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Attentional Modulation of Neural Processing of 
Shape, Color, and Velocity in Humans 

Positron emission tomography (PET) was used to measure changes in regional 
cerebral blood flow of normal subjects, while they were discriminating Werent 
attributes (shape, color, and velocity) of the same set of visual stimuli. Psychophysical 
evidence indicated that the sensitivity for discriminating subtle stimulus changes was 
higher when subjects focused attention on one attribute than when they divided 
attention among several attributes. Correspondingly, attention enhanced the activity 
of Werent regions of extrastriate visual cortex that appear to be specialized for 
processing information related to the selected attribute. 

P EOPLE CAN RESPOND TO ONLY A 

small amount of the sensory informa- 
tion present at any moment. Selec- 

tion of information is necessary to ease the 
computational problems introduced by the 
enormous number of signals present at the 
sensory surfaces and to ensure that people 
respond to stimuli that are relevant to their 
goals. 

Although many studies have investigated 
visual attention to spatial location ( I ) ,  atten- 
tion can be focused along several other 
dimensions (or attributes). People can at- 
tend to, or "look for," a specific kind of 
visual information (for example, a red hat 
worn by a friend in a crowd). Attending to 
an attribute improves accuracy on visual 
detection or discrimination tasks, particular- 
ly under conditions of near-threshold dis- 
criminability (2). 

Attending to a visual attribute, such as its 
color, might be expected to modulate neuro- 
nal activity in brain areas that are specialized 
for processing that attribute. Such feature- 
specific changes have been reported for col- 
or and orientation in monkey V4 (3) ,  an 

area in the occipitotemporal system that is 
critical for object recognition (4). Both be- 
havioral and electrophysiological analyses 
also indicate that these modulations are 
stronger during difficult discriminations (5) .  

Selective changes in neural activity may 
occur in areas of the visual cortex other than 
V4 and apply to attributes other than color 
and orientation (for example, velocity) (6). 
Cueing subjects to different dimensions 
(color, shape, or velocity) might therefore 
modulate different regions of extrastriate 
visual cortex, each specialized for processing 
a particular dimension. We tested this hy- 
pothesis in normal subjects with PET by 
measuring changes in local blood flow (BF), 
which correlate with changes in neuronal 
activity (7). PET enabled us to monitor 
activity simultaneously from several brain 
regions, and therefore determine the effect 
of attending to different stimulus dimen- 
sions on multiple extrastriate visual regions. 

We developed a psychophysical task to 
study the influence of visual attention on the 
discrimination of subtle stimulus changes in 
the shape, color, or velocity of a visual 
stimulus. We then measured BF changes 

. while subjects were performing the task. A 
Department of Neurolofy and Neurological Surgety and 
the McDonneU Center or H~gher  Brain Studies, Wash- same-different paradigm was used. On each 
ington University School of Medicine, St. Louis, MO trial, subjects ha t ed  a small spot and were 
63110. presented with two 400-ms stimulus frames, 
*To whom correspondence should be addressed. separated by a 200-ms blank display interval 

(Fig. 1). The stimulus frame was a spatially 
random distribution of small bars identical 
in color and shape, moving horizontally as a 
coherent sheet either to the left or to the 
right. The direction of motion was constant 
within a trial but was randomly shifted 
across trials. The shape, color, and velocity 
of all elements might independently change 
between the first and the second frame. The 
subject's task was to compare the first stimu- 
lus frame with the second, and report (by a 
key-press) if the two frames were same or 
different for a particular dimension, speci- 
fied at the beginning of each experimental 
block. Stimulus changes were close to 
threshold as assessed for each subject in a 
separate psychophysical session (8). 

