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Abstract

In non-human primates, the central coding of spatial parameters such as the
direction of asaccade or a sound sourdeas been shown to rely upomeural
maps. In humans, visuotopic and somatotopic organization has been
demonstrated for primary sensory and motor areas; however there is no direct
evidence that high-order spatial parameters may have a map-like
representation inthe human brain. We measured changes daerebral
metabolic activity byf-MRI evoked by optic flowssimulating ego-motion to
determine whether activations depend on the speckfeading direction. @tic
flows simulating headingtoward a cloud ofstationary ots either in the gaze
direction or in an eccentric directionwere presented. Activation within the
cuneus - superiorand medial occipital gyrus and the superior parietal lobule
and precuneus was found during the perception of eccentric headings.
Furthermore, rightward headings activated theseregions within the left
hemisphere, and leftward headings activated the corresponding areas in the
right hemisphere. Both hemispheres were activated during the presentation
of up and downheadings. The results indicate a spatiabrganization for the
central representation of heading.
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When navigating humans can recover the direction of self mofiomm
visual cues. It has longbeen contended thatthe most important source of
visual information for heading estimation isptic flow (1), namely the set of
instantaneous velocities, within the image pne, ofthe elements comprising
the visual scene. While aumber of algorithms for the estimation ofheading
from optic  flow have been suggested (e.g. 2), and numerous
neurophysiological investigations have addressedthe properties ofsingle
units in areasputatively involved in heading estimatiorf3, 4, 5)the question
of how the directional components of heading may bepresented centrally
has received scant attention unil recently (6, 7). The only psychophysical
data relevant to this pgcific issue have shown thatthe principal components
of the errors made by humansubjects inthe estimation of heading,based on
the focus of expansion, are aligned wth azimuth and elevation (8).
Furthermore, inhomogeneitieshave been found in theestimation ofazimuth
and elevation, the azimuth being estimated ame accurately for headings
toward the lower visual field and elation being estimated are accurately
for headings toward the upper visual field. Theseresults were taken tomply
that a) there are two populations of nits tuned to azimuth and elevation
respectively and that b) these units may share a common cortical map (8).

Germane to the concept of a map is thetion of spatial coding,namely
that different values of @arameter are represented within different regions
of a given cortical area (9). Alsmeural maps maycontain representations for
a number of different parameters (9). If indeed heading hasap-like neural
representation, then one would predict that homologous areas of each
hemisphere would encode headings towrds the opposite side of space;
otherwise if anon-spatial representation isised, thetwo hemispheres should
not be expected toengage differentially in the estimation ofrightward and
leftward headings. Secondly, the azimuth and ekvation of heading may be
represented within a single map, have separate neuralrepresentations, or
different maps may be used tepresent upward and downward headings. We
present psychophysical and neuroimaging data relevant to the issue of
hemispheric differences inheading estimation and neuroimaging data
concerning the mapping of azimuthal and elevational components of heading.
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Results

The first report of a difference in the estimation of leftward vs.
rightward heading is due t€rowell and Banks(10). Theseauthors found that
the accuracy in heading discrimination was significantly better rightward
headings than leftward headings wheoptic flows were presented at 40of
eccentricity on either side of the vertical meridian. It wasggested thathese
differences may bedue to retinal inhomogeneity, the nasal portion of the
retina being known to contain a largenumber of photoreceptorsthan the
temporal retina. Howeversince their conclusion was basedsolely on data for
one subject with only right eye viewing, it cannot beruled out that the
difference in heading discrimination accuracy might rather depend on a
hemispheric difference. Indeed hemispheric differences maypetter account
for the finding that when optic flows were presented in centralvision this
same subject was nore accurate inthe discrimination of rightward than
leftward headings for headings whose eccentricity was between 10 and 40
(10).

