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ABSTRACT To explore the extent to which various corti-
cal functional pathways are involved in processing and ana-
lyzing different types of information that yield the same
perceptual entity, we mapped anatomical structures in the
human brain participating in the discrimination of visual forms
mediated either by motion or color cues. Changes in regional
cerebral blood flow were measured in 10 young male volunteers
with positron emission tomography and with [*SO]butanol.
During the measurements, the subjects performed four visual
discrimination tasks (form-from-motion, motion alone, form-
from-color, and color alone discrimination). The individual
regional cerebral blood flow images were standardized in shape
and size with the help of a computerized brain atlas. Subtrac-
tion images were determined and averaged across data from all
subjects. The resulting images were analyzed for statistically
significant changes between specific and reference tasks. The
discrimination of form by means of motion cues activated
functional fields bilaterally in the inferior and lateral occipital
gyri, in the lingual, anterior cingulate, middle frontal and
orbitofrontal gyri, and in the left fusiform and right inferior
temporal gyri. Form discrimination by color cues resulted in
activation bilaterally in the inferior temporal, lateral occipital,
and orbitofrontal gyri, the left precuneus and intraparietal
sulcus, and the right precentral gyrus. The regions engaged in
the two kinds of form discrimination did not overlap, demon-
strating that differences in visual forms mediated by color or
motion cues are processed and analyzed by disparate networks
of functional fields in human cerebral cortex.

Several physiological observations suggest that neuronal
signals about color and motion are processed and analyzed by
different functional pathways at early levels in the primate
visual system (1-7). Although there are interactions between
the systems coding color and motion (8-10), they and their
underlying pathways are regarded as initially independent
(11, 12). Both the color and motion systems provide signals
that can elicit the same categories of visual perceptual entity,
such as contour or form.

In monkeys, several studies show that cells sensitive to
visual form are located in cortical regions along a ‘‘ventral’’
occipitotemporal visual pathway and it has often been
claimed that the detailed analysis of visual forms occurs, in
great part, in the inferior temporal cortex (13-17). It has also
been shown that there are form-selective neurons in the
macaque inferior temporal cortex that are equally activated
by visual forms formed by luminance, motion, or texture cues
(18). However, claims that there is a center or are centers in
the brain [the ‘‘form area(s)’’] exclusively specialized for the
perception of complex forms, such as faces, have recently
been challenged by lesion studies in monkeys (19). Further-
more, positron emission tomography (PET) studies in hu-
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mans using various visual form-related psychophysical par-
adigms have shown a large number of cortical regions to be
active during the different form tasks (20-24).

With the intention of exploring in the human visual system
(i) whether motion and color are analyzed by identical,
overlapping, or different cortical substrata and (ii) whether
discrimination of visual form mediated by motion and color
cues engage the same cortical regions, we measured regional
cerebral blood flow (rCBF), as an indicator of regional
cerebral metabolism, with PET, using [1*O]butanol as tracer,
in 10 healthy male volunteers while they performed a series
of visual discrimination tasks.

METHODS

Subjects. Ten healthy male volunteers (age, 28.2 = 2.7
years, mean = SD) participated. They were fully informed
about the objectives, details, and risks of the experiment and
gave a written consent, in agreement with the Helsinki
Declaration and the Code of Federal Regulations: Protection
of Human Subjects (25, 26). The study was approved by the
Ethical and Radiation Safety Committees of the Karolinska
Hospital. Nine subjects were right handed and one subject
was left handed, as assessed by the Edinburgh handedness
inventory (27). Seven subjects were emmetropes, and three
had appropriate spectacle correction. The subjects’ color
vision was tested before the experiment using a Velhagen
chart (28). None of them had any manifest or hidden color
vision or visual field deficit.

Four PET measurements were taken on the subjects while
they performed visual discrimination tasks. The tasks were
interleaved in different orders in different subjects. During
the scan, the subjects were comfortably placed in supine
position on the camera bed. With the exception of the
ambient noise of the scanners, the electroencephalogram
(EEGQG) apparatus, and the arterial pump, there was no noise
in the room, which was kept at 23°C. The auditory environ-
ment was not disturbed by any movements or speech by the
personnel who were in a remote control room. The subjects
were required not to move or activate their muscles, to say
anything, or to change the respiratory rhythms after the
injection, with the exception of pressing a response key to
register their responses with their right middle or index
fingers. The visual field of the subjects, including the pro-
Jjection screen, was isolated from the rest of the room by black
drapes.

