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Attention Enhances the Neural Processing of Relevant
Features and Suppresses the Processing of Irrelevant
Features in Humans: A Functional Magnetic Resonance
Imaging Study of the Stroop Task
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We present a functional MRI experiment investigating the neural basis of feature-based attention in humans using the Stroop task.
Cortical areas specifically involved in color processing and word reading were first identified in individual participants using indepen-
dent tests. These areas were then probed during the Stroop task (in which participants must selectively attend to the font color of a word
while ignoring the word itself). We found that activation in functionally defined color areas increased during the task relative to a neutral
color-naming task while activation in functionally defined word areas decreased. These results are consistent with a biased competition
model of feature-based attention in which the processing of attended features is enhanced and the processing of ignored features is

suppressed.
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Introduction

Spatial attention enhances neural processing associated with at-
tended locations and suppresses processing of unattended loca-
tions (Moran and Desimone, 1985). Similarly, attending to an
object enhances neural processing associated with that object and
suppresses processing associated with other objects (Gazzaley et
al., 2005). In this study, we used functional MRI to investigate
whether feature-based attention works the same way: does at-
tending to a specific feature lead to enhancement of neural pro-
cessing for the attended feature and suppression of processing for
an ignored feature?

The earliest neural studies of feature-based attention in hu-
mans found that selectively attending to color, shape, or motion
(relative to dividing attention across features) led to increased
activation in extrastriate visual areas that were plausibly associ-
ated with the processing of those features (Corbetta et al., 1990,
1991). Subsequent fMRI studies similarly found activation in
cortical areas plausibly associated with color and motion process-
ing when participants attended to color and motion (Chawla et
al., 1999; Liu et al., 2003) [see also O’Craven et al. (1997), Shul-
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man et al. (1997), Giesbrecht et al. (2003), and Saenz et al.
(2003)]. In most of these studies, attention to one feature was
contrasted with attention to another feature. It is therefore diffi-
cult to determine whether the activation was due to enhanced
processing of the attended feature, suppressed processing of the
unattended feature, or both.

The most popular task for studying feature-based attention in
humans is the Stroop paradigm (Stroop, 1935). Color words are
presented in conflicting colored fonts, e.g., the word RED printed
in green font, and participants must name the font color while
ignoring the word itself. The task involves attending to a relevant
feature (the font color) while ignoring a salient, but irrelevant
feature (the word). Most imaging studies of the Stroop task have
investigated the anatomical source of attention and have found
activation in anterior cingulate cortex, dorsolateral prefrontal
cortex, and/or posterior parietal cortex (Pardo et al., 1990; Bench
et al., 1993; Carter et al., 1995, 2000; Banich et al., 2000a,b; Mac-
Donald et al., 2000; Milham et al., 2001; van Veen and Carter,
2005; Liu et al., 2006; Coderre et al., 2008).

To determine the effects of feature-based attention on the
processing of attended features and unattended features, it is nec-
essary to examine the posterior brain areas that are the targets of
attention. Stroop studies that have addressed posterior brain ar-
eas have yielded conflicting results, ranging from no evidence for
enhancement or suppression (Pardo et al., 1990), to evidence for
suppression but not enhancement (Bench et al., 1993), to evi-
dence for both (Carter et al., 1995). Banich et al. (2000a,b, 2001)
found no activation in areas associated with color processing, but
reported evidence that word areas may actually be enhanced
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rather than suppressed. Using a variant of the Stroop task with
the names and faces of politicians and actors as stimuli, Egner and
Hirsch (2005) found evidence for the neural enhancement of
task-relevant information, but not for the neural suppression of
task-irrelevant information.

A potential explanation for these mixed results is that in most
of these studies no independent test was performed to confirm
the posterior areas involved in processing the features being at-
tended and ignored in individuals. Because these areas are rela-
tively small and because their exact location varies across individ-
uals, it is hard to know whether the posterior areas activated
and/or deactivated were actually involved in the processing of the
attended or ignored features.