In three blocks of trials subjects discrimi- 
nated a stimulus change of either shape, 
color, or velocity (selective attention) (9). 
Half the trials were "different" and con- 
tained a change in the specified dimension, 
and half the trials were the "same." Same 
and different trials also contained (in equal 
proportions) stimulus changes in zero, one, 
or two of the unspecified or irrelevant di- 
mensions. For instance, during same or dif- 
ferent trials in a color block, velocity and 
shape might stay constant in both frames, 
velocity might change, shape might change, 
or both velocity and shape might change. In 
a fourth block, subjects detected changes in 
any attribute, dividing attention across di- 
mensions (divided attention). In this case 
none of the stimulus dimensions varied in 
half of the trials (same trials) and changes in 
only one dimension (that is in color, shape, 

Frame 1 Frame 2 Key-press interval 

Fig. 1. The size of each element was either 
0.8" x 0.8" of visual angle or the just noticeable 
difference obtained by modifying the length and 
width. Colors were either red or green, or the 
respective just noticeable difference in hue ob- 
tained by, respectively, adding a small amount of 
green or red. Velocity was either 18 degrees per 
second or the just noticeable difference obtained 
by increasing the velocity. Background luminance 
was 0.18 foot lamberts (ft-L). The luminance for 
a single element was about 3.4 ft-L in the red 
range, and 10.2 ft-L in the green range. 
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Flg. 2. A plot of visual areas showing enhanced 
BF response in each of the selective attention 
conditions, in comparison to the divided atten- 
tion task. See legend to Table 1 for abbreviations 
of anatomical regions, and Table 1 for corre- 
sponding stereotactic coordinates. A and B are 
coronal planes corresponding to Figs. 3 and 4 4  
respectively. C is a horizontal plane correspond- 
ing to Fig. 4C. 

or velocity) occurred in the other half (dif- 
ferent trials). 

The effects of attention were evaluated in 
a group of 11 normal subjects (aged 23 to 
41 years) by comparing the accuracy of 
discriminating a single dimensional change 
in the selective and divided attention condi- 
tion (10). Selective attention improved dis- 
criminative sensitivity (F(1,lO) = 13.25; 
P < 0.0011, and the advantage (on average 
0.9 d' units) was similar for all three tested 
dimensions (1 1). 

The effects of selective attention on fea- 
ture discrimination might be explained by 
"early" modulations in extrastriate regions 
specialized for processing those features (12) 
or by the operation of a "late" decision and 
response selection stage (13). Furthermore, 
in the visual cortex the mechanism of selec- 
tion might be represented by a neural en- 
hancement in the attended visual channel or 
by a relative inhibition in the unattended 
visual channels (1 4). 

In order to address these questions, a 
group of nine subjects (aged 22 to 34 years) 
(15) performed the same tasks during a 
series of PET BF scans (16). The scans 
included one scan for each selective-atten- 
tion condition (shape, velocity, or color), 
two scans during the divided-attention con- 
dition, and three scans in which the same set 
of stimuli was displayed but subjects were 
not required to make a discrimination (no 
task). The order of scan conditions was 
counterbalanced across individuals. Psycho- 
physical performance, calculated from the 
same trials used for the PET analysis, paral- 
leled the results of the first experiment (1 8). 

Here we report only BF activations de- 
tected in extrastriate visual cortex after sub- 
tracting a divided-attention scan from each 

of the selective-attention scans (19). In this 
subtraction, factors such as sensory stimula- 
tion, arousal, task-related anxiety, and mo- 
tor output were matched, so that differences 
in the attentional set are the most likely 
factor in explaining the obtained activations. 
However, all the reported activations were 
also found when subtracting the no-task 
from the selective-attention scans. 

The main result was that different regions 
of extrastriate visual cortex were activated 
when attending to different attributes of a 
visual display (20) (Table 1 and Fig. 2). In 
the ventromedial occipital cortex, a focus of 
activation in the lingual gyms (Fig. 3) was 
found for both attention to color and shape. 
The response was bilateral for color (with a 

Shape 
0 Color 

Fig. 3. A coronal slice taken 60 mm behind the C 
point of the stereotactic space, corresponding tc 
plane A in Fig. 2. cs, Calcarine sulcus; lin, lingual 
gyrus; fus, hsiform gyrus. Note activations for 
attention to color and shape, and not for velocity. 

larger rdsponse on the left side) and Ai~ater-  
al on the left for shape. No activation was al strip of cortical tissue on the lateral occipi. 
found in this region for attention to velocity. tal gyri (dorsolateral area 19) (Fig. 4 ~ ) , - i n  