Visual Stimulation. The stimulus displays were presented
on a 20-inch color monitor [Microvitec 2038 with a screen
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cerebral blood flow; gCBF, global cerebral blood flow; EEG, elec-
troencephalogram; MR, magnetic resonance; PaCQ,, arterial partial
CO; pressure; PaO,, arterial partial O, pressure; CBA, computerized
brain atlas.
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resolution of 768 x 576 pixels and a viewing distance of 125
cm (1° = 2.2 cm; 1 inch = 2.54 cm)]. The screen subtended
18° x 16°. For each task a horizontal row of three stimuli,
separated by 3°, was presented on the screen against a
stationary background composed of a yellow [CIE (Commis-
sion International d’Eclairage) coordinates: X = 0.510; Y =
0.426] 10% random pixel pattern. The luminance of the pixels
was 10.0 cd/m?. Form-from-motion and form-from-color
discriminations were each paired with their reference tasks,
motion discrimination and color discrimination, respectively.
For image analysis, the images revealed by the reference task
were subtracted from those revealed by the corresponding
discrimination task.

The subject had to indicate the odd-one-out, which ap-
peared either to the right or left of the row of stimuli, by
pressing one of two buttons. There was no time pressure on
the subject and a new trial immediately followed a response.
The difficulty of the discrimination was varied from trial to
trial. Three consecutive correct responses resulted in a more
difficult discrimination. An easier discrimination followed a
single error. Predetermined thresholds for each discrimina-
tion ensured that the subject’s performance during PET
measurements tracked his threshold.

In the color discrimination task (Fig. 1), the stimuli were
three squares (2.5° X 2.5°) composed of the same random dot
pattern as the background. The red and green guns were
modulated, while maintaining isoluminance, to define the
three squares, two red and one green, or vice versa. The hue
difference was titrated by halving or doubling the depth of
modulation of the guns, with vy correction, after correct or
erroneous responses, respectively. For the form-from-color
discrimination, two squares and a rectangle, or vice versa,
were presented of identical area. They were either red (CIE
coordinates: X = 0.563; Y = 0.390) or green (CIE coordi-
nates: X = 0.445; Y = 0.484), at random, and isoluminant with
the yellow background that remained constant from trial to
trial. The difficulty of the form discrimination was titrated, in
the manner described above, by changing the width/height
ratio of the rectangle. The relative vertical positions of the
three forms were randomly varied from trial to trial to ensure
that the odd-one-out was not conspicuous because of the
collinearity of the edges of the remaining two.

In the motion-discrimination task, squares were created by
random motion of their constituent pixels. From trial to trial,
a coherent motion component was added to either one or two
of the three squares; i.e., a percentage of the dots all moved
to the right or left. The subject was required to indicate the
odd-one-out. The percentage of pixels that moved coherently
was titrated, as above, and PET measurements were made
while subjects tracked threshold. In the form-from-motion

Fi1c. 1. Stimulus used in the color discrimination task.
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task, squares and rectangles were defined by the coherent
motion of all their constituent pixels and the form discrimi-
nation was identical in other respects to the form-from-color
discrimination.

Brain Scanning. A high-resolution nuclear magnetic reso-
nance (MR) scan (GE 3514 MR camera, 1.5 Tesla) was made
of each brain (both proton-enhanced and T,-weighted images:
spatial resolution, 0.5 mm; slice thickness, 4 mm; interslice
distance, 6.5 mm; spin echo, T = 2300 msec and T = 25
msec and 90 msec). The head fixations in the MR and PET
scans were identical (29, 30) so that the corresponding MR
and PET images were superimposable. The PET scanning [15
transaxial slices at 6.5 mm (distance)] was made by a Scan-
ditronix PC2048-15B positron emission tomograph, having a
5-mm in-plane spatial resolution (31, 32). [**O]Butanol, a
freely diffusible flow tracer, was used to measure rCBF (33).
During the experiments EEG, electrooculogram (saccadic
eye movements of an amplitude >1 degree), arterial ra-
diotracer concentrations, arterial partial O, pressure (PaO,)
and arterial partial CO, pressure (PaCO,) levels were con-
tinuously monitored. The response latencies and perfor-
mance levels were calculated on-line. rCBF and global ce-
rebral blood flow (gCBF) measurements were taken during
the tasks. Differences in rCBF between the tasks resulting
from differences in PaCO, were corrected (34). Other aspects
of the method, including the adequacy of resolution param-
eters to the present study, were as described (35).