In this study, we functionally and independently identified
cortical areas involved in processing colors and words in individ-
ual participants and then probed those areas during the Stroop
task. We confirm the hypothesis that attention both enhances the
processing of attended features and suppresses the processing of
unattended features in humans.

Materials and Methods

Participants. A total of 14 University of Michigan students participated
after providing informed consent. All were right-handed native English
speakers with normal vision. They were paid $30/h plus a small bonus
based on their accuracy and reaction time (RT) in the scanner (mean =
$14.57; range = $5-28). They had no history of neurological problems or
learning disability and were not taking medications.
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Instructions. Participants memorized a fin-
ger—color mapping and then practiced the
color-naming task using colored bars instead of
Stroop stimuli for 5 min before entering the
fMRI scanner. The instructions were: “When it
says ‘Identify Color’, the task is to press the key
corresponding to each color with the appropri-

Stimuli used in the area identification runs. A, Stimuli used to identify color areas: color patterns (top), gray patterns
(bottom), and fixation. B, Stimuli used to identify word areas: words (top), consonant strings (bottom), and fixation.

ate finger. The stimuli may be colored bars or
words written in colored font.” If a participant
asked whether to emphasize speed or accuracy,
they were told not to sacrifice accuracy for
speed. Since these individuals participated in a
second experiment during the same session in
the scanner, they also briefly practiced an event-
related Stroop experiment that required them
to respond to the word or font color of Stroop
stimuli on different trials.

Regions of interest. The stimuli used for iden-
tifying color and word areas are shown in Figure
1. The color contrast compared colored versus
gray patterns. The word contrast compared
words versus consonant strings. The four runs
devoted to area identification alternated with
the runs used for hypothesis testing. Area iden-
tification runs consisted of 8 min of passively
viewing 20 s blocks of each stimulus category in
pseudorandom order, with stimuli being pre-
sented at a rate of one per second. The first and
last area identification runs were for identifying
word areas and the middle two were for color
areas.

We used PickAtlas (http://www.fmri.wfubmc.
edu/cms/software#PickAtlas) (Maldjian et al.,
2003) to create two anatomical masks based on
previous experiments on color and word pro-
cessing (Beauregard et al., 1997; Biichel et al.,
1998; Chao and Martin, 1999; Bartels and Zeki,
2000; Cohen et al., 2000; Polk and Farah, 2002):
(1) a bilateral lingual gyrus and fusiform gyrus
mask that excluded the anterior half of the fusi-
form gyrus (for use in finding the color area)
and (2) a left fusiform mask (for use in finding the word area). We then
normalized each participant’s data and found the top five voxels for the
color contrast within anatomical mask 1 for each participant. These were
the individual color areas. We also found the top five voxels for the word
contrast within anatomical mask 2 for each participant. These were the
individual word areas.

Hypothesis testing. The stimuli for the hypothesis testing conditions are
shown in Figure 2. Four hypothesis testing runs lasted 5 min each and
consisted of five 20 s blocks each of Stroop (top of figure) and neutral
(bottom of figure) trials in pseudorandom order with 10 s of fixation
between blocks. In both the Stroop and neutral conditions, participants
indicated the color of the stimulus by pressing a finger of their right hand
corresponding to the four colors used in the experiment: red = index,
yellow = middle, green = ring, and blue = pinky. Trials were self-paced.

We used manual as opposed to verbal responses to avoid motion
artifacts associated with speech and we used neutral rather than congru-
ent control stimuli to avoid facilitation effects. We chose four frequency-
matched abstract control stimuli (TAX, DEAL, FAITH, and SYMBOL)
instead of animal names used in some previous experiments (Carter et
al., 1995) to reduce differences in concreteness between the conditions
(Whatmough et al., 2004).

