Functional Segregation of Color
and Motion Processing in the
Human. Visual Cortex: Clinical
Evidence

Anatomical and physiological investigations indicate
fwo major digtinet functional streams within the ex-

trastriate visual cortex of the macaque monkey, and-

behavioral observations suggest that the ventral (oc-
cipitotemporal} pathway is the cornerstene for. abject
recognition whereas the dorsal {occipitoparietal) path-
way is primarily invalved in visuospatial perception
and visuomotor performance. In the context of this di-
chotomy we conducted & psychophysical and neura-
psychological study of visual perceptual abilities in
two stroke patients, each with lesions involving sev-
eral extrastriate areas. Magnetic resonanca imaging
demonsirated bilateral lesions; in one patient (EW.} the
lesion invelves the ventral medial portions of the oc-
cipital and temparai lobes, and in the other (AF) the
lesion involves dorsally the occipital-parietal area, in-
cluding the region of the temporal-parietal-occipital
junction. EW. suffers from achromatopsia of central or-
igin, prosopagnosia, visual agnasia, and alexia without
agraphia. His depth and motion perception, including
recognition of moving objects, are normal. He has su-
perior visual field loss bitaterally, and slightly impaired
acuity, and complains that the world appears in a daap
twilight even on a sunny day. In contrast, AF. shows
specific deficits of stereopsis, spatial localization, and
saveral aspects of motion perception. He is also im-
paired at recognizing objects prasented from uncon-
ventional visws, but recognition of prototypical views
of objects, and colar and form discrimination are nor-
mal, as i his ability to recognize faces.

The anatomical characteristics of the lesions of
these two patients permit a direct experimental com-
parison of the effects of lesions confined 1o the parietal
or temporal pathways. EW.'s and AFs performance on
the psychophysical and neurapsychological tasks dis-
cussed here supports the functional distinction be-
tween a darsal and a ventral extrastriate system bot
additionally suggests the existence of & pathway in-
volved in identification-from-motion that is separate
~ from hath the dorsal early motion/spatial analysis path-
way and the ventral color/stattc-form pathway.
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srudies of the visual systern of the macique monkey
provide the best structural and physiological model of
the human visual system. Both they and we are Old
World primates, and the physiology and anatomy of
the macague visual sysiem are well studied. At sub-
corticai levels, the apatomy of the macague brain is
very similar to our own. At the cortical level, 3 great
deal is now known about the macagque but relatively
Hetle is known about the human visual system.

A wealth of anatomical and physiological studies
concerned with the characterization of visual prop-
ertics in the extrastriate regions of the macague have
Ied to the hyporhesis that each of these areas is spe-
clalized in a particular aspect of vision. In one of the
most influential schemes for the functional parcella-
vion of extrastriate visual cortex, Ungerleider and
Mishkin (1982) proposé two major “parallel” streams
of processing, both originating in V1. On¢ strcam pro-
gresses toward the temporal fobe via V4, and is ine
volved in the analysis of visual information relévant 1o
object recognition. The other sigeam COUrses toward
the parietal lobe via MT, and is indispensable for the
perception of visual information relevant to spatial po-
sition and visuomotor coordination. Recently, this
sharp separation in the visual system has been ¢hal
lenged (for a eritical review, se¢ Merigan and Maunsel,
1993) partly due to the discovery of abundant inter-
connections among the exXirasinare arcas (for review,
sec Felleman and Van Essen, 1991). However, abut-
dant cross-connections at various stages berwden €5
trastriate “visual areas in functionally different path-
ways are still consistent with anstomical segregation
over substantial portions of the parletal and temporal
pathrways (Merigan and Maunsell, 1993). For example,

IDtercOnnECTions may evoke one pathway to suppress

amother in the mechanism of selective visual atiention.
Most of the direct comparisons that have been made
berween the parietal and temporal pathways empha-
size primarily the contributions to visual analysis of
areas MT and V4, The major distinctive propertics of
these areas appear 1o be strong selectivity to motion
in MT, accompanied by indifference to color and form, -
and conversely conspicuous selectivity for color and
arientaton in V4 along with insensitivity 1o changes
in motion. The selectivity for color persists along the
occipital-temporal pathway (Gross €1 al., 1972y, where-
as the selectivity for motion-refsted information per-
sists along the occipital-paricral pathiway {Bruce &t al.,
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1981: Van Essen and Maunsell, 198%; Cowey and Mar-

car, 1993; Marcar and Cowey, 1993),

Puncrional segregation between the propcmcs of

the parietal and temporal pathways in humans bas
aiso been demonstrated in PET studies of normal sub-
jects, Most notably, Watson et al. (1993) and Zeki et al.
{19913 have shown substanrial spatial segregation in
cortical activation when subjects view color or mov-
ing stimuli, and Haxby er al. (1991) showed similarly
separate patterns of acevation when subjeets perform
a spatial task undetlying either judpements of face rec-
‘ognition or spatial relationships. Consistent with feu-
rophysiological data, these neurcanatomy studies sup-
port the model of 2 major segregatien of the
extrastriate visnal coriex into at Ieast ywo functional
Streams.

This segregation is reinforced by studies of 1esions
in restricted regions of the human visual Conex,
which often lead to specific deficits in visusl percep-
tion, Vaina (1989) showed thar patients with occipital-
temporal lesions are impaired at discriminating form
whether it is defined by orientation differences (tex-
ure), stereopsis, or motlon, yet their performance is
normal on a large class of motion discrimination tasks.
The converse hokls for patients with occipital-parietal
lesions, whose perceptions of motion and stercopsis
are impaived, although their form discrimination abil-
ity is generally unaffected. [There is, however, €V
dence that large parietal lobe lesions do not impair
global stereopsis in monkeys (Cowey, personal com-
munication), while temporal lobe lesions do (Schiller
ot al:, 1993),] Vaina et al. (1989) and Rizzo et al. (1992)
presented evidence for the dissociation of color and
motion perception in patients with central achroma-
topsia, Although in huatans such well-circumseribed
lesions are even more rarely exactly where one would
want them to be, it is irnportant to stady their effécts
psychophysically for a number of reasoms. Fiest, it
helps o map areas in human visual cortex that are
homologous and/or analogous To arcas in monkeys
where we ¢an learn much more about the cell phys-
fology and connéctional anatomy. Second, verbal re-
ports by human subjocts of damaged visual percepts
are incomparably more derailed and informative than
purely psychophysical data frora animals with specific
iestons, When the link between human and monkey

visnal cortical areas can be made with greater confi- -

dence, it will be much clearer how to interpret prop-
erties of cells in a given funcriopal/anatomical arca.
In this study we report the results of detailed psy-

chophysical and neuropsychological tests from rwo'

patients (E.'W. and AF) who have bilatesal lesions in
conjunction with particularly selective visual deficits.
. Patent £.W showed deficits in color discrimination in
the total absence of deficits in motion perception. Pa-
tient A.F showed the opposite pattern of deficits; that
is, he was impaired on motiGn but not color. A E's vie
sual motion deficits have been discussed before (Vaina
ct al., 1990a.b). Although other perceptual deficits
were found concurrently, the present results pravide
further support for the idea that different visual cor-
tical streams process color and motion aspects of vi
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sual stirmult. Furthermore, the location of these human
corrical areas is consonant with the general scheme
of parietal and temporal patheways of information pro-
cessing proposed in the monkey visual cortex (Un-
gerleider and Mishidn, 1982; Upgerleider and Desi
mone, 1986G; Mauansell and Newsome, 1987) and
dealing respectively with the position or the identity
of objects. '

The Patients

The localization of the lesion in both patients was
done by magnetic resonance imaging (MRI), and acu-
fry, visual fields, and eye movements were measured |
formally in neurc-ophthalmological cxaminations.

_Both patients underwent a detailed evaluation of their

perceptual abilities concerning form, colos, motion,
binocular stercopsis, and their abilitics to TECOgNIZe
objects and actions. Nomnal subjects naive as to the
purpose of the tasks used in this study were used as
control subjects. The vwo patients and the control sub-
jects gave wrirten consent to all the procedures after
they had been explained.