Image Analysis. The MR and PET images were transferred
into the computerized brain atlas (CBA) of Bohm and Greitz
(36, 37) and transformed into standard size and shape. The
contours of the CBA were adjusted to the MR tomograms of
the individual brains. Thereafter, the transformation param-
eters were used to transform the individual PET images into
anatomically standardized PET images. Individual difference
images (ArCBFac, where AC is form-from-color — color
discrimination, and ArCBF,y, where AM is form-from-
motion — motion discrimination) were created, which were
then averaged across the whole subject population to provide
averaged subtraction images (ArCBF,,.), as well as corre-
sponding descriptive ¢ images (ArCBF,y./SEM).

The statistical cluster analysis has recently been described
extensively (35); therefore, only a brief description is needed
here. From the individual ArCBF images, mean ArCBF
images (ArCBF,,. = = ArCBF/number of subjects), variance
images, and descriptive Student’s ¢ images [(ArCBFay./

‘Vvariance)/Vnumber of subjects] were calculated. Voxels
in the image (volume, 44 mm?) having ¢ values = 2.26 were
considered to be clustered if they were attached by side,
edge, or corner. On the basis of an analysis of false-positive
clusters with high ¢ values (35), the hypothesis that all clusters
of size 8 and above belong to the distribution of false positives
was rejected. The probability of finding one false-positive
cluster of size 8 and above in the whole brain was =0.5,
whereas the probability of finding two or three false-positive
clusters was =0.13 or =0.008, respectively. (Raising the
acceptable cluster size to 9 or more to eliminate the false
positives could lead to false negatives—i.e., to the omission
of positively identified activated fields.) The threshold of the
descriptive ¢ image was set to contain only clusters of voxel
size 8 or more with voxel values ¢ = 2.26. The remaining
voxel values were set to zero. The resulting image is called
a cluster image. In this image all clusters of size 8 and above
are shown as regions of significantly changed rCBF. In Table
2 the volumes of regions (together with levels of activation
inside the region) are shown.

Localization of Regions. The clusters determined by the
statistical procedures were localized in the coordinate system
of the CBA and the standardized coordinates of the center of
the clusters were also calculated in the Talairach system (38)
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F1G. 2. Talairach proportional stereotactic system and the loca-
tion of the horizontal MR and PET image slices used in the study. The
dashed or solid horizontal lines correspond to the 15-image slices of
the MR and PET scans; the button slice is denoted as slice 1, the top
one as slice 15. Slices shown in Fig. 3 correspond to the solid oblique
lines in the figure. AC, anterior commissure; PC, posterior commis-
sure. Lettering and numbering along the top and right sides represent
the original Talairach denotions; figures along the left and bottom
sides correspond to millimeter values (38).

(Fig. 2). Regions of activation were outlined on the basis of
the cluster image and transferred to the mean ArCBF image,
where levels of rCBF inside the regions and the center of
gravity of the regions were determined. The anatomical
names of the regions follow the names of the corresponding
region in the CBA as described by Greitz et al. (39).

Logic of Paradigm Construction. Out of the four tasks, two
tasks were related to form discrimination (form from color
and form from motion) and two tasks served as their refer-
ence tasks (color discrimination and motion discrimination).
Although a form component was present in all tasks, it did not
play any role in the reference tasks, as in these tasks the
discriminanda were either color or motion within identical
forms. On the other hand, the discriminandum in the form
discrimination tasks was form created purely by color or
motion. By subtracting the corresponding reference tasks
from the form tasks, one eliminates components related to the
analysis of color or motion, whereas the components related
to form discrimination remain in the resulting subtraction
images (hereafter called color form or motion form).

RESULTS

Physiological and Response Measurements. There were no
significant differences among the tasks with respect to the
blood gas levels, a-blockade in the EEG, frequency of
saccadic eye movements, and gCBF. Performance levels did
not differ significantly between the two motion tasks, though
they did between the two color tasks (P < 0.01) (Table 1).

Activated Regions: Discrimination of Form Mediated by
Motion. In the occipital lobe, several disparate fields were
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bilaterally activated in the lateral and inferior occipital gyri,
the lingual gyri, and the left fusiform gyrus. In addition to
occipital activations, there were activated fields in the right
inferior temporal gyrus, bilaterally in the middle frontal gyri,
the anterior cingulate gyri, and the cerebellum (Table 2 and
Fig. 3).

Activated Regions: Discrimination of Form Mediated by
Color. Activations in this condition were present bilaterally
in the fusiform and occipital lateral gyri, the right inferior
frontal gyrus, left superior frontal gyrus, the right cingulate
and precentral gyri, the left inferior temporal gyrus, cortex
lining the left intraparietal sulcus, and left precuneus (Table
2 and Fig. 3).