We designed apsychophysical experiment tdetermine whether the
difference in the estimation ofrightward and leftward headings is due to a
retinal or avisual field inhomogeneity. Subjects viewed monocularly optic
flows, centered atthe fovea, simulating self-motion relative to a&loud of
stationary dots and were asked dstimate the simulated heading atthe end of
each trial by placing a cursor inthe perceived direction ofthe focus of
expansion at the end of each trial. As shownHig. 1,the cumulative variance
in the estimation of both azimuth and eekvation is lower for rightward
headings than leftward headings regardless whettiter left eye (forazimuth
F(1480,1477)=1.113;p<0.05; for elevation F(1480,1477)=1.089p<0.1) or the right
eye was used FH(1473,1469)=1.142, p<0.05; F(1473.1469)=1.103, p<0.1). Aso,
subjects underestimated omverage the true heading, the magnitude of the
squared constant errorhaving been found to beless for rightward than
leftward headings both for left eye (for azimuth F(1,46)=1.94, p<0.2; for
elevation F(1,46)=1.757, p<0.2) and right eye viewing (F(1,46)=7.270, p<0.02;
F(1,46)= 1.746 p<0.2)These dataimply that the difference inthe accuracy of
the estimation of rightward and leftward headings, for the azimuthal
component at dast, cannot be accountednly by retinal inhomogeneities.
Rather, there must be adifference in the way each hemisphere isable to
process heading informationthe higher accuracy inestimation ofrightward
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headings suggesting deft hemisphere superiority inthis task. Stated
otherwise, these psychophysical data indicate that eachhemisphere does not
contribute equally to the estimation of leftward and rightward headings.

In order to directly test the hypothesis that eccentric headingkad to
the activation of the contralateral hemisphereand to determine wvhether
heading azimuth and elevatiomare represented in @ommon cortical area, we
resorted to functional Magnetic Resonance Imaging (f-MRI). In these
experiments, four sequences were pesented tothe subjects. Bch sequence
consisted ofalternating optic flows simulating self-motion either straight
ahead, that is in thalirection ofthe fixation point, or motion inone offour
eccentric directions,i.e. 3 to the left, right, above and below th&xation
point. The activatins during the presentation ofindividual sequences were
computed by cross correlating the f-MRI signal with the stimulus sequence.

Since we did not monitor eye movements it is possible that ab&vation
during the presentation of the eccentrlieadings were due toeye nobvements
made by subjects to bringthe focus ofexpansion onthe fovea (despite the
instruction to keeptheir gaze on thefixation cross). Even in the absence of
overt eye movements, attentional mechanisms ghti have been engaged
during the presentation of eccentric headingBrevious wveork has shown that
while the neural networks which subserve saccadie movements and shifts
in attention arelargely coextensiveand comprise both anterior and posterior
areas of thebrain(11, 12), the presentation ofoptic flows simulating forward
motion causes activaths in the posterior regions ofthe brain with little
activation in the anterior regions (13).

We compared the number of voxels activated in the anterior and
posterior portions ofthe left and right hemisphere ofsix subjects whotook
part in the experiment (see Methods) after theanatomical images had been
warped into a common coordinate system. Greater activation, in both the
anterior and posterior quadrants ofthe right hemisphere than the
homologous quadrants ofthe contralateral hemisphere,was found when the
sequence containing leftward headings were presented. However, during the
presentation ofthe sequence Wh rightward heading, the left posterior and
right anterior quadrantshowed greater activation. Thus the lateralization in
the posterior quadrants ofhe brain covaried \th the heading direction
whereas the anterior regions showed aright hemisphere lateralization
irrespective ofthe heading direction. Any activation irthe anterior regions
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may, at this point, bebest explained by the engagement ofattentional
mechanisms duringthe perception of eccentric headingpossibly resulting
from the additional effort tokeep steady fixation. #entional nechanisms
cannot accountfor the patern of activation inthe posterior regions since a
right parietal dominance has been shown intasks involving shifts in
attention to both visual hemifields (11, 12).