Case 1:EW
EW is 2 63-yearold right-handed man, 4 reured high-
school science teacher who was referred to us for the
clinical evaloation of percepiual and cognitive deficits.
His npeurclogical problems date from March 1983,
when he suffered a fght occipitotemporal infaretion.
He was then maintained on anticoagulation therapy
with Coumadin, which was stopped in July 1988
when he underwent surgery for the remaoval of a co-
lonic polyp. A few days later he developed headache,
nausea, vOmiting, gait instability, and giobal visual
changes. The patient’s clinical condition was consis-
tent with a new left occipitotemporal cerebrovascular
accident (CVA) that was revealed by MRY studies.
The neuro-ophthalmological investigation revealed
normal fundus in both eyes, normal pupils, and normal
optokineric nystagmus. Acuity was 20/40 in both eyes.
without correction. Visual ficids on Goldmann pert
metry (Fig. 14 B) demonstrated a sopertor latitudinal
defect in both eyes that is characteristic, although not
diagnostic, of patients with ¢orical achromaropsia
(Meadows, 1974). The MRI obrained at the tine of our
study (Flg. 1C-F) showed hilareral occipital lobe le-
sions, more extensive in the right hemisphere than the
left. The lesions extend ventally into ihe medial werm-
poral area, involving the hippocampus and parahip-
pocampal gyrus, and sightly into the parictai lobe, me-
dial and posterior to the rigone of the lateral

‘ventricle. The neurological examdnation did ot reveal

any paresis, ataxia, akinesia, or apraxia and therc were
no somarosensory deficis, including stereognosis. On
neuropsyehological evaluation, the results on subtests
af the Wechsler Aduit Inteligence Scale Revised
CWAIS-R) showed that hiz score on the verbal scale
(VIQ = 136) was above average, whereas on the per-
formance scale he showed a severe deterioration from
the premorbid level (FIQ = 7&). Memory, especially
visnal and topogmphic, was severely impaired, Prob-
lem-solving ability and reasoning were remarkably



Figure: 1. Viguad fialds and MBI of patient EW.'s braln 3 months faliowing a hemorthagic stroke and the localization of the axiaf seans on the lateral view of a
haman brain. A and B show EVs visual fields by Goldmann perimatry. The erasshatshed ares shows EWCs bilateral upper visual field loss. lsopters for targets
146 and iide are indicated. C-F show axisl slices of EW.'s T2-weighted MRI studies {T, 2000 msec; Te, 80 msac) revealing large lesions, consistant with infarcts,
glong the medial margins of bath temporal lohas (£), inta the medial portions of tha accipital lobes, The posterior pertion of the lesian in the left hemisphare
does not extend quite as far madially as in tha right hemisphare, Some small slight patchy hyperintense arees are sean at the cortical margin of the right pestarior
temparal-parietal-aceipital cegion of the right hemisphara (€, 2, suggesting some tissua lass as well, but the marging of the ares #ré not well-anough defined
To be cartain of discrete tissue loss. £ axtands through the frontal ard occipital horns of the lateral ventricles. Tha lasion in the right hemisphere extands about
the margins of the accipital horn of the lateral ventricle, extends up higher thar on the laft, and is still seen behind and atightly lateral 1o he body of the right
lateral ventricle (F. It alsa extands up medially to the occipital horn, in frant and hehind the parietal-oceipital suleus, Numerous bright foci ara alsa saen'scattersd
n the basal ganglia; the moat prominent one (small white arruw) lies at tha latersl posterior margin of the right thalamus, For G—F (Figs. 1 and 2% b/, hody of the
lateral ventricla; #), frantal lobe; f, hemosiderin; ah, accipital kom of the lateral ventricle; po, pariatal-oceipia) sulcus; ptof pariatatemporo-oecipital fossy; ssc,
superstlfar cistarn; ¢ trigone of the lateral ventriclas. For & (Figs. 1 and 2); JFyg, inferior frontal gyrus; ITg, infarior temporal gyrus; MFg, middla fronta) uyris; MTg,
middle temporal gyrus; MTS, middle temporal suicus; PO, parietal occipital sulous; Polg, postcentral gyrug; PrCy, pracantzal yyrus; $Fg, superiar frontal gyrus;
373, superior temporal gyrus; 78, supsrior temparal sulcus; SYt, Sylvian fissura; PTOF is the parietal-temporal-occipital fassa fram Polyak (1957, Fig. 273), which
several authors have supgested correspands to tha human hemolog of the macaque MT. The farizental fines denote the levals of the axial slicas sorresponding
o Duf.
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gool, There was no discernable aphasia or agraphia.
Calculations were normal. Copying was cxccllent. In
contrast, drawing from memaory was very impaired.
Thus, when asked to draw a banana, which he could
copy very well, he drew a large I-shaped form with
the cormer well emphasized.

" B.W. had persistent significant visual deficits consis-
tent with central achromatopsia, prosopagnosia, loss
of ropographic memory, alexia withour zgraphia, and
visual object agnosia. He reponted that the world

looked as if in 3 continuous “twilight and drzined of

color” His prosopagnosia was exwremely severe, he

was not able to recognize any of the members of his

family or to identify himself in 4 recent photograph,
and he could not idenrify any pardeular objects be-
yond their general category. He Could, Rowever, rec-
ognize people by their voice, posture, and gait, At the
hospital he could recognize familiar nurses as so00n as
they moved, but when they were seated in front of
him he failed to identify any of them EW. could see
lerters and words, but could aot identify them. He
could write well, and Iegibly, but was not able to réad
his own writing (alexia without ggraphia). In ocCu-
pational therapy and at home he went through many
sessions of retmining his reading of letters and words,
but he did not make any progress by the time of this
study (2 months after the second stroke).

He had severs deficits in recognizing familiar ob-
jects, photographs, and drawings (visual object agno-
3ia), and was unable to find his way even in the most
familiar surroundings (topographic agnosia). Even
when he recognized objects, such as shoes or clothing
items, for example, he could not distinguish between
those that were his own and those thar belong o
someene else, such az his son or son-inlaw, for cx-
amplc. )

Case 2 4.F.

Deails of patent A F have been rcportcdjm detail in

Vaina €t al. (1990a) and are summarized here. AF s a
GO-year-old lefthanded man, retired from a white-col-

lar job, who suffered an acute hyperteénsgive hémor- - -

rhage that required emergency hospitalization and
subsequently the evacuation of a large hématoma. The
neurological examination did not reveal any paresis,
ataxia, akinesia, or apraxia. An MREI stady (Fig. 20-1)
showed bilateral lesions involving the temporal-paric-
tal-occipital junction. The rght hemisphere lesion was
larger than the left but both extended dorsally inco

the posterior parietal lobes. The left hemisphere le-

gion shows tissue loss from an old infarct extending
along the lateral margin of the lateral ventricie and
around the marging of the occipital horn, going up-
ward posterior ta the body of the tateral ventricle and
into the medial pordon of the parietal lobe.

Visual field charted by Goldmann pernimetry re-
vealed a dense congruous loss of the left inferior vi-
sual field bilaterally (Fig. 24 E). Theré was 2 minimal
1ozs in the upper visual field. Letter acuity with appro-
priste correction glasses was 20/30. On the éxamina-
tion of ocular motility there was no strabismus, and
saccadic eyt movements were normal both to the
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‘right and 1o the left. He substimited saccades for

amooth pursuit when following a smoothly moving
target. This occurred both to the right and 1o the left.
He was unable 1o maintain fixation of left lateral gaze
and tended o drift back toward the céntral fixation.
Though arm movements were intact and he could
clearly perceive objects in the visual ficld, he was
somewhat inaccurale in wouching chjects placed in his
reach (more In the left visual field than in the rfight).
He complained of difficulties with reading and written
calculations, but he showed no deficits in oral calou-
lations. Copying and drawing weére poor and lacked
perspective. Printing in uppercase letters was very dis-
organized when hée wrote looking 2t the page, burt
when blindfolded or when writing cursive he was not
impaired. The difficuldes of reading and writing in
print were entirely derived from his inability to locate
letters znd numbers on the page under visual control.
As expected, writing cursive with lowercase letwers
wis good, since this does not require specifically vi-
suzl postrioning of each individual letter. On basic new-

. ropsychological cvaluation with the WAISR, AE ob-

tained an average VIQ of 104 and a severely depressed
PIO of 68,

General Methods and Results :

The psychophysical tasks for assessing the patients'
contrast sensitivity and perceprual abilities for form,
motion, and spatial Jocation were generated and pre-
sented by an Apple Macintosh Ikx computer on stan-
dard Apple monitors (the Pelli attenuator was used in
the contrast sensitivity tests for displaying low-con-
trast stimulfy. The monitor was 13 Inches along the
diagonal with a frequency of the vertical retrace in-
terrupt of 67 Hz, Viewed from 60 cm from the screen,
a pixel subtended 2 < 2 arcmin. In most tests, stimili
were displaved by the constani stimuli method to
compute the percentage of COrTect responses o stim-

ull with greded level of difficulty. In the contmast sens

sitivity and motion coherence tests stinmli were pire-
sented by a staircase procedure. I all the motion tasks
andom dots were used o minimize familiar position

cues and to isolate the detection of motion per se,

because in such displays it is impossible 1o track the
individual elements across frames by a2 shift in atten-
tion (Makayama and Tyler, 1981). All the computer-
preseated tasks were conducted at photopic light lev-
cls, Every new test was introduced by examples to
assure that the subject undetstood the rask. During
the example session feedback was given, For the com-
puter-presented tasks, each trial was initiated by the
subject by pressing a specially designated key and ob-
servers were asked to maintain fixation on a small
black mark in the ceater of the display. An excepiion
to this was the motion coherence task, in which the
stimuli were presented separately in each visual field
and the subjects fwated on a mark placed 2° to the
left ot 10 the right of the border of the stimndus ap-
erre,