Overlaps of Activations. Since all cluster images were in the
same standard anatomical format, one can by multiplying one
image with another image see whether positively identified
fields of activation overlap in the brain. By multiplying the
color-form cluster image with the motion-form cluster image,
we could demonstrate that there were no overlaps of acti-
vated fields between the two conditions (Fig. 4).

DISCUSSION

With the aim of mapping those regions of the cerebral cortex
participating in the discrimination of visual form based purely
upon color or motion cues, we measured rCBF changes with
PET. As a result of the subtraction technique, regions
involved in both form discrimination tasks and their reference
tasks are canceled out. For this reason there is no remaining
activation present, for instance, in the primary visual cortex.
On the other hand, the subtraction revealed those areas
specifically activated when form discrimination was made on
the basis of color or motion. There were no overlapping fields
present under the two form-discrimination conditions, indi-
cating that the human brain uses different sets of cortical
fields during the discrimination of visual forms produced by
different visual cues. -

The stimulus energies reaching the retina and their spatial
distributions were highly similar in all four tasks and there
was no significant difference in the tasks with respect to
gCBF, PaCO, and PaO; levels, a blockade in the EEG, and
eye movement frequencies. These facts indicate that the
differences in rCBF between the tasks are related to the
specific task components and are not the results of nonspe-
cific components such as differences in eye movement fre-
quency or attentional differences.

The activated regions presumably indicate the distributed
cortical networks underlying the percepts of visual forms
under different conditions, i.e., the networks involved in
submodality-specific form discrimination. The network in-
volved in the discrimination of form based upon color cues
involved fewer fields of activation. Compared with our
former studies (24), the regions involved in form discrimina-
tion on the basis of color cues do not overlap with those
involved in color discrimination, indicating that indeed the
color component per se was eliminated by the subtraction
technique. The activated fields are predominantly in the
occipital lobe (both fusiform and occipital lateral gyri),

Table 1. Physiological and response measurements during the four tests

Color Shape from Motion Shape from

discrimination color discrimination motion

gCBF, ml per 100 g per min 50.8 + 14.7 519 = 11.5 48.8 = 11.6 50.6 + 11.5
PaCO, level, kPa 5.70 = 0.45 5.63 = 0.43 5.55 = 0.50 5.57 £ 0.43
Pa0; level, kPa 13.56 + 1.26 13.17 = 1.13 13.22 + 0.98 13.56 = 0.83
Eye movement, Hz 1.19 + 0.10 1.22 + 0.10 1.00 = 0.11 1.25 + 0.10
a-Blockade in the EEG, % 92.20 + 3.07 89.45 + 5.03 89.02 + 4.97 91.08 + 3.16
% of correct responses 96.90 + 3.76 75.10 = 6.57 85.40 = 11.05 73.80 + 7.28

Data are the mean + SD.
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Table 2. Significantly activated fields in the motion-form and color-form conditions

Talairach coordinates, mm

Estimated ArCBFaye, ArCBFaye,
Region x y z volume, mm3 ml per 100 g per min % change
Fields activated in the motion-form condition

Cerebellum L 20 -64 -16 352 14.46 + 3.50 23.58
Inferior occipital gyrus L 52 =51 -20 396 14.47 = 3.96 27.52
Inferior occipital gyrus R -47 -53 -16 396 12.54 + 3.20 30.65
Lateral occipital gyrus R -29 =71 -8 440 12.25 + 2.94 23.44
Lateral occipital gyrus L 50 -53 1 484 11.84 + 4.13 22.9
Lateral occipital gyrus R -33 -56 17 352 8.96 + 2.51 21.44
Fusiform gyrus L 34 -42 =7 528 10.15 = 3.33 21.00
Lingual gyrus R -8 -49 4 352 13.09 + 3.69 27.45
Lingual gyrus/parieto-occipital

sulcus, inferior part L 21 —47 4 484 14.08 = 3.01 35.90
Inferior temporal gyrus R —46 —45 -8 528 12.49 + 4.44 29.43
Middle frontal gyrus R -35 61 -6 440 12.84 + 3.91 24.87
Middle frontal gyrus L 4 61 6 616 12.47 = 5.52 21.63
Middle frontal gyrus R =23 38 20 440 9.12 + 4.03 35.62
Middle frontal gyrus L 33 40 7 440 7.95 +3.74 24.05
Cingulate gyrus, anterior part R -2 41 20 572 8.39 + 3.18 25.23
Cingulate gyrus, anterior part L 4 46 21 440 16.12 = 4,93 22.50