Next, foci of activation were localized by superimposing individual
subjects’ activationmaps onanatomical images (see Fig. 3) and scaling each
subjects's brain volumetric reconstruction to a common coordinate system. The
"average" coordinates ofhe actvations that are consistent across subjects
were calculated by cluster analysigsee Methods). As shown inthe table, the
group analysis revealed activation the cuneus and superior occipital gyrus
of the right hemisphere when leftward headings were presented. When
rightward headings were presented, the cuneus and superior parietal lobule of
the left hemisphere were activated. Wh upward heading wdound bilateral
activation in the cuneus superior occipital gyrus. Whendownward headings
were pesented wefound bilateral activation in the precuneus -superior
parietal lobule and superior occipital gyrus - medial occipital gyrus.

These data confirm the patern of Ilateralization found in the
comparison ofthe activatons of the anterior and posterior regions of the
brain and most importantly lend support to the hypothesis of a spatdé for
heading. Interestingly, both optic flows simulating upward and downward as
well as sideways headings activated overlapping areas othe occipital and
(upward headings excluded) parietal cortex.

Discussion

These data are consistent with our previous speculation (8) that rtecatoarea
may contain a complete map for both azimuthal alévational components of
heading, as we found to be for the superior and medial occipital cortex. A point
of interest is thefunctional localization of this occipital activation. In a PET
study by de Jong et al. (13) ¢lie cerebral blood perfusion changesevoked by
optic flows simulating straight ahead headings on a groundplane vs. stimuli
in which the velocity directions had been randomized, itvas suggestedthat
the occipital focus of activation may correspond tarea V3. More recently, it
has been shown that area V3ahich shares posteriorlythe representation of
the lower meridian wth area V3, hasgreater sensitivity tomotion than area
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V3 (14). Furthermore, whereas area V3 hasetinotopic representation of the
lower visual field only, areaV3a contains arepresentation oboth upper and
lower visual fields (14). The finding that ac&tions take place inoverlapping
regions ofthe occipiral cortex for optic flows simulating both upward and
downward headings suggests to us that they may take place in\a&aather
than area V3.

It has been contended that self-motion estimation must depend upon the
integration ofwide areas of the opticflow (e.g. 15), the information provided
by peripheral vision being most important, and that cortical ak&T (3, 4, 5)
and parietal area 7 (6), which contain neurons with largeeptive fields, are
the best suited for this taskdowever, psychophysical data have shown that
the accuracy of heading estimation Il®est when optic flows are pesented at
the fovea with no impvement in accuracy beingnoted when larger optic
flows are presented (16, 17, 18). Furthermore, most of itfermation rekvant
to the estimation of heading is limited to thosegions ofthe optic flow whose
visual direction is inthe proximity of the direction of self-motion (19). Thus,
the relatively small size of the receptive fields in area \a, intermediate
between that of primary visual cortex and area VJ%14), may not be the
limiting factor on heading accuracy

Parietal activations behaved similarly tthe occipital activations except
that no activation was found for upward headings. The implications of this
result are unclear atthis point. We shall only pointout that in non-human
primates, single unitrecordings inparietal area 7a have showrhe presence
of cells responding tolarge field optic flows and possibly tuned toheading
(20).

Two areas inwhich we did not find activatons are worth mentioning.
Firstly, in area V5 (MT/MST) no activity is evoked by a change in heading. This
result seems tonegate the existence of a heading map ithis area. Also, no
greater activity is evoked in area V5 byptic flow stimuli as compared to
randomized motion fields (13). These data argrobably in keeping wh the
non-selective nature of V5 activations relative tstimuli with high temporal
frequency content (21).

Secondly, De Jong atal. (13) ®eported ventral occipito-temporal
activations. The lack of activation inthese areas in th@resent study may be
attributed to differences irthe nature ofthe simulated environment (a cloud
in this experiment versus ground plane in de Jong's), tre nature of the
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control stimulus (randomized motion fields versus optic flows). Regardless of
the reason, the implication of this result remains the same; namehhewding
map is likely to exist in the ventral division of visual extrastriate cortex.