Binocular stereopsis was measured with the clinical
Randot test (Randot Sterentests, Stereo Optical Co.,
Chicago, ILy and with a set of stereograms from the
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Figure 2. Visual fields and MRE of patient AF's brain 3 months following 8 hemorrhagic stroke and the localization of the axial scans on the lateral view of 2
human brain. Parimatry rasults abtained on the Goldmann parimatar are shown in A &nd B. Isopters for targets Ma and {//4e are given, as wall as the dimensions
af AR’ bilateral eangruous loss of the left infarior visual fiald and & small loss in the upper visual field (crosshatched area). C—F are the redavant slices in axial
view of T2-waightad MRE studies {Tr, 2000 msec; Ta, 80 msec; see 5. In C the pictura shows the tenporgl horns of the lateral vantricles and soine patchy
hypartitansitics at their margins, more on the right. In 0 the picture shaws local tissue loss in the right hemisphere at tha sites of the hemaorrhagic sroke in the
pariatal lobe just medial ta the accipitat ham of the lateral ventricle and anterior to the paristal otripital sulcus, There is alsn soma patchy hyperintensity in the
temperal lobe along the laters] margin of the right occipital hom. Localized hyperintense aress are sean in the laft temporal labe adiscent ta the lateral praximal
margin of the occipital horn and in the margins of the occipital hom. Fand F show bilaterally larger patchy araas of yperintensity poscerior, madial, lataral, and
above of the trigones and at the margins of the bodies of tha lateral ventricles. Tortuous narrow bands of hemesiderin (labelad h) ars sean in hoth images at
the site of the recant hamorehags, G, A schematic drawing of adult human brain showirg the major ayti and sulci in lateral view.

serics generated by Julesz (1971). For evaluating color
vision, both partients were given the Farnsworth-Mun-
sell 100 Hue Test (Farnsworth, 1943). Two additional
color tasks were given to E'W. since he was clinically
diagnosed as having central achromatopsia:a elassical

wavelength discrimination rask and flicker photome-
try o measure the photopic spectral sensitivity. These
tests were done by the merthod of adjustment. Neu-
ropeychological tasks of perceptual categorization (sil-
hovette matching, Gollin picturcs, unusual views) and
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Figure 3. $hape discrimination task: peecentage correct parformanca of five

rormal controls and of EW and AF. on shape discrimination for threa ratios
plotteg as degraasing difficulty.

of object and face recognition were presented as’

drawings or as photographs.

Contrast Sensitivity

The paticnts’ contrast sensitivity for 1D gratings was
measured with the Vistech chart' (Vistech Cons. Inc.,
Dayton, OH) and with computerdisplayed sinuscidal
gratings. In the computerbased test, both state and
moving stimuli were vsed, with spatial frequency rang-
ing from 0.4 to 5 cycles/degree. EW. and AF scomd
within the normal range for both the detection and
discrimination of static and moving stimuli (divec-
tomn).

Static Form Perception

Shape Detoction

This is & 1ask of figure-ground discrimination closely
adapted from Warrington and Tayler (1975), The srim-
wius consists of 2 fmgmented background on which
was superimposed a fragmented letter, eighar an X or
ap . The degree of difficulty of the detection was
manipulated by varying the ratio of black to white in
the figure in relation o the black/white ratic in the
backyround. This was a yes/no task in which the sub-
ject had to report whether the letter was present in
the display, Both AF and EW. obtained perfect, 100%
COrrect SCOres. ‘

Shape Discrimination
This task i$ a close replication of Efron’s “square test
(Efron, 1968; Warrington and James, 1988). The target

- stipaulus was a square 5° X 57 and the distractors were

oblongs with one areal dimension of 5.25% ¥ 4.77°,
467 ¥ 5.5°, or 6.57 ¥ 4° (Fig. 5; shapes under the plot
represent each particular shape pair). For ¢ach of
these dimensions 10 squares and 10 oblongs were ‘pre-
sented for 0.5 sec, singly in pseudorandom order. Sub-
jects were asked to judge whether the shape was a
square o an ohlong.

A F's. pedformance on this task was normal. ENWs
performance was in the impaired range 25 compared
with age-matched normal control subjects and with
AF, except for stimuli that differed by the largest ratio
of the lengths of the sides of one of the components,
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Perceptual Categorization Tasks

Matehing Silbouettes to Qbjects
In this test, the subject is asked to first pick out the

* photégraph that correctly watched a silhoverte of an

animate object (kangaroo, giraffe, dog, cow, horse) or
an inanirnare one (roller skates, truck, doll, train, Can,
and then to name or deseribe the abjects. The sithou-
ettes and the targes objects were photographed from
prototypical, front view. All 10 silhowerres and the 10
colored photographs of the corrésponding objects

Cwere shown side by slde. A F scored 100% correct on

this task, E'W. also was able to match correctly ail sil-
houettes ' to photographs of objects even if he could
not identify the object {e.g., roller skates were iden-
tifred as “an andrmal, a cat?™).

Unusual Views

This test, adapted from Warrington and 'I‘aylor C1973),
consists of black-and-white photographs of common
objects shown from an unconventional angle but still
in 2 refativety familiar view. Visual difficulty is manip-
wlared by changing the anple from which the object
iz photographed, The obscrver is asked o recognize
the objects presented in an unwsual view. The patients
who fail this task are subsequently asked to identify
the same objects presented from a front view (the
conventional view). $ince, as discussed in detadl in the
next section, BW. could not recognize objects pre-
sented even in the prototypical, feont view, we did not
give him this vest, The test is very sensitive to right
posterior parietal lobe damage (Warrington and Tay-
lot, 1975, and as expected, A FE was severely impaired
on it. He could recognize all these objects when pre-
sented as photographs taken from the usual, canonical
view. When presenied with pictures of nencancnical
views of a buclet or a basket, for example, AE de-
scribed them as “a slice taken from the trunk of a
tree” a glove he described as an “overshoe ora boot!

and a frying pan a5 3 “magnifying glass”

Gollin Pictures ‘
This test consists of a graded series of inmmplctc out-
line drawings of objects (Gollin, 1960). There were in
total five drawings for ¢ach item. An ertor SCOFe 'wias
obtained by summing the number of additional doxw-

"ings of the stimulus required for correct identification.

AF was given 14 rotal stimuli. 5 was so scverely’
impaired on visual recognition of objects thar tasks
that manipulate visual complexity of objects were [n-
appropriate. We did, however, administer a short ex»
ploratory test using only seven stimuli,

AE scored 29 of 32, which is worse than the 5%
cutoff score in the normal population. For EW, it was
meaningless to apply the usual scoring procedure,
since he was unable to Tecognize he objects. None-
theless, his responses were interesting. Similar to the
recognition of photographs or of full drawings of ob-
jects, when an incomplere drawing contained a rele-
vant feature of an animate object, such as the legs he
could correctly assign the drawing 10 the correct cat-
egory. Thus, for cxample, a cow was in the first at-



tempt described as “a fourdegged animal” and eéven
when the full drawing was shown, he could not pro-
vidée a maore specific description. The only item thar

he ¢ould jdendfy correctdy when presented as a come-

plete drawing was the pig: “the cute curly tail, must
be a pig” However, when he was shown any drawing

of an inanimate object, he often could nor identify it

even when the Al drawing was presenied.

