had an abnormally smaIl (or none at ail) MST area.

This unusual situation has also been observed in other Iaboratories using nonhuman

primates (personal communication with Dr. Tanaka). The rcsults from the first animal is

not incIuded in tbe Thcsis. The second primate provided us with the rcsults prcsented herc.

However, the implantation procedure on this primate (MRI compatible plastic head

cquipment and the initial use of fewer head screws) was experimenral and causcd many
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inconveniences during the recording period (detaehment of the implant and the eyecoils

happened a number of rimes). Basee! on such a small sample size only weak statistical

statcments on the population of cclls in MSTd can he made. Secondly. the small percentage

of disparity sensitive neurons observed may he becanse despite our careful estimations from

the MRI and targeting of MSTd. we might not have been in the predieted area at all rimes.

However, the possibility of this is rather slim since all but only 3 of the ceUs were recorded

from the same guide tube aI approximately the same depth. More specifically, 10 cells were

rccorded aI a depth of 8.75-12.75 mm be10w the edge of the guide tube, only one was

recorded aI 16.75 mm, and the other 2 cells were aI unknown depths. It should be noted

that the above IJICllSUIeIIICIts and the starting point of an electrodc aI the edge of the guide

tube are only estimates with a 4-5 mm variability from one recording session to the next.

Hencc the possibility that the neurons were recorded from different cortical areas is highly

unlilœly and the disagxeement between the perœntage of disparity cells in our sample with

the ones of other studies is Iikely due to the statisticallimitations of a small sample.

3.2 Speed Gmdient SensiJivity

To stl!tistically test the significance in the increase of the discharge rate ofa neuron

in n:sponse to a speed gradient test, the stlldelll t test with a confidence interval of95% (p

= 0.05) was used. The stimuli used to test sensitivity to speed gradients have been

previously described to be 5 pairs of control and speed gradient containing stimuli (the

existence of the 5 different pairs of stimuli has no relevance to the results presented in this

Thesis and the appearing redundancy is due to the changes of project aim that lOOk place
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along its course). Data on speed gradient testing is available in only Il neurons with sorne

being tested with three and others with aIl 5 of the test pairs. A neuron that responded to

at Ieast 1 in 5 of the stimuli was considered speed gradient sensitive. The responses of the

neurons to speed gradients were found to be bath excitatory and inhibitory. A total of 3

cells in this sample showed a significant increase and 4 neurons showed a significant

decrease in activity to speed gradients as compared to control stimulus. 1 of these neurons

(neuron al8) shows bath excïtatory and inhibitory responses to speed gradients. FIGURES

5,6 and 7 show the neurons that are stimuIated by speed gradients. FIGURES 8, 9, 10 and

11 show the neurons that inhibited by speed gradients. The analytical power and

significance of the inhibitory type of neuronal behaviour is unclear. One possible theory

nùght be that this kind ofinhibitory signaIIing may play a IOle in the popuIation coding of

a group of speed gradient sensilive neurons by accentuating the response of a

compIimcntary sets of neurons sensitive to the a closely rcIated speed gradient stimulus.

3.3 Speed TURing

Data is avaiIable on only 2 speed gradient sensitive neurons. FIGURE 12 shows

the results of the testings. The test for speed tuning bas already been dcscribed in the

Methods and Material Both nemons show a very simiIar type of broad tuning with a slight

shift towards slower speeds. The purpose of testing the speed gradient ceIls for speed

tuning is to eIiminate a possible interference of the preferred speed of the neuron in the

responses recorded during speed gradient tests. In other words, ifa narrow speed tuning

or a preference for a pattïcuIar speed is observed in a cell, it would be necessary to test the
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ccll for spced gradient sensitivity at prcfcm:d as well as non-prcf=d speeds. In the 2 cells

tested for speed tuning it is clear that the increased discharge rates of neurons tested for

spced gradient sensitivity are not a result of the presence of the referred speed of the neuron

since the neurons have a rather broad spced tuning curvcs. It is thus confinned that the

responses seen earlier. are purely due to the presence of speed gradient infonnation in the

stimuli.
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horizont:l1 axis 3l'C the 6 differen[ disparities and on the vcrtic:l1 axis is the discharge I;ue