fMRI data acquisition. Stimulus presentation was controlled by
E-Prime software on a PC. MRI experiments were performed at 3T (GE
Signa). Foam padding was used to restrict head motion comfortably. We
used fMRI with BOLD (blood oxygenation-level dependent) contrast
(Ogawa et al., 1990, 1992; Bandettini et al., 1992; Kwong et al., 1992).
Each imaging protocol began with a 10—15 min acquisition of standard
images used for determining regional anatomy. We first performed a
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three-plane localizer followed by a T1 sagittal
localizer (19 5 mm slices with 1 mm skip, TR =
300 ms, TE = 3.4 ms, FOV = 24 ¢cm, 1 NEX,
256 X 160 matrix). We then acquired 30 T1-
weighted oblique-axial structural images ap-
proximately parallel to the AC-PC line (5 mm
slices with 0 mm skip, TR = 300 ms, TE = 3.5
ms, FOV = 24 cm, 1 NEX, 256 X 256 matrix).
Functional acquisitions consisted of 30 5 mm
contiguous oblique-axial slices obtained every
2 s and prescribed at the same locations as the
30 oblique-axial structural scans (0 mm skip,
TR = 2000 ms, TE = 30 ms, FOV = 24 cm, 1
NEX). Images were reconstructed into a 64 X 64
display matrix for an effective spatial resolution of
3.75 mm X 3.75 mm X 5 mm. After the func-
tional scans, we acquired a T1-weighted
3-dimensional spoiled gradient echo image (60
2.5 mm axial slices, TR = 38 ms, TE = 3 ms, FOV = 24 cm, 1 NEX, 256 X
160 matrix).

The raw k-space data were reconstructed into 2D images using a 2D
FFT, with appropriate corrections for N/2 ghost removal. Correction
for head movement was performed using Automatic Image Registra-
tion (AIR release 3.1) (Woods et al., 1998), which uses a rigid body
(6 parameter) model. Voxelwise analysis was performed in Voxbo
(voxbo.org) using the modified general linear model approach
(Worsley and Friston, 1995).

Figure 2.

Results

Behavioral results

Behavioral data are shown in Figure 3. A typical Stroop effect was
observed in RTs, as mean responses were slower in the Stroop
condition (654 ms) relative to the neutral condition (606 ms; #, 5
=5.84, p = 0.0001; one-tailed). Mean accuracy was high for both
neutral (97.3%) and Stroop conditions (96.8%), with no signifi-
cant difference in accuracy between the two conditions (t,3, =
0.82, p = 0.21). Stroop effects are often larger in designs in which
the incongruent stimuli are rare events (Carter et al., 2000) or in
which participants emphasize speed over accuracy (van Veen et
al., 2008).

fMRI whole-brain results

We normalized the statistical parametric maps for the Stroop
versus neutral contrast in each individual participant, smoothed
them with a 5 X 5 X 5 mm kernel, and submitted them to a
second-level whole-brain random effects analysis. Results are
presented in Figure 4 and Table 1 (thresholded at p < 0.001,
uncorrected). Consistent with many other Stroop studies, we ob-
served activation in left (and to some extent right) dorsolateral
prefrontal cortex [Brodmann areas (BA) 46 and 9] as well as in
right (and some left) posterior parietal cortex (BA 7). In addition,
we found activation in left and right ventrolateral prefrontal
cortex (BA 47) and in superior and more medial frontal cortex
(BA 8 and 6). Although anterior cingulate activation is regu-
larly observed in Stroop studies, we found only minimal evi-
dence [two voxels exceeded a t value of 3.5 at Talairach coor-
dinates (2, 18, 24)].

fMRI region-of-interest results

To test our hypotheses, we found the average t value for the
Stroop versus neutral contrast in each participant’s functionally
defined ROIs and performed second-level analyses on the average
t values to test for enhancement in the color areas and suppres-
sion in the word areas. Figure 5 shows the average ¢ values for the
Stroop versus neutral contrast in color and word areas in individ-
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Stimuli for color naming in the Stroop (top row) and neutral (bottom row) conditions.
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Figure 3.  Behavioral Stroop effect in individual participants. The black bars correspond to

the RT in the neutral condition for each individual participant. The white part of each bar
represents the difference in RT between the Stroop and neutral conditions (the Stroop effect).
The group averages are presented on the right of the figure.