Recognition: Faces, Obfects, and Actions

In addition o his inability 0 discriminate colors of
objects, B.W, fajled o recognize even the most familiar
faces and was severely impalred on object récognition.
These deficits ‘were noted by the patient himself and
by his family and people surrounding him. In contrast,
AF had no problems in this area and since his results

on the neuropsychological vests in this section were
torally unremarkable, they will not be discussed fur-

ther :

Face Recogrition

Facial recognition ability was tested informally. EW
always knew when he was looking at 3 face and he
quickly and accurately noted missing parts in incom-
plete drawings of faces. However, he consistently
failed tor identify whose face it was, and could not
even recognize himself in a photograph. Family pho-
.tographs were meaningless to him; he described them

a8 “a bunch of people together” He was unable to

judge correctly the age or the mood of photographs
of faces, and could not interpret accurately the emo-
tlonal content of photographs of draywings of faces,
This failare to recognize facial expression (i.e., sad
ness, happiness, strprise, anger, or fear) was more pro-
nounced with static expressions, as shown in drvw-
ings or photographs. However, when a facial
expression was pantomimeéd in front of him, he care-
fully observed the movement and could recognize

quite accurately, although hesitantly, the specific face

expression. When asked o mimic sadness, anger, sur-
prise, or happiness, his facial cxpressions were always
ACCurate,

© Recognifion of Objects and Actions

EW. falled to recognize real objects and colored pic-
mres, atthough by making use of specific details he
was usually able 1o identify the general category (e.g.,
a fourlegged animal) but not the subordinate category
of the object (& dogd, Tt did not matter whether. the
objects were shown as 3D reproductions of the real
object or as colored or black-and-whit¢ photographs.
Although he almost alwaﬁrs failed to recognize the
stimuius as a.whole, oftéen he quickly identified a sa-
Hene part of the stimulus and vsed ic az 2 basis for
reasoning about the possible identity of the object. For
example, when shown (without being allowed to
touch it a gray toy clephant that was a veridical re-
production Of an elephant, ar first he said that he had
no idea what it was, but then continved, “long nose,
big e¢ar, busy ears, préhensile nosc, the only znimat
with prehensite nose is. . hmm, elephants have big
noses, they are gray or browi, but this is not an ele-

phant, elephants have a trunk, this 18 not 4 trunk, is a
hell of a nose. This is a wild, ferocious animal” When
he ok it in his hand, he passed the fingers around
it, slowly, and said Psull I don't know, some strange
beast! with four legs” However, when he [ooked at an
excerpt of a videotape showing an clephant walking
in the field, he Immediately recognized it—"an ele-
phant!” He described the picture of @ cow as “an an-
imal in disguise, the ears do not give a clue, skinny
legs, big body, could be a dog” a horse as “a dog, its
gait s common to dogs and horses” a seal as “it haa
whiskers, 50 may be it i5 meant 10 be a car. No tail,
very worealistic,” and a fly as “a fourlegged animal
with wings. That's strange, no fiving animal has legs.”
Recognition of inanimate objects was even moge im-

~ paired. He described a little blue toy car as a “four-

legged animal” and he stll continued to describe it as
a fourlegged animal when he held it In his hand.
When shown a picture of a telephone he described
the relephone cord in detail, but failed to put together
the object “for the foot, that goes around the ankle, to
secure ity the picture of an ice-Ccream bar as “a torch,
a lantern.” and a camera as “z clock, some man-made
thing.”

in contrast, his recognition of drawings of actions
(ie.. dancing, fighting, exercising, ricding a bicycle,
hammering, sawing) and of pantomimed actions was
perfect, When he watched relevision he could cor
rectly identify actions with no difficulty. He was able
to characterize gaits accurately (e.g., sporty, tired, limp-
ingy andd withoot failure could recopnize people by
how they moved. He loved watching sports on tele-
vision and he could anticipate accurately the move
of the players. C :

. Color Perception

The Farnsworth-Munsell 100 Hue Test
This is a test of color discrimination, consisting of 85

‘chips of different hues, in fonr groups. The patient is

given all chips in ong growp and is asked to arrange
them in a line aceording to hue. The first and last chip
are fixed ar the ends of the group and serve as a frame
of reference, Figure 4, 4 and B, shows that while EW
was severely impaired on this task, AF5 score was
normal. oo o

Wavelength Discrimination

-In order to look at the wavclehgth discrimination def

icits of W, In more detail, he was rested additionally
as follows (since no color deficits were obvious in A E,
his color vision was not tested further). The outpur of
o sl monochromarors (shit bandwidth = 10 nm)
was projected, side by side, onto a plain white screen.,
The relative luminance of the two monochromators
was systematically varied by interposing neutrat den-
sity filters into the light path, our of sight of the sub-
ject. The reference monochromator was set #t a fixed
wavelength (d40-G40 nm, in 20 nm steps). EW. was
asked ro match, as closcly as possible, the color of the
reference monochromator by adjusting the second
monochromator until the colors appeared equal. Four
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Figure 4. Resuits of the Farnsworth-Munsall 100 Hua Test from EW. (A} and AF. (B, Errars ara plotted radially, and position an the circumference represents

points along 8 contiouum of hue.

values were taken for each reference wév&lhngth. The
standard deviation of these values from the reference

was calculated for EW and two normal controls, as a ‘

measurement of wavelength discriminarion abilities
(Fig. 5)- ‘

The shape and the values of the wavelength dis-
crimination curves for the two nommzl control sub-
jects are typical of normal observers described in ear-

lier studies (e.g., Wright, 1947). Relative 1o the

controls, discrimination values for EW, are clearly el-
evated, as one would expect from an “achromatopic”
subject, However, the Ggure shows that discriminarion
values were clearly better than randonm, and apparent-

Iy better on long-than short-wavelength sertings.

Though EW. complained inftially that he could not
discriminate ¢olors at all, he could in fact discriminate

one end of the spectrum from the other, and never

matched a red with a blue, or vice versa. However, the
subject did take an extremely long time (>1 min) to

make each match, and expressed litde confidence in

the final values, This s in contrast to his quick, con-
fident, and good performance on the motion tasks,

E 401 Controls
=
[} ‘30' - E-W.
=
&z
= 207
=
=
£
E
5 0 _ ' -
é’ 400 500 600 700

Wavelength (nm)

Figure 5. Results fram EW. and twa normal control subjects on the wave-
length disertmination test.
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Photopic Spectral Sensitivli{:v

. Like the previous task, this task was used solely with

E.W. Flicker photomerry at 15 Hi was done on a CRT
scréen, in which EW. was asked t0 match the humi-
nance of white to either the blee, green, or red gun

. over a range of luminupce values (1-21 od/m®), The
‘results of the test are shown in Figure 6, which shows

luminance values of the red, green, and blue guns of
the stimulus CRT, at valnes matched by EW. to the

luminance of a white patch with which it was alter.

paring. For each of the three colors, the function re-
Iating white luminance to color luminance is essen-
tially linear, indicating thar the spectral sensitivity does
not change in shape over this range in luminances;
that Is, there is no Purkinje shift. Second, the values of
the color/white ratios given by EW. were entirely
within the normal range; that is, the photopic spectral
5ensitivity curve was normal. :

We aiso tested the equiluminance point somewliat
informally. The subject viewed ejther a red-grocn

® R/s1:2.43, a0:-5.38
B (3/a1:1.82, a(k0.042
A [B/al:3.00, a0:38.00

100+
20+

a0

Color entries
&

204

= . . . k
0 10 20 30 40

‘White entries

Figura 6. Results from EW. on the flicker photametry test The figuro ehows
[uminance vaives of the red, green, and bive guns of the stmufus on the
LRT, ar valoes matched by EW. to the luminancy of @ white patch against
which the stimulug was flickaring. For each of the three colors, tha function
relating white luminance to color luminance is essentially lingar,



SUUATE Wave O 4 sine wave grating, in which the in-
tensities of the red and green could be independentty
and continuously varied. There was no poiat, in either
tvpe of stimulus, at which the grating appeared as 2
uniform field to BNV, although the stripes appeared
much more fint at intensity values corresponding to
expecred normal equiluminance values.,

Color Ordering and Naniing .

The stimuli consisted of colored Munsell papers dif
fering in saturation and hue. All the hues Were repre-
sented by 3 ¥ 3 cm recrangular parches that were
presented binocularly i 2 random arrangement on a
neutral gray flac surface. There were 15 papers in each
of three widely separated parts of the spectrum, name-
Iy, reds, yellow/greens, and blues. The first task was to
pur the color patches of similar hues into a smooth
order of color. The second task was to name the col-

ors. A ¥ showed no deficits on the color ordering and -

naming task, EW could name and choose colored
patches of paper at levels somewhat above ¢hance,

but often used brightness cues to make the choices. ‘

He could not distingwish blucs, greens, and grays, and
had difficulties with reds and yellows. Thus, similar to
hiz pedformance on the wavelength discrimipation
task, EW. was Derrer at discriminating and naming
long wavelengrhs than short wavelengths. He coruld
correctly, bur effortfully and slowly, name yellows (378
am) and reds (630 nm) but not blues (430 nm), which
he described variously as biue, gréen, or yellow. Ap-
parently this ability to identify long-wavelengrh hues

* prevented him from making widely discrepant match-
cs on the wavelength discrimination rask.