Fields activated in the color-form condition

Fusiform gyrus R =27 -33 -23 352 14.37 + 4.20 27.81
Fusiform gyrus L 42 -11 -22 352 9.44 + 2.92 18.26
Lateral occipital gyri R -32 -83 7 572 9.92 +3.19 20.34
Lateral occipital gyri R -23 -72 15 440 9.02 + 3.46 19.70
Lateral occipital gyri L 18 -82 15 440 11.41 + 3,93 22.95
Inferior temporal gyrus L 51 -43 6 484 9.60 *+ 4.25 23.34
Precuneus L 4 -31 42 352 10.45 + 3.44 14.62
Intraparietal sulcus L 30 -58 42 528 11.87 + 2.61 16.99
Precentral gyrus R =26 -2 51 440 11.46 = 3.55 19.07
Inferior frontal gyrus R -23 46 13 484 12.91 + 2.68 24.33
Superior frontal gyrus L 9 73 -7 352 13.39 + 3.74 23.63
Cingulate gyrus, mid part R 1 -24 36 352 12.37 + 6.46 15.15

L, left; R, right.

though to a lesser extent are also present in the temporal and
parietal gyri (left inferior temporal gyrus, left precuneus, and
left intraparietal sulcus), as well as in the frontal lobe (right
inferior and left superior frontal gyri and right precentral
gyrus) and the cingulate cortex, indicating that the concerted
action of distributed fields accompanies the discrimination of
visual forms.

There was an even larger number of distributed fields
involved in the discrimination of visual forms based upon
motion cues. Most were located in the occipital lobe (fusi-
form and lingual gyri and inferior and lateral occipital gyri),
but there were also fields in the temporal lobe (right inferior
temporal gyrus), the prefrontal cortex (both medial frontal

gyri), the cingulate cortex, and the cerebellum. In contrast to
the other condition, there was no activation in the parietal
lobe. Comparing the location of the activated fields in this
condition with those present in the perception of visual
motion (40), there was no spatial congruence of the fields.
This indicates that indeed the motion component per se was
eliminated by the subtraction of images.

In an earlier experiment, Guly4s and Roland (24) examined
those cortical areas involved in the discrimination of visual
forms produced by visual textures of different spatial fre-
quencies. Comparing the localization of the fields activated in
that experiment with those activated in the present study, we
found no overlaps. This observation reinforces the principal

FiG. 3. Cluster images of cortical fields showing significant activation in the color-form (vertical hatching) and motion-form (horizontal
hatching) conditions. The images represent horizontal slices, corresponding to the solid oblique lines in Fig. 2. (4) Slice 4. (B) Slice 7. (C) Slice
8. (D) Slice 9. (E) Slice 11. Left in the images corresponds to the right hemisphere. The contours of the brain, the ventricular system, and major
sulci (sf, superior frontal; if, inferior frontal; ci, cingulate; st, superior temporal; it, inferior temporal; co, collateral; ot, occipitotemporal; pr,
precentral; ce, central; po, postcentral; po, parietooccipital; ca, calcarine; ol, occipitolateral; sy, Sylvian; an, angular; ip, intraparietal) are taken

from the CBA (36, 37, 39).
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FiG. 4. Activated regions present in the color-form (vertical
hatching) and motion-form (horizontal hatching) conditions, ex-
pressed in the standard Talairach stereotactic coordinate system (ref.
38; for details, see Fig. 2). Collapsed parasagittal projection. Appar-
ent overlaps in the figure are in fact superpositions that do not
overlap in the brain. (A) Left hemisphere. (B) Right hemisphere.

conclusion of the present study, namely, that the discrimi-
nation of visual form can be produced by different cortical
networks, depending on the underlying visual submodalities.

Although it remains difficult to relate any of the areas
revealed here to any of the many cortical visual areas
demonstrated by different methods in monkeys (41), it is
interesting to note that inferotemporal lesions in monkeys
severely disrupt the learning of a form-from-luminance dis-
crimination without impairing the learning of form from
motion (42). A similar dissociation has been reported in
brain-damaged human subjects for discriminating forms de-
rived from luminance contrast or from movement (43). These
observations and our present findings indicate that different
cortical fields participate in the formation and discrimination
of form when different visual cues are used to generate this
cortical representation. Furthermore, the present findings
reinforce the conclusions of recent studies in human subjects
on the discrimination of form from motion cues, which
engages both occipitotemporal and occipitoparietal regions
(44, 45). Our results clearly show coactivation of occipito-
temporal and occipitoparietal visual areas during the discrim-
ination of visual form defined by motion or color cues and
indicate the functional importance of the anatomical connec-
tions between the two visual subsystems (46-48).
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