Methods
Psychophysics

The stimuli were generated off-line on a Macintoshlifx and were
displayed on a Hitachi monitor (SWM9B) with a refresh rate of 67
frames/second. The optic flows subtended 45 of visual angle and contained
200 dots in positive contrast, each dot's image size being 6.7'. The icioisl X -
y screen coordinatesand Zcoordinate, that ighe virtual distance from the
observer, were assigned byampling apseudo random uniform distribution
and were contained within aolume of a trucated cone whosesmaller base
was three focal lengths away from theobserver and greater base sven focal
lengths away. The screen position of half of tHets wasupdated everyframe
and once adot reached a positionoutside the field of view a newdot was
generated. Sixtyne possible heading directions were simulated (seefig. 1)
and the speed of Hemotion matched the one that wouldhave resulted if a
smooth force pulsehad been applied to theobserver in africtionless
environment. Following the presentation of each trial, whikdsted 820 msec.,
the subjects were instructed to psition a cursor in the direction
corresponding tahe perceived heading.Clicking on the mouse pmpted the
computer to acquire the position of the cursor and to initiate a new trial.

Three students behging tothe psychology graduate programand one
faculty member from aifferent institution took part in the experiments. All
four subjects had normal or corrected to normalvision and gave informed
consent. During the experiments the subjects were cofortably seated and
viewed the computer screen through a circular aperture obtainetheinfront
panel of a viewing box. The subjects were instructed to maintain a fiold of
a bite bar to ensure a fixed position of the head. For each conditiorsubg¢ects
engaged intwo sessions ofdata collection. In each sessiom88 trials were
presented, each session lasting0'. had to position a cursor in thairection of
the perceived heading. We quantifiedhe reliability in the judgments by
computing the variances inthe cursor's positionfor each heading direction.
Settings that differed by are than 3 standard deviations fronthe mean
setting were discarded.This resulted in between 0.4%nd 1.6% of thetrials,
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depending on the subject, not being included in the fimaklysis. Cumulative
variances were obtained byaveraging the individual variances in the
estimation of a given heading weighted Wye subject's cumulativevariance.
To quantify the magnitude ofbias in the estimation of heading wealculated
the squared constant error, that tke squared difference between the true
heading and the mearmettings' direction, averagedicross subjects.The effect
of heading was evaluated wh a mixed linear model were the continuos
variables were the squared azimuthand ekvation of the simiated heading
and the factor was the side (i.e. left vs right heading).

f-MRI experiments

The stimuli were presented on a screen with a projector (?) attached
Macintosh 8500. Therefresh ratewas 60 frames/minute. The stimuli where
similar to those used in the previous experiment, except that 50dots were
displayed in each frame, thedots' image size being 12'and the flowsize being
12°. Five different heading directionswere simulated,respectively toward the
fixation point or 3 in each of the four cardinaldirections. E&ch optic flow
lasted 20 sec.Paired optic flows simulating straight ahead and one of the
eccentric headings were presented consecutively six times

Six naive subjects wererecruited from the academiccommunity at the
University of Minnesota. Before the experiment they were shownthe stimuli
and were instructed tokeep their gaze on afixation cross displayed at the
center of the flow field. Then they were placed in tBeanner and anatomical
images were obtained prior tthe actual experimental session. During the
experiment the subjects werepresented Wwwh four sequences, each sequence
containing alternating optic flows simulating self motion straight ahead and
in one of the eccentric headings. Each sequence lasted four minutes.
The datawere acquired using T2* weighted multi slice echoplanar imaging.
The experiments were done on al.5 T Siemens Vision Scanner (Sémens
Medical Systems Inc.).During each blok, 110 images were obtained in 11
interleaved obligue axial images. A TR @fl sec. and anecho time of 51 mec.
were used (FOV: 256x256 mm2,matrix size: 128x128,voxel size: 2.0X2.0x7.0 mm3
with a 1.05 gap between slices). The anatomy images wbtained using a 3D-
MPRAGE sequence giving a resolution of 1.0x1.0x2.0 mm3 . Theye acquired
along the same orientation and with the same field of view as thRunctional
images.