Binaocular Stereofsis =~

Static binocular stereopsis ‘was first measured with the
Randot Stereotest (Stereo Optical Co., Chicago, IL) and
with red-green stereopatterns from the series genes-
ated by Julesz (1971). In both tests, in 73% of the trials
with binocutar fusion a central figure (€.8., letter E or
T, a square, a circle, a trizngle, or a star) stands aut in
front of the surround. In the remaining 25% of the
trials the display contained only random dots.

The Randot test uses mndom ot STercograms print-
ed on polarized cards. With appropriatc polarized
glasses cach eye views a different image. The test mea-
sures stereoacuity in a series of stereograms Of differ-
ent disparities. In Julesz's random-dot stéredgrams,
when viewed monocularty, each target appears as a
random array of smail light and dark squares in which
no form or depth is apparent. The two mpdom-dot
parterns are identical except that in oné pattern 2 con-
tignous cluster of dors in the centeal region has been
displaced laterally with respect to the same region in
the other patrern. The patterns were printed in pale
red and green ink. When viewed with a green filter
over one eve and a red Alver over the other, the centrat
figure is seen in fromt of the sumound. We used 16
random-10T slereograms with the disparity ranging be-
rween 120 and 300 arcmin. In both stercotests, the
subjects’ task was to say whether they saw a central

figure standing away from the surround and then to

identify the shape of the figure (¢.., & squAare, & i
angle in different orientattons, a star, or a circle). E.W's
performance on binocular siereopsis was Intriguing.
In boch tests, he reported correctly that he perceived
a figure and he correcily identified the random-dot
parterns in which there was actually no figure present.
Asked to draw what he saw in the random-dot pat-
terns, he reproduced the forms perfectly and then (of-
ten without looking at it) he could correctly identify
it. In contrast, A ¥ lacked binocular stereopsis, o all
the displays he reported seging in the random-dot ster-
eograms “just dots, no pattern or form at all” Surprised
by his failure on these tests, AF commented that in
the past he enjoyed reselving anaglyphs of Julesz's

_type like the ones he was looking at now, and thar |
“years age he used to watch 3D Movies and had never

had any probiems with depth vision.

" Spatial Perception

Point Discrimination

The 1ask consisted of two adjacent squares (each sub-
tending 6° ¥ 6%, one with a black dot (subtending 4
arcmin®) printed in the center and the other with a
black dot printed off center (the task is similar to that
described by Warrington and James, 1938). From rrial
10 trial the deviarion of the dot from the center varied
from 2 arcmin to 2°. For each trial the assignment of
the dot to the center of the square or off ¢center was
ranrdom, but 5o thatin 30% of the trials the left-hand
square contained the dot in the center.In a two-alter
native forced-choice task and constant stimuli, the ob-
servers were ask to choose the point that was in the
center of the square, E'W's score was perfect on this
task. AF scored 60% correct when the off-centér dot
was off by 1° or less. For larger offscts his pesformance
was perfect, thus indicating that he did not have any
difficulties in wnderstanding the task per se.

Discrimination of Line OQrientation

line orentation discriminarion was evaluated with a
task developed by Bepron (Benton et al, 1977) that is -
widely used in clinical neuropsychology for the as
sessment of spatial perception abilities. The stimulus
consists of two lines orienated ar an angle hetween O°
and 180° (the target), and 11 line segments armanged
In 4 semicircle radiating ourward from the center. The
subject must decide which two lines among the 11
lines exactly match the orentation of the two target
lines, All the lines have eqgual length. EWs score was
almost perfect (59 of G0).-On the other hand, A.Fs
score of 31 of G0 supgests a severe deficit of spatial
perception.

Spatiel Discrimination

4 basic task of spatial discrimination is that of line
bisection. The patient is presented with a line and
asked to mark the central point. Thirty lines of diffcr-
ent lengths and orientations were used. AE was se-
verely impaired on this task (2 of 30), He was not able
1o mark accurately the center of lines, even if the ex-
aminer placed them carefully within his intact visual
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field, (At close examination, AFs errors did not reveal
a specific patkern.) In contrast, EW. indicared correctly
the center of the a1l the lines presented (30 of 30).

Spattal Localion

The stipuli consist of two outling SqQuares, ope Com-
raining 14 mndomly placed symbols (single digit num-
bers and letters) and the other containing a small

black square subtending 5.6 arcmin® (MacQuarric, -

1953). The subject's task is to identify the symbol in
_the top square corresponding to the position of the
black mark in the bottom square. A F scored 30% cor-
rect (10 of 20), which was at a severely impaired level
¢his scores were below the 5% 5¢ores obtained in an
age-matched control group, Warrington and James,
1988}, E.W's performance was normal. '

Motion Perception

We tested several aspects of motion perception. The
tests and A Fs performance are described in derail in
Vaina et al. (1990a,b). [n the first three ragks we want-
ed to learn whether EW. and AF could see form or
boundary from differences in motion in neighboring
spatizt yegions, These racks use highly coherent dense
motion fields to address the problem of perceprual
segregation by different motion cues. The next three
tests evaluate the padents’ ability to discriminate
speed in randomly maoving dots, to detect cohérent
motion defined by a smalt number of dots embedded
in noise, and to perceive 3D structure solely from mo-
vion cues, Finally, we addressed EW's and A Fs ability
to identify different parerns of biological motion only
from the trajectory of 2 small ser of moving points.

2D Form from Motion

~ The sensation of two moving textured planar surfaces

was elicited by two patches of contiguous random
dots uniformly displaced from one frame 1O the next

in horizontal translational motion across the randon- |

dot display that formed the statonary background
(Fig. 74). The suhjects are asked 10 derermine wheth-
er the two translating forms have the same shape
(square, circle, triangle, ¢ross, or oblong). Both subjects
performed normally on this task {Fig..78).

Boundeary from Differences in Motlon Direction

This test (adapted from Hildreth, 1984) is-described
in dertail in Vaina et al. (19902) and Vaina and Grzy-
wacz (1992). In summary, the display (subtending 10°
# 107y contains two adjacent regioms translating oo
herently, but in different direcrions, thus producing a
discontinuity in the velocity field (Fig. 7¢y. The dis-
conrinuity appears as an lmaginary vertical finc with
a potch. The notch (subtending '.4° X 1,47 was al-
ways presented within 2° above or below the center
of the imaginary boundary. Five angular differences
between the two areas are used: 18.4°, 37.1°, 457, 907,
and 180°. In a two-altermative forced-choice procedurs
the observers are requested to detcrmine whether the
noteh was above or below the center of the display.
E.W's score was perfect on this task, AE also scored

584 Functional Segregation of Color and Moton = Vaina

well, except for the stnallest angle (18.47), for which
his performance was impaired (Fig. 7).

2D Form from Relative Motion
This task (described in Vainz et al, 1990a) involves
comparison of velocity magaitude without any difter-

ence in direction. An example of the display is por-

trayed in Figure 7E. In summary, the figure (subtend-
ing roughly 2° X 27 is presented roughly in the
middle of a 6° % 3.75" aperture consisting of a dense
rapdom-dot pattern. Both the figure and the back-
ground are displaced in the same direction but with
different speeds. In 60% of the trials the background
spead was slower than the figure and in 40% of the
trials the background was faster than the figure. The
speed ratios berween the figure and the background
using as a reference the spéed of the background (3°/

‘sec) had the following values: 3/2, 2, 3, 2/3, and 1/2,

Observers were asked o make a sixalternatives
forced-choice judgment indicating which of the six
figures displayed at the bottom of the screen constic
tuted the correct match for the moving shape. There
were 60 trials and each one of the six shapes was the
correct answer 10 times. :

The results for this experiment are shown in Figure
9F. The normal comirol group had near perfect per
formance, approximately 93% correct, whereas AFs
was strikingly impaired, His score of 17% correct re-
sponses was at chance level. EWs score was below
that of the normal controls but stifl significantly above

- chance (T0% correct),”

Local Speed Discrivnination

The stimull consist of two sparse dynamic random-dot
kinematograms each comprising 20 computér-gener-
ated dots. The kinematograms were displayed in two
rectangular apertures arranged one above the other,
each subtending an area of 4° < 2.5° thus giving a
dot denstty of 2 dots/degree? (Fig. 54). The distance
berween the centers of the apertures was 2,75%.In any
single trial each dot took an independent, 2D “ran-
dom-walk” of constant step size defined by the speed.
The direction in which any dot moved was indepen-
dent of its previous direction and also of the displace-
ments of the other dots. The specds of the dots, de-
fined as a functlon of the distance a dot was displaced
between successive frames, was uniform within an ap-
crure and was assigned independently for each ap-

"erture. A base speed of 3°/sec was always compared

to five other speeds, giving five speed ratios of 1.1,
1.47,2.2, 3.6, and 5.5, The assignment of the highest
speed to the top or bottom aperture was psendoran-
domly selected.