ual participants and averaged across participants (right of figure).
We used nonparametric tests because the relatively small sample
size undermines the distributional assumptions of a parametric
test like the # test. Nevertheless, we confirmed that the same pat-
tern of results is obtained using ¢ tests. Consistent with the en-
hancement hypothesis, the Stroop condition activated color areas
relative to the neutral condition (W+ = 78, W— = 27, n = 14,
p = 0.059 by Wilcoxon one-sample signed-rank test; p = 0.029 by
sign test) and deactivated word areas relative to the neutral con-
dition (W+ = 24, W— = 81, n = 14, p = 0.039). Furthermore,
when participants who exhibited the least color area activation in
the color-area identification runs were excluded from the analysis
(under the assumption that their color area may not have been
accurately identified), the evidence for enhancement in the color
area was even stronger (W+ = 55, W— =0, n = 10, p = 0.001).
We chose an average t value of 1.96 for the color versus gray
contrast in the area identification runs for this threshold. This is
the standard threshold for significance for a t test with a very large
number of degrees of freedom. Four subjects out of 14 failed to
pass this threshold. More generally, as Table 2 illustrates, partic-
ipants with strong color and word areas tended to show the best
evidence for enhancement and suppression while participants
with weaker color and word areas tended to show less or no
evidence for the hypotheses. We would not necessarily predict
strong correlations between Stroop activations and the color/
word activations (and, indeed, those correlations are not partic-
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Figure 4.
the left.

Table 1. Activation sites for the Stroop versus neutral contrast in a whole-brain
group analysis

Activation site Talairach coordinates Maximum ¢ value # Voxels
Dorsolateral PFC
L MFG (BA 46) (—46,40,14) 7.37 272
L MFG (BA9) (—50,10,36) 5.04 181
LMFG (BA9) (—46, 30, 28) 7.44 920
RMFG (BA9) (26, 36, 26) 4.63 60
Posterior parietal
RSPL(BA7) (28, —60, 46) 7.1 18
LSPL(BA7) (—38, —66, 56) 433 53
Ventrolateral PFC
LIFG (BA47) (—34,28, —4) 491 127
RIFG (BA 47) (38,26, —4) 4.06 43
Superior/medial PFC
LSFG (BA8) (—30, —54,42) 473 104
L SFG (BA6) (—10,6,62) 4.89 102

L, Left; R, right; BA, Brodmann area; PFC, prefrontal cortex; MFG, middle frontal gyrus; SPL, superior parietal lobule;

IFG, inferior frontal gyrus; SFG, superior frontal gyrus. The # Voxels column indicates the number of contiguous 2 X
2 X 2 mm voxels in which activation for the Stroop versus Neutral contrast exceeded a statistical threshold of p <
0.001, uncorrected.

ularly large: r = 0.28 between Stroop activation and color activa-
tion in the color area, n.s.; r = —0.23 between the Stroop
activation and word activation in the word area, n.s.). Rather,
what we would predict (and what is observed) is that participants
who do not show strong color/word activation would often fail to
show the predicted neural enhancement/suppression effects (un-
der the assumption that we failed to identify an actual color/word
processing area in that participant). These results further confirm
the importance of obtaining accurate, functionally defined ROIs
for feature-processing areas in each individual participant to test
the enhancement and suppression hypotheses accurately.

Discussion

We used fMRI to investigate how feature-based attention modu-
lates activation in posterior brain areas involved in processing
attended and ignored features. Our results demonstrate both

Whole-brain group analysis of activation in the Stroop versus neutral contrast. Colors indicate activations that passed an uncorrected threshold of p << 0.001. The left hemisphere is on

m Color Area OWord Area

Avg t-value (Stroop vs. Control)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 Avg
Participant

Figure5. Average tvalue for the Stroop versus neutral contrast in the color (black bars) and
word areas (white bars) of individual participants. Activity in the color area tended to be en-
hanced while activity in the word area tended to be suppressed. The group averages are pre-
sented on the right of the figure.

neural enhancement of the task-relevant feature (color) and neu-
ral suppression of the task-irrelevant feature (word). Our find-
ings are consistent with previous reports of combined enhance-
ment and suppression for spatial attention (Moran and
Desimone, 1985; Tootell et al., 1998) and object-based attention
(O’Craven et al., 1999; Gazzaley et al., 2005).