•
in spikes pet' second. The cell shows inCI'C:lSed response above spontaneous (str.ligh[ line)
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In this study, neurons in arca MSTd in the pari::tal cortex of the rhesus monkey have

been testcd. 3 neurons showed a signiflcant increase and 4 showed a significant decrease

in aetivity when stimulated with speed gradient information as compared ta control. Speed

gradients are a common component of natura! optic flow and they are the result of the

motion between the subject and the objects loc:ued in a three-dimensional arrangement. For

instance in FIGURE 1 the motion of the observer causes the images of objects the

foreground and background ta move at different speeds on the retina creating a speed

gradient. TheoreticaIly, speed gradient infonnaIion can provide the visual system with cucs

signalling the speed of self motion as weil as the three-dimensional arrangement of the

environment. The speed gradient sensitive ceIls found in MSTd confum this theoxy and

provide the biologicai basis for this type of anaiysis by the visual system. For instance. if

a moving observer with a gaze direction approximarcly perpendicular ta the direction of

self-motion increases their speed, as in FIGURE 2, then an increase in firing rate of

approprlaIc ncurons may 1llIœ place. Thus ceIls sensitive ta fastcr speed gradients will stan

firing as a result of the increase in the speed of the observer. A similar change in firing rate

ofcdl populations might1llIœ pIace in a situation where a change in the three-dimensional

arrangementoftbe environment takes place. This situation is depietedin FIGURE 3 and

will result in an identical neuronal response as in the first situation Our findings of neurons

that respond ta speed gradient information is of great importance hoWl.'VCI' speed gradient

sensitivity alonc does not distinguish the neuronal response caused by a change in speed of

self motion and that ofa change in the three dimensional structure of the environment. To

disambiguate the situation, the visua1 system needs other types of information and cucs. A



• 40

possible infonnational candidate that may pravide. in conjunction with speed gradient

infotmation, more specificity te the response of these neurons is binocular disparity. Cells

in area MSTd do show a response te binocular disparity hence it is natura! to look for a

possible interaction of disparity and speed gradient information at a neuronalleveI.

Refer back te the fonnula introduced earlier in Introduction and Review: vii = y/a

where v is the velocity of self motion. y is the velocity of the image of an object on the

xetina al a disparity a., and i is the interoeular distance. Since interocular distance does not

change for a subject wc can concludc that the speed of self motion is dependent on the ratio

between speed and disparity. In other words. the speed of self motion is not coded by a

change in the speed of the image of the object per se but rather it is coded by the speed of

the image of the object in depth. Tberefore, neurons !bat respond te different values or a

IIlIIIOW range ofangular speed te disparity ratios (y/a) can unambiguously signal the speed

of selfmotion. A possible sets ofstimuli for finding MSTd neurons sensitive te y/a. can be

a set of planes moving at a range of different specd/disparity ratios. For instance with a

speed of self motion of 1 rn/sec (v = 1 rn/sec) and an interocular distance of4 cm for the

monkey (i = 4 cm) one may calculate the following:

for a. = 0",
0.= lor-l",
a. =2 or-2°,
a.=3 or-3°,

y=OO/sec

y=2S'/sec
y=Soo/sec
y= 7S"/sec

Similarly, for a speed of self motion of 0.1 rn/sec and 10 rn/sec (one order of magnitude

smaller and larger respectively) the following is calcnlat"'!t
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for a= 1 or-1°, 1=2.S"/s~