Subjects were asked o derermine which of the two
apertures contained the faster moving dots. A two-al-
rernative forced-choice procedure was used for mes-
suring the subject’s ability to detect diffevence in ‘
speed. In comparison to the are-matched control
group, and EW,, who was performing ajmost perfectly
for 2:1 speed differences, A.F had a severe deficit on
this task (Fig. 88). He failed to discriminate reliably
speed mrios snratler than 5.5 and was perlorming near
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Figure 7. Motion tesks. A, 20 form from mation in & static background. The display consisted of & fine-grained lpike! size = 1,72 arcmin] random-dat pattarn
" conainitg 50% biack and 50% white dote. Two patches of contiguous dts ware coherently translatas aeroes the static background and with equat speeds, The .
ahservar's task was to determing whether the twa translating 2D shapes were the ssma or different. &, Percentada correct responz=es 2s 4 furction of carract
matehos of the moving hapas. The graph shows the mesn percentage carrect fesponsas end arrar bars for EW. and AF and mean percentaga of correct
razpanses and standard deviztions for tha normal contrel group. C, Boundary Jogalization test The differangial movement of the two adiacent areas of the pattem
reveals a houndary with a rectanguiar notch dafined solely by tha tifference in the directions of motion of the two areas. The position of the notch and of the
invisthla dividing line betwaen the two areas in relative motian vary randomly within 1% on the x-axis. The heavy squara indicatas the fixation mark. [, Parcentage
comeet rasponses for corractly identifying the lecation of the notch fabove or belaw tha fixation mark} for the foliowing anqular differenass of directions of mation
hatwaen the two areas: 1842, 37,1°, 90°, and 1907, Tha shaded sre indicatas the percentage of correct raspenses of the controd growp +1 SO abtained under
identical conditions, £ 20 farm from differences of velocity magnitodes: illustration of the stimuies. Tha backgragrd scrolls vertically and a cenlral patch of
contiguous dats subtending 2° » 2° moves in the same diraction as the hagkgroand with different speed. The shape of the central patch is randamly assigned
ta ong of the s shapes illustrated an the bottom of the display. £ The bar graphs plot percentage cormect resparsas of the tatal nember of wials for EW. and

AF and & the nermal gontrols together with the standard daviation far the normal group end the 3E of the patients.
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each displayed in & rectanguiar apacture subtending 4° »< 25, Within each apertere the dots, plotted here as vectors, move in random distributed disections
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graphz piot tha percentage of correct answers as a function of the spand ratins hatwaen the two apertures. £, Motion coherence: schamatic raprasentation of
T dyraimic randomedat stimuli employed, Each stimulus presantad dots in rapid succession and each dot survived for a brief period of time before being
replaced. In the 0% corsetation case (faf the replacament dots were plotted at rendom locations within the apartura so that the dot field appeared & twinkling
viausl noise without motian in any single direction. In the {00% correlation cese {righd euch dot was replaced by a parner with a constant offset in space and
fime, so that the dat field appeared 1o move in @ single coharent direction. For intermediate states, such &5 that for 50% vacralation displayed in the middle, a
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tould successfully diseriminate the direction of mation. 0, The graph plots the threshold carrelation for normai controls and EW, and A E Struciure from
motion schematic representation of the two dynamic random-dot fields emploved. On tha feft is portrayed the strustured stimulus generated by the
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chanece when normal observers and EW. were per-
forming better than 20% Correct.

Motion Coberence
This task is adapted from Newsome and Pacé (1988)
and the specific test used here is described in derail
in Vaina et al (19%04). In summary, the sumuli were
dynami¢ random-lot kinenatogeams with a correlated
motion signal of varisble strength embedded in mo-
tion noise. The strength of the motion signal, That is,
the percentage of the correlated dots moving in the
same direction, varied from 0% to 100%. For strengths
less than 1009, the dots carrying the morton signal
were embedded in a feld of dots moving in random
directions, The direction of signal flow could not be
determined by following a single dot because the sig-
nal and the noise dots were spatially intermingled, and
between frames varied in assignment between the sig-
nal and the noise group. Thus, to do the rask, the sub-
ject was required to detecr the global direction of
flow, which nvolved integratimg the motion signal
over the whole display, The percentage of signal in-
tensity for which 1 subject could reliably discTiminate
*the direction of motlon, up, down, left, or right, con-
stituted the threshold (Fig. BC). The stimulus consist:

ed of a dynamic random-dot display presented in 2 .

square 10° X 107 aperture situated at 2° lefy or right
of & white fixarion mark. The subject is Instrueted o
maintain fixation on the fixation mark for the entire
testing period. Dot density used in this test was 2

dos/degrest, [Other densities were explored but the .

range of densities used did nor have an effect on per-
formance. This is consistent with the findings of
Downing and Movshon (1989) in the similar displays.]
The speed of motion, defined as a function of the dis-
tance a dot is displaced berween successive frames,
was 3°/s0c.

EWs score 'was normal for presenration in either
visual field. A.E, on the other hand, had elevated
thresholds for motion coherence for stumuli presented
in either visual feld (Fig. 81N, It s possible that this

deficlt deponstrates a deficit of spatial integration of

motion signal, or an inability to filter out motion noise
(Baker et al., 1990; Pasternak et al, 1991; Pasternak and
Merigan, 1994). ‘

3D Structure from Motion: The Rotating Cylinder .

This experiment examined the patiems’ ability 1o re-
cover 5D information, from the relative motions of el-
ements in the changing 2D image. [A similar task has
been used by sicgel and Andersen (1988) in monkeys
with MT lesions.] The display (Fig. 8£) consisted of
two dymamic random-dor kinematograms presented si-
multaneocusly, each subtending an arca of 37 ¥ 3° Each
kinematogram was composed of 128 dots with an av-
crage point densiry of 14 dots/degree?, which ap-

peared to be optimal for the normal control group. At
the cnd of its liferime the point disappeared and was
replotted at 1 new random location on the screen
(within the boundary of esch display} &nd it began a
new tmajectory. One kinemarogram (structured dis-
play) portrayed the dots peinted at random location
on the orthographic projection of & transparént rofat-
ing imaginary cylinder, and the other (unstructured)
showed a pattern of scrambled velocities. The angular
velocity of the ¢ylinder rotating around jts vertical
axis was 30%scc. The maximum distance traveled by
a dot berween two consecutive frames was 4.3 arc-
min. The dots had limited pointlifetime (400 msec).
The percentage of structure, that is, pércentage of dots
actually projected on the imaginary surface of the ro-
tating hollow cylinder, varied as follows: 100%, 90%,
800, 70%, 65%, 42%, 27%, 11%. The spatial positions
(left vs right) of the structured field and the unstruc-
wired field were mandomly assigned. There were 20
trials for each condition (in 1oral 160 trisls).

For high percentage of structure in the cylinder
both paticnts scoved very well on this task (Fig. 8F).
Both patients scored close to the normal control
group for fractions of structure in the cylindér abxove
429, As the proportion of noise increased, the pa-
tients' performance dropped significantly. Since for A

 this was similar to the level of noise that he could

toterate in the motion-caherence task, it 15 possible
thar his structure-from-motion recogniton was limited
by his ability to copc with noizc in the stmulus,

Biclogical Motion Recognition

Johanzson (1973) demonstrated the sufflciency of bi-
olagical motion for form perception by placing lights
on the points of articulation of 3 human actor in dark-
ness. The form of such an actor rémains obsoure while
the person is static of even while the light points
trapslate without any articulation. But a8 they articu-
Jate, the shipe becomes immediately obvious. The
only information available in the display is provided
from the dynamic source atone: The display shows

~ only the pattern of lights attached 1o the joints of the

human actor during the performance of some proto-
typical actions: walking. stair cimbing, riding 4 bicycle,
push-ups, two men walking, shaking hands, and hug-
ging. The stimulus was presented to EW. and A.F on
a videotape using scenes from the original johansson
movie, Both EW and A K had perfect scorcs on this
test. They guickly recognized that the movement of
the lights portrayed a man and correctly identitled all
the actions.