A critical aspect of this experiment was that the cortical
areas involved in processing the features under study were
independently identified in each individual participant, thus
ensuring that the posterior activations and deactivations ob-
served during the selective attention task were associated with
the processing of the relevant features. In fact, participants
who exhibited the strongest color and word areas also exhib-
ited the strongest evidence for the enhancement and suppres-
sion hypotheses.
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Table 2. Average t values for both area identification and hypothesis testing
contrasts

Color—gray Stroop in color Word-string Stroop in word
1.42 1.85 1.23 —0.87
1.57 —0.35 1.30 0.12
1.83 —1.02 1.53 0.14
1.91 —1.19 1.68 0.73
2.21 0.23 1.83 —0.18
221 0.15 1.86 0.09
3.12 0.32 2.05 —2.69
3.44 0.01 2.29 —0.31
377 134 2.57 —047
4.25 0.51 2.66 —0.19
4.81 0.60 292 —0.82
517 1.08 2.9 —0.60
5.89 039 3.3 0.57
10.60 0.60 3.95 —1.45

Column 1: average t values for the color versus gray contrast in color areas of individual participants (sorted in
ascending order). Column 2: average t values for the Stroop versus neutral contrast in the corresponding color areas.
Column 3: average t values for the word versus consonant string contrast in word areas of individual participants
(sorted in ascending order). Column 4: average t values for the Stroop versus neutral contrast in the corresponding
word areas.

Relationship to previous work

Most studies of feature-based attention in animals have inves-
tigated the preferential processing of whole objects that match
a target feature (Motter, 1994; Treue and Martinez Trujillo,
1999; Bichot et al., 2005), rather than attention to different
features of a single object. One exception is a recent study by
Mirabella et al. (2007) in which the activity of V4 neurons was
recorded while macaques attended either to the color or ori-
entation of a colored bar. These authors found that the activity
of 28% of the neurons was significantly influenced by the
attended feature. Some of the neurons responded more when
the animal attended to color and others responded more when
the animal attended to orientation.

As mentioned in the introduction, previous imaging stud-
ies of the Stroop task have yielded conflicting results regarding
enhancement and suppression. Pardo et al. (1990) found no
evidence for enhancement or suppression of putative color
and word areas. Bench et al. (1993) found no evidence for
enhancement, but a negative correlation between anterior cin-
gulate activation and superior temporal cortices that they in-
terpreted as reflecting inhibition of word processing. Carter et
al. (1995) found activations in lingual gyrus and deactivations
in left extrastriate cortex, consistent with both enhancement
of color areas and suppression of word areas. Banich et al.
(2000a,b, 2001) found no activation in areas associated with
color processing, but reported evidence that left posterior ar-
eas previously associated with word processing may actually
be enhanced rather than suppressed during the Stroop task
[these results are modeled in a recent computational model of
the Stroop task (Herd et al., 2007)]. We would argue that some
of the variability in these results is due to the fact that previous
studies did not independently identify color and word areas in
individual participants.

Using a variant of the Stroop task with the names and faces
of politicians and actors as stimuli, Egner and Hirsch (2005)
showed that transient control mechanisms sensitive to high
conflict modulate face processing when faces are task-relevant
targets (similar to the current finding of enhancement of color
areas in the Stroop task). They even found effects of attention
on a trial-by-trial basis (an issue that we could not address
using the present block design). In contrast to the present
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study, Egner and Hirsch (2005) failed to report significant
suppression of the face area when the face was being ignored,
whereas we did observe significant suppression of word areas
during the Stroop task. Perhaps the most important difference
between the studies is that Egner and Hirsch (2005) investi-
gated attention to different objects (a printed word vs a face),
whereas the current study investigated attention to different
features of the same object (the text and color of a single
printed word). One could therefore argue that the two studies
are investigating different types of attention (object-based vs
feature-based).