a = 2 or -2°, 1 = S.oo/sec
a = 3 or -3°, 1= 7.5°/s~

at 10 meters per second:
for a = 1 or -1°, 1= 2500/s~

a = 2 or -2°, 1 = SOOo/s~

a = 3 or -3°, 1= 7S00/s~
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'The three sets of stimuli presented arc seen as containing three planes of random dot stimuli

moving at diffcrcnt speeds in depth. They provide a model for the optic flow experienced

by a moving observer (sinùlar situation as in FIGURE 1) at the three different speeds of

self motion (1, 0.1 and 10 m/s~ respectively). By finding neurons that preferentially

respond to a specifie range of speed/disparity ratios (or in other words, ceIIs that are tuned

for a specific rage of "(/a) wc would be able to provide evidence for the hypothesis that the

visual system, and neurons in area MSTd, use this method of analysis to signal the speed

ofself motion.

A second type of MSTd speed gradient sensitive neurons that specifically and

unambiguously code for the three-dimensional struetUIe of the environment of a moving

observer may exist. Such ceIIs may he tuned for specific speed ratios. This hypothesis is

bascd on the relation between the depth ofan object relative ta another and their speeds of

motion on the rctina ofa moving subject. For iItstance two depth planes move on the retina

at two diflèrent spccds and the ralio ofthe distance between the two depth planes is directly

proportional ta the ratio of their speeds. The speed ralios therefore signal the distance of

the two depth planes (or objects in depth) relative ta one another. This critical parameter

of speed ralios can proville valuable infonnation on the relative distances ofobjects and the

structure of the environment. Since speed gradient sensitive ceIIs have been found in area

MSTd, the next step in finding ceIIs that unambiguously signal the struetUIe of the
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environmcnt is ta test the sensitivity of these cells ta specifie speed ratios and detennining

their tuning curves for t1ùs parameter. The hypothesis is that sorne neurons in MSTd are

differentially tuned ta different ranges of speed ratios. The type of stimuli that may be

used ta test neurons in MSTd could be two or three moving planes with speed ratios of 1:1

ta 1:10. For instance in a three plane stimulus (the visual system is most likely ta compare

the speeds of at most three objects at any single time) a stimulus with speed ratio of 1:5

contains three planes moving at 1°, 5", and 2S' per second. This stimulus will in tum signal

t!>.ree planes or objects where the closest is at 1/5 a distance as the second which in tum is

at 1/5 a distance as the fanhest. Fmding cells that are tuned for speed ratios will provide

strang evideoce in support of the ability ofneurons in area M:>Td in processing the relative

distances of objects and therefore signalling the thrcc-dimcnsional structure of the

environmcnt.

In conclusion, by finding cclls in area MSTd of the rhesus monkcy that prcfer optic

flow signais conlaining spccd gradient information the first step in dctemùning the role of

this area in signalling the spccd of self motion or the thrcc-dimcnsional stIueturc of the

environmcnt bas bccn taIœn. Specd gradientpolCtItially providcs two types of information.

One type is related ta changes in the speed of self motion and the second type is related ta

a change in the arrangcrncnt and relative distances of objects in the cnvironmcnt. Cclls

sensitive 10 spced gradients can thcrefore providc the subjcet with cither one or bath types

of information. In order ta dctemùne the exact role of thcsc cells. it is important ta take

further steps in testing spced gradient sensitive MSTd cclls. Two types of hypothetical cells

that may disambiguatc the above twO simarions bas becn proposcd. h should be mcntioned
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that assigning the l3Sk of the signalling of multidimensional infonnation such as the speed

of self-motion and the Sll'UCtUI'C of the environment to single ccII unies is perhaps less likely.

Signalling of this type of infonnation is possibly me function of neuronal populations. And

perhaps optic flow panems of such may he analyzed by two different and coexisting single

unit and population coding strategies.

It is hoped that the study outlined in this thesis bas provided the first evidence of

neuronal unies that may play a role in the analysis of speed gradient information by our

visua1 system.
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