Topographic Disorientation

. EW? 5 topographic memaory was very poor. His Family

described that when going for a walk in the neigh-

borhood, E.W. could not remember how [0 gct pack

—

arthographic prefectien of a square-shaged random-dat velocity figld onto 2 transpareat cylinder that is rotsted. On the mght is partrayec a vetecity field
representing the unstructured stimulus, The dot servival time and the percentage of strurture in the structured stimulus were indegandently varied in the dizplay.
F Corparison of EW.'s and AF's results with narmal controls whers persentage of structurs was varied in the tylindar {point lifetime was constant at 400 meac).
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Teble 1
A gualitative summary of EW.'s and AF’s results on the static psychophysicsl
taske

Tast rasults EW. AFE

Table 3 : ‘ ‘
A gualtative summary of EW's and A’z results on the visual racognition
tazks

Tast resuits ‘ EW. AF.
Centrast sensitivity Nermal Norma Face recognition |mpaired Narmal
Shape dataction : Nermal Narmal Matching silhousttes to ehjects Neimai Narmal
Shape distrimination lmpsired " Normal Gallin pictures impaired Impaired
Farnsworth-Munsell test lenpaired Normal - Unusual views NiA Impaired
Wavelength digcrimination Impaied N/A Dbject recognition [drawings) Impaired Narmal
Photogic spectral sansitivity fmpaired N/A Dajuct racognition (abjects) |mpaiced Normal -
Colar naming fmpaired .. Mormal Memary for objects lmpairad Normal
Binocular stereopsis Normal Impairad Topographic memory Impaired - Nosmal
- Lin2 orientatica Normal Impaired )
Point [ocation Normal Impairad
Spatial location Normal Impaired

“NJA,” task was nof adminigtered to the sebject “Normal,” patient's results
are nat statistically different from the resuits of tha nermal contrafs; “Im-
paired,” patient’s scaras ars significantly below those of the age-matched
normal controls (p < 0.05).

home or which street (0 turn on, and that when they
returned to their street he did not recogmize it as fa-
rniliar. He thought that the neighbor's house, a few
doors down the street, was theirs. In general he failed
to use familiar landmarks to find his way around. In
contrast, A.F had no deficits in this area

Discussion

The focus of this study was the comparison of results
on visual-cognitive and psychoptiysical tasks in two -

patients with focal bilateral brain lesions. The parients’
results on the psychophysical tasks are summarized in
Tubles 1-3. ‘ .
The results show thar these patlents present # clear-
“cut dissociation of deficits at the earlier stages of vi
sual processing. E'W was impaired on color and form
disceionination, but not on motion or sterecpsis, He
Cwas also impaired on perceptual categorization and
recognition of objects and faces, but he could recog-
niz¢ COrrcctly actions, cven in degraded stiopuli (io-
logical motion task). AF was impaired on spatial re-
lations, binocular stereopsis, and motion, but aot on
form and color discriminaton. He was also impaired
. on aspects of perceprual categorization, but faces and
object recognition were normal, a5 was his ability to
recognize biological motion. ‘
In both patients localization of lesions by MRI

Table 2

A quelitative summary af EW.s and AF's results on the motion tasks
Test results EW. AF.

20 farm from mation Normai Normal
Bowndary by direction difference Normai Good
-0 form from speed differance Good tmpairad
Spead discrimination Normal tmpairzd
Motion coherence Normal tmpaired
3i} structure fram motion Narrnzl Macral
Bislogical motion Normal Narmal

© "Good,” patient’s results are below those of the normal controls, with a sta-
tistical significance of the difference in tha range of 045 = p = 0.2,

BB Puncrionil Segragadon of Color and Morlon » Vaina

showed involvement of the visual association Corfex.

AFs lesions were relatively dorsal, involving the pa-
rietal-occipitaltemporal juncrion bilaterally. He bas s¢-
vere motion defcits. PET scan studies done by Zekd
and his collaborators (Zeki, 1993 ; Watson et al., 1993)
suggest that the region acrivated during the percep-.
tion of movement in humans coincides with the

_heavily myelinated region labecled by Flechsig (1920)

as arca 16. This region probably includes the homolog
of the macagque MT complex and higher motion-re-
sponsive arcas (¢.g., MST, F5T), Seventd sfudies sug-
gested that the human homolog of area MT corre-
sponds to the cccipital-parictalemporal fossa (area -
PTOF of Polyak, 19373, or in Brodmann terms to the

junction of the arca 19 and the inferfor portion of area

57 (Miezin er al., 1987; Tusa and Ungerleider, 1988%;

Valna et al., 1989; Clarke and Miklossy, 1990). The lo-
cation of A Fs lesion is consistent wirth his symproms,

which illustrate misperception of spatial position of

visual stimuli and the ensuing inability to relate posi-

thons of objects in visually reprosented space, This def

icit was manifested both visually and by reaching un-

der visual guidance. Taken together these deficies are

components of the syndrome of visual disorientation

found in patients with bilateral posterior parictal lobe

damage (Holmes, 19182,5). Although visual modon

mechanisms are severely impaired in A.E, color and

form perception and object and facisl recognition are

normal. ‘

EWs lesions were also bilateral and symmetric, af-
fecting the occipital and ventral medial temporal
structures. The location of his lesions is consistent
with lesion locations lea'ding to achromatopsia and as
sociated prosopagnosia in other human patients. Re-
cent PET studies contirmed that the ventromedial sur-
face, panticularly the occipitotemporal junction, i
imaplicated in face recognitlon (Damasio et al,, 1982;
Sergent el al., 1992). Spectiically, the authors suggest
a crucial role for the rdght pamhippocampal gyTus in

linking perceptual and memory information about fac-

os.

Thus, on both anatomical and behavioral grounds it
is likely that EXU's and A Fs lesions involved different
streams of processing in the exrrastriare cortex: B Ws
lesion can be associated with the ventral visual system,
while A Fs lesion mey be associated with the dorsal
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Achromaropsia and Impatred Shape
Driscrimination: A Deficit in the
Ventral Pathway?
One might perbaps argue that EW:s complaint that
the “world looks as if it was in deep twilighf, Bven on
a sunny day" and was “devoid of color” ¢an be ex-
plained by preferential sparing of magnocellular-
steeam cortical areas, which might lead 1o such a per-
ceprion, since there is evidence that the rod sigmals
" are directed preferentially 1o the magnoceliular LGN
layers (c.g., Purpura et al., 1988), and magnocellalar
cells are poor at color discriminations (e.g., Derring-
ton et al, 1984). However, EW!'s photopic spectral
gensitivity curve showed no hint of rod intrusion.
E.W’s wavelenpgth discrimipation was significantly im-
paired, particularly on the short-wavelength end of the
spectrum, but he could discriminate one end of the
spectrumn from the other, He correctly reported red,
but ‘was unable o Wennfy blue, gray, or greens. This
partial sparing of color vision has been previously re-
" ported in achromatopsia (Meadows, 1974;Victor eral,
1985,

In a series of studies Zeki (Summanzed in his recent
monograph, Zeki, 1993) argued that total (bilateral)
achromatopsia is x result of bilateral damage 1o area
V4 of the huoman brain, MR! studies (Kdlmel, 1938)
and bmin autopsy in achromatopsic patients (Mead-
ows, 1974; Damasio et al, 1982) implicate the ventral

occipital cortex in the deficit, which was indeed in-

volved in E.W's lesion. Mareover EW's 10ss of upper
vigual field perception (Meadows, 1974) and his mild
deficit on the shape discrimination task are consistent
with ap involvement of V4 in the lesion. However, if
the human homolog of V4 is anything like the ma-
cague V4, E'W's color deficits cannot be accounted
for only on the basiz of such a lesion. There i3 sirong
evidence that lesions of macaque area V4 produce
only mild deficits on form dismxmmation and wave-
lengrh discrimination tasks and it bras beén suggested
(T3ean, 1976; Cowey, 1982; Heywood and Cowey, 1987;
Schiller et al., 1990; Heywood et al., 1991; Schiller and

Lee, 1991; 5chifler, 1993) that perhaps V4 is conccrned

with color constancy rather than wavelength discrim-
ination, with form, and with pereeptual context,

B Wrs inpraired fine discrmination of shapes (Fig-3)
supgests a selective partial deficlt of visusl amalysis,
prior to the perceptual categorization level His per-
" formance on the two smaller ratios of the shape dis-
crimination test was similar to that of Mr. § reported
by Efron (1968). Mt § is considered one of the clas-

sical cases of apperceptive agnosia. Interestingly, Efron

commented that “the various tasks that M. 8. cannot
perform are the identification of objects, geometrical
figures, letters, numbers, and people. Iz there one at-
tribute of these various existents which must be per
ceived for the identification? The answer is incscapa-
ble: they are all identified by the attribute of shape”
" Efron concluded that the ability to discriminate be-
tween shapes is necessary for recognition and ldent-
hication.