Theoretical implications

Most recent neurally inspired models of visual attention have
been based on the idea of biased competition (Desimone and
Duncan, 1995; Desimone, 1998; Kastner and Ungerleider,
2000). This model is most commonly applied in the domain of
object-based attention where it is assumed that different visual
objects compete for neural representation by suppressing each
other. This competition can be biased by top-down attentional
signals that enhance the processing of a target object and
thereby increase its chances of winning the competition and
influencing downstream processing. The present results are
consistent with this model and support the idea that it can also
apply to feature-based attention by biasing the competition
between feature processing areas. According to this view,
feature-based attention works by enhancing the processing of
attended features, thereby biasing the competition between
features in favor of the attended feature. Unattended features
would be suppressed either directly by a top-down signal or
indirectly by lateral inhibition from the attended feature. [See
Treue and Martinez Trujillo (1999) for a related proposal in
which attention enhances the neural response to objects that
match a target feature even if the object is outside the neuron’s
spatial receptive field.]

One problem with this account is that in studies of object-
based attention, attention to one feature of an object has been
shown to enhance the processing of other features of that
object, even if those features are irrelevant to the task. For
example, O’Craven et al. (1999) showed participants a face
superimposed on a house. One of the two stimuli was moving
and participants had to attend either to the face, to the house,
or to the movement. When attention was focused on motion,
the face-sensitive area (the so-called fusiform face area or
FFA) in ventral visual cortex was more active when the face
was the moving stimulus than when the house was. Similarly,
the place-sensitive area was more active when the house was
moving than when the face was. They interpreted these find-
ings as evidence for object-based attention. In contrast, we
find that when participants attend to one feature of a printed
word (the font color) then processing of other features of that
word (its orthography) is suppressed.

One possible way to reconcile these findings is based on the
distinction between integral and separable dimensions (Gar-
ner and Felfoldy, 1970; Garner, 1974). Separable dimensions
can be processed relatively independently and attention can be
focused on each of the dimensions separately. In contrast,
integral dimensions are invariably processed together as a uni-
tary whole and attention to one dimension virtually guaran-
tees attention to both. For example, behavioral studies have
demonstrated that shape and color can be processed relatively
independently (they are separable), whereas hue and satura-
tion cannot (they are integral).
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The integral-separable distinction offers a hypothesis
about when attention to a feature will enhance neural process-
ing associated with other irrelevant features and when it will
suppress that processing: for integral features, attention to one
feature will enhance the processing of the other feature. For
separable features, attention to one feature will suppress the
processing of the other feature. Assuming that the font color
and orthography of a printed word are separable dimensions,
whereas the motion of a face is not separable from the face
itself (i.e., they are integral), this hypothesis could explain
both our results and those of O’Craven et al. (1999).

Another potential explanation is that the Stroop task de-
mands suppression of the irrelevant feature more than the
tasks used by O’Craven et al. (1999). Word reading is a much
more prepotent response than is color naming and the re-
sponse associated with the word always conflicts with the re-
sponse associated with the font color in the Stroop task. If
word processing were not suppressed, it could therefore sig-
nificantly interfere with performance on the color-naming
task. In the O’Craven et al. (1999) experiment, none of the
tasks were significantly more practiced than any of the others
and interference would presumably not be as severe, so per-
haps suppression was not as important. If this hypothesis is
correct, it suggests that attention can be very finely controlled
depending on the degree of conflict (see, for example, Botvin-
ick et al., 2001).

References

Bandettini PA, Wong EC, Hinks RS, Tikofsky RS, Hyde JS (1992) Time
course EPI of human brain function during task activation. Magn Reson
Med 25:390-397.

Banich MT, Milham MP, Atchley R, Cohen NJ, Webb A, Wszalek T, Kramer
AF, Liang ZP, Wright A, Shenker J, Magin R (2000a) fMRI studies of
Stroop tasks reveal unique roles of anterior and posterior brain systems in
attentional selection. ] Cogn Neurosci 12:988-1000.