Attending to shape activated several other addition to the focus on the lingual gyms 
ventromedial occipital regions along the fu- that was also activated by shape. Finally, the 
siform and the parahippocampal gyri. More selection of velocity information activated a 
dorsally, another focus was localized in the region of the inferior parietal lobule in area 
occipitoparietal sulcus. On the lateral sur- 39 (Fig. 4B) on the left side (21). 
face, bilateral activations were localized mid- The activation of distinct visual cortical 
way along the superior temporal sulcus (sts), regions as a function of the attended visual 
between areas 21 and 22. The magnitude of attribute cannot be explained by sensory 
this response was stronger on the right side factors or changes in general arousal. The 
(Fig. 4A). None of these regions were acti- divided task was more difficult, as measured 
vated by attention to color or velocity. At- by lower d' values, suggesting that arousal 
tending to a color change activated a bilater- was probably higher in the divided than in 

Table 1. Foci of activation in extrastriate visual cortex: lin, lingual gyrus; fus, fusiform gyrus; ph, 
parahippocampal; pos, parieto-occipital sulcus; sts, superior temporal sulcus; top, inferior parietal 
lobule; and d o ,  dorsolateral occipital. SiI, supero-inferior; MIL, medio-lateral; and AIP, antero- 
posterior. The coordinates are in millimeters from a 0,0,0 point, situated at the level of the anterior and 
posterior commissures (SD = 0), at the mid-line of the brain (MIL = O), and antero-posteriorly halfway 
between the commissures (AIP = 0). The magnitude is in normalized PET counts, which are linearly 
correlated with BF (16). All foci of change in the visual association cortex with a z-score of >1.96 are 
reported: unmarked, z-score of >1.96 (P < 0.05), *z-score of >2.17 (P < 0.03), and tz-score of 
>2.58 ( P  < 0.01). 

- - - 

Coordinates 
Area name Magnitude 

SiI MIL AIP 

lin 
lin 
fus 
h s  
ph 
ph 
ph 
ph 
POS 
StS 
sts 

lin 
lin 
dl0 
dl0 
dl0 
dl0 
dl0 
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the selective attention condition. These acti- we also fbund activation in the middle tem- a&ued by "e" attention signals (6). 
In conclusion, attention to basic visual 

amibutes, such as shape, color, or velocity, 
appears to influence behavioral and physio- 
logical measures of visual processing. Behav- 
iorally, sensitivity for making subtle dis- 
criminations is increased by attention. Phys- 
iologically, neural activity is increased in 
extmtrkte regions specialized for process- 
ing information related to the selected visual 
amibute. These enhancements reflect cogni- 
tive (top-down) control of visual processing 
and offer a promising tool for studying 
visual areas of the human brain. 

vations are best explained by attribute-de- 
pendent attentional (top-down) modula- 
tions of visual cortex activitv. The modula- 

poral gyrus (area 21) during several object 
recognition tasks using static colored and 
oriented bars (25). The magnitude of the BF 

tions took the form of a poktive change in 
BF. We believe this BF enhancement oc- 
curred in areas of the visual system that were 

response in both sets of PET experiments is 
stronger in the right than in the left tempo- 
ral cortex. This result suggests that neural 

processing the relevant attended stimulus 
amibute. This notion is supported by com- 
paring the location of the several tbci of 
activation? of this studv with ~revious PET 

substrates for object rem&tion are asym- 
metrically o rgamd in humans, in agree- 
ment with neuropsychological studies (26). 

Finallv. the location of the velocitv-modu- 
activation and lesion studies in humans, and 
available physiological data in primates. Le- 
sions of lingual and fusiform gyri impair 

lated & in the inferior parie& lobule 
overlapped the location of a region activated 
by a smooth pursuit visual-tracking task 
(27). This region is adjacent to one activated 
by the presentation of coherently moving 
low-contrast dots and high temporal fie- 
quency (above 30 Hz) flashes (28). These 

color and object dkimination-in h& 
(22). PET activation of the lingual gyrus 
occurs during the passive presentation of 
colored stimuli (Mondrian) (23) at a loca- 
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" I t 's  our assumption, M r .  Rollins, that if one is 
going to make a signifiant contribution in Physics, one 

tends to do so at a fairly young age." 
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