EW also failed to rccngmm letters, drawings, and
pientres of objects presented from prototypicd, front

views. His descriptions of objects presented as pho-
tographs or drawings were always guided by the iden-
tificarion of a part (the cars or the legs of an animal)

“and then by trying to associate them by Inference o

an object from a small repertoire of objects that he
could remember (e.g., he identified most animals as
dogs).I'his is similar 1o Mr. §, who “knowing the entire
repertoire, . .could deduce which object was before
him from the atributes he could identify” and to the
patient descrived by Landis et al (198231t s possible
thar, at least in part, EW's deficits of face and visual
object recognition and his inability to read ¢an be ¢x-
plained by an apperceptive disorder of static shape
discrimination. His partial achromatopsia but normal
motion perception and normal binocular stereopsis
surongly indieare that his lesion selectively involved
the ventral, occipital-temporal pathway. Moreover,
B.Ws slight deficit on form from speed differences is
consistent with the recent results of a smady by Britten

_ et al. (1992, which showed that in monkeys with in-

ferotemporal 1¢sions the discrimination of familiar
forms (learned prior to the lesion) defined by motion

eues was somewhat impaired.

1t is thus probable thai EW, suffered from visual
apperceptive agnosia, defined as impaired recognition

-due to a deficit of percepraal catcgorization and per-

cept formation despite intact early SENsory processing
(Lissauer, 18900, or 33 “a disturbance of the synthesis
or fusion of jmpressions in & single modality” (Licp-
mann, 1908). Numerous ¢ases of apperceptive visual
agnosia have been described in the literarure (s
Grissser and Landis, 1991, for a review), and maost
agree that it is a syndrome with devastating conse-
quences for the patient, leaving him in a condition of
severe perceptual handicap. E'W, described suggestive.
ly how he perceived thé world: “The impression I
have is that if you only turn the light on | would see”
referring to his inability wo *see”™ objects and faces so
that he recognizes them.

Dpaived Binocular Stereopsis, Motion and
Spatial Perception: A Deficit in the

Dorsal Pathway?

AFand EW were tested on six motion rasks: 2D form
from motion, 20 form by relative motion, speed dis-
crimination, motion coherence, 3D structure from me-
tion, and blological motion recognition. Table 1 shows
that B\, performed very well on these tasks while
A¥ was very impaired on four of the six motion tasks.
(m the speed discriminatiosn task AR could not dis- .
criminate speed ratios smaller than 3, which is within

' the range of the performance of patients with right

occipiral-parietal lesions reported in Vaina et al
(1929y. On the 2Dform-by-relative-motion task he
scored at chance level, which is well below the range
of the right-occipital parietal group, who were them:
selves impaired on this task. He was also severcly im-
paired on the motion coherence task, and showed a
mild Impairment on the 2D-form-from-moticn task. In
a striking departure from these findings, he had no
problems on the structurefrom-maotion task. His good
performance on this task was surprising since AF had
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impaired several early motion mechanisms, such as
specd diserimination and motion coherences, which
according To current theoretical models nuty underlie

the computation of structure from otion (Longuet

Higgins and Prazdny, 1980; Koenderink and van
Doorn, 1986; Treue et al., 1991, 1994). In our reports
(Vaina et al., 1990a,b) on A F's motlon perception, we
suggesred that either these coes are not necessary and
AR might have used different cues (e.g., position}, or
that structureé-from-motion tasks may not require the
precision of motion signals implied by the many com-
putational theories relying on velocity difference. Even
more surprising was A Fs normal performance on the
biological moton test. We suggested (Vaina et al.,

1990a,b) that A Fs perfect performance may be ex- -

© plained by the existence of a separate motion pathr
way specialized for object recognition and perception
of action. There is evidence from physiological studies

irn the monkey that this type of motion may be per-

ceived in the rostral portion of the superior temporal
gulcus (57%) (Bruce et al, 1981; Perrett ct al., 1983).
C Our own dara from patients with anterior temporal
lesions are consistent with this physiological hypoth-
esis (Vaina and LeMay, 1992; Vaina, unpublished ob-
servations). The MRI study suggests that A Fs lesion
imvolves the putative human homolog of MT, but that
it does not directly involve higher-order areas such as
MST or STP (superior temporal polysensory area). This
is consistent with his deficits on speed discrimination
{Pasternak and Merigan, 1994), moetion cohérénce
(Newsome and Paré, 19880, and impaired smooth pur-
suit {Whartz et al., 1990). Indeed, A Fs configuration of
deficits sclective 0 aspects of motion perception is
similar to the deficits previously reported in patients
with lesions selectively involving the dorsal (occipital-
. parietal) pathway (Vaina, 19&9; Vaina ct al., 1991; Re-
gan et al., 1992). ) :

AB was severely impaired on spatial perception
vasks and, despite his normal object recognition, was
severely impaired at idenrifying degraded structural
-descriptions of familiar objects (a8 shown by his poor
performance on the unusualviews test und on the
Gollin pictures). In contrast, B.W's spatial perceprion
abilities were normal. His failure on the Gollin picnures
test can be accounted for by his impaired object ree-
ognition discussed above,

In conclusion, A.E was selectively impaired on as-
pects of visual motion analysis, discrimination of spa-

tial relations, and binocular stereopsis, which are tasks -

engaging visusl pmcesses along the dorsal pathway.
Asked what disturbed him most, AE said, *I never
know exactly where things are, and when I walk I
aften wonder whether 8 the drivers in [his [wnj
are drunk or high, and whether on top of the stroke
I'll have now someone crashing into me. It always
seems that they are going faster than they acorally do”

A System for Identification from Motion?

The anatomical segregation of the patients’ lestons is
clearcut and shows good evidence of two comple-
mentary classes of visual defects, one associsted with
lesions along the ventral sysiem and the othér asso-

570 Funcrional chrcgacion‘uf Color and Motion * Vaina

ciated with lesions corresponding to the dorsal sys-
term, W could not recognize objects or faces, but he
never failed to identify correctly objécts in motion or
even to recognize facial expression from pantominme.
Recognition of biological motion and structure from
motion were normal. AR was severely impaired on.a
large class of motion and spadal tasks, but his perfor-

. mance was normal on the recognition of biclogical

motion and on the 3D-swructurefrom-morion task. The
spared rocognition and identification from motion in
both parients are surprising, It suggests the existence
of & higher-level visual motion system involved in mo-
ton recognition that docs not require the motion
pathway to area MT. Indeed, cells sensitive ta partic-
ular “biclogical” types of motion have been found
within the 5T% in STP (Bruce er al,, 198]; Perrett et
al., 1985). It is possible that in addition to supplying
motion information useful to the posterlor parietal
cortex for visnomoror tasks and for navigation, the
dorsal stream also supplies to the anterior temporal
lobe motion information useful for recognition of ob-
jects and actions. Qur previous Andings in patients
wirh rlght hemisphere lesions of a dissociation be-
tween motion analysis and maotion recognirion (Vairs
and LeMay, 1992) support this hypothesis. In an ele-
gant recent study, Boussacud and Ungerleider (1990)
showed that, in the macaque, arcas specialized for var-
ious stages of motion analysis, such as MT, MST, and
F5T, not only send inputs to the ventral and dorsal
system, but 4150 supply sirong nput 1o the 3TS. Thus,
this area may constitute a further $tage in the systém
underlying motion, and specifically it may be involved
in recognition. MT was clearly spared fn EW's lesion,

- and thus information could arrive at the 5TS by and

large avoiding the ventral system. MT appeared to be,
involved in A ¥'s lesion, but probably not MST or ¥5T,
and motion information could reach the 8T5 by an
altermate route, via PO or V34, for example, Another
possibility is that motion information necessary for
recognirion is routed to STS through V4 and the in-
ferior temporal cortex (IT).

Notes

i. The Vision Contrast Test System (VOIS consists of #ix
rows of l-om-diameter patches of gratings cobtained from
photographing computer-generted sine wave gratings, cach
row having patches of different spatial freguency: 1.5, 3, 6,
12, and 18 cycles/degree. Bach row containg, from left to
rght, one sample patch and cight test patches. The contrast
of these patches ranges from 0 contrast to contast above
and below normal threshold in rowghly 4.1 log unit stéps.
The gratings are tilved in one of the threc oricptations: —15%,
0°, +15° The contrast and orientation of test patches ars
randomized for each row to control for guessing. The ob-
server holds the chart st 56 ¢m distance positioned vertically

“at eye level and contrast sensitiviry s assessed for cach eye
. separately, The observer i3 shown a high-conuast sample

grating at the three possible orientations. The task is to de-
termine whether cach sequential grating patch on a speciiic
row was blank or at a particular orientation. The procedure
is repeated for the remaining rows of grating patches. The
test method is a fouralternative forced-choice procedure.
Contrast sensikivity threshold is determined from an answer
key provided by VOTS on the bagis of an extengive dara base
of results from # large number of observers.
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