to a
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Activation maps were computed bycorrelating the f-MRI signal to a
'box-car' function that matched the temporal course ofthe experimental
paradigm. A 4 sec. (Y.2 images) shift was allotted for bdymamic response in
the correlational analysis. A correlation coefficient threshold of 0.26,
corresponding to g-value o0f0.01, wasused. Voxels thatdid not have atleast
an activated neighbor in the 8 adjoining voxels were not considerefluiniher
analysis. The individual activation maps were normalized to Talairach space.

To determine consistent activationacross subjectsand their mean
Talairach coordinates we employed cluster analysihie number of clsters
was established for each condition by comparing tlexiance ofthe residuals
for n versus n+1 clusters until nosignificant decrease (p>0.05) in residuals

variance was found.
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Figures

Fig. 1 In the psychophysical experiments, subjects viewed optic flows

simulating heading inone of 6lpossible directions. a)The set ofsimulated

heading directionsthe cross shows the gaadrection. Only data for headings
lying on either side of the vertical meridian are presented (filled dots). The

headings were placed alongmeridians through the fixation point whose

orientation differed by 30 at incremental steps of 3.5 in eccentricity. b) The
variances in the estimation of azimuth and eekvation for leftward and

rightward headings are $©iown when subjectsviewed the stimuli with their

left and right eyes, respectively. The variance inthe estimation ofheading

azimuth and eekvation wassignificantly better for rightward headingsthan

leftward headings either whenhe left eye or theright eye was used. ¢) The
subjects also underestimated the true heading, the magnitude ofthis constant
error being greater for leftward than rightward headings

Fig. 2. Each subject's activation maps were divided in fourquadrants by the
mid-sagittal plane and the frontal plane passingthrough the VCP line. This
plane divides the brain in approximately two equal volumes and passes
posteriorly tothe central sulcus except at thesuperior medial edgewhere it
crosses the motor strip in the area of the lower limb eepntation. The
number of significantly activated voxels (r>0.26, p<0.01) wascalculated for
each quadrant and summed across subjectsThe figure shows the number of
voxels activated as dunction of heading direction. Posterior quadrantshow
clear tuning for headings Wwh greater activations for downward and
contralateral headings. Little differential activation is presenttha anterior
guadrants.

Fig. 3. Activations in one subject. The activation maps aresuperimposedupon
the 3-D reconstruction ofthe subject's brain obtained fromT-1 weighted
anatomical images.Areas ofactivation are rendered inred. Thecerebellum is
left covering the ventral surface ofthe occipito-temporal lobes as no
activation was observed inthis area. The idealized optic flowsrepresenting
the test andcontrol stimuli used aredisplayed onthe bottom. a)Activation
evoked by leftward vs. straight-ahead heading; b) activation evoked by
rightward vs. straight-ahead heading; c¢) activation evoked by leftward vs.

13
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straight-ahead heading; d) activation evoked by leftward vs. straight-ahead
heading. In this last condition only occipital activations are found.

Table. The table reports the mean Talairach coordinates ofthe foci of
activation. Only the coordinates of those clusters thatompassedactivations
at least three subjects are $own here. The anatomical structure and
Brodman's area corresponding tothe Talairach coordinatesare provided and
the standard deviations are reported in parentheses. The X aabrdinates of
the occipital activations were similar those given for area V3a by Tootell et
al. while the Y coordinate was 4 to 7 mm lesgshan the one reported for the

superior medial end of area V3a (i.e. 14,-84,19).
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