Banich MT, Milham MP, Atchley RA, Cohen NJ, Webb A, Wszalek T, Kramer
AF, Liang ZP, Barad V, Gullett D, Shah C, Brown C (2000b) Prefrontal
regions play a predominant role in imposing an attentional ‘set’: evidence
from fMRI. Brain Res Cogn Brain Res 10:1-9.

Banich MT, Milham MP, Jacobson BL, Webb A, Wszalek T, Cohen NJ,
Kramer AF (2001) Attentional selection and the processing of task-
irrelevant information: insights from fMRI examinations of the Stroop
task. Prog Brain Res 134:459—470.

Bartels A, Zeki S (2000) The architecture of the colour centre in the human
visual brain: new results and a review. Eur ] Neurosci 12:172—-193.

Beauregard M, Chertkow H, Bub D, Murtha S, Dixon R, Evans A (1997) The
neural substrate for concrete, abstract, and emotional word lexica: a
positron emission tomography study. ] Cogn Neurosci 9:441-461.

Bench CJ, Frith CD, Grasby PM, Friston KJ, Paulesu E, Frackowiak RSJ,
Dolan RJ (1993) Investigations of the functional anatomy of attention
using the Stroop test. Neuropsychologia 31:907-922.

Bichot NP, Rossi AF, Desimone R (2005) Parallel and serial neural mecha-
nisms for visual search in macaque area V4. Science 308:529-534.

Botvinick MM, Braver TS, Barch DM, Carter CS, Cohen JD (2001) Conflict
monitoring and cognitive control. Psychol Rev 108:624 —652.

Biichel C, Price C, Friston K (1998) A multimodal language region in the
ventral visual pathway. Nature 394:274-277.

Carter CS, Mintun M, Cohen JD (1995) Interference and facilitation effects
during selective attention: an (H,0)-O-15 PET study of Stroop task per-
formance. Neuroimage 2:264-272.

Carter CS, Macdonald AM, Botvinick M, Ross LL, Stenger VA, Noll D,
Cohen JD (2000) Parsing executive processes: strategic vs. evaluative
functions of the anterior cingulate cortex. Proc Natl Acad Sci U S A
97:1944-1948.

Chao LL, Martin A (1999) Cortical regions associated with perceiving, nam-
ing, and knowing about colors. ] Cogn Neurosci 11:25-35.

Chawla D, Rees G, Friston KJ (1999) The physiological basis of attentional
modulation in extrastriate visual areas. Nat Neurosci 2:671-676.

J. Neurosci., December 17, 2008 - 28(51):13786 —13792 = 13791

Coderre EL, Filippi CG, Newhouse PA, Dumas JA (2008) The Stroop effect
in kana and kanji scripts in native Japanese speakers: an fMRI study. Brain
Lang 107:124-132.

Cohen L, Dehaene S, Naccache L, Lehéricy S, Dehaene-Lambertz G, Hénaff
MA, Michel F (2000) The visual word form area: spatial and temporal
characterization of an initial stage of reading in normal subjects and pos-
terior split-brain patients. Brain 123:291-307.

Corbetta M, Miezin FM, Dobmeyer S, Shulman GL, Petersen SE (1990) At-
tentional modulation of neural processing of shape, color, and velocity in
humans. Science 248:1556-1559.

Corbetta M, Miezin FM, Dobmeyer S, Shulman GL, Petersen SE (1991) Se-
lective and divided attention during visual discriminations of shape,
color, and speed: functional anatomy by positron emission tomography.
] Neurosci 11:2383-2402.

Desimone R (1998) Visual attention mediated by biased competition in
extrastriate visual cortex. Philos Trans R Soc Lond B Biol Sci
353:1245-1255.

Desimone R, Duncan] (1995) Neural mechanisms of selective visual atten-
tion. Annu Rev Neurosci 18:193-222.

Egner T, Hirsch J (2005) Cognitive control mechanisms resolve conflict
through cortical amplification of task-relevant information. Nat Neurosci
8:1784-1790.

Garner WR (1974) The processing of information and structure. Potomac,
MD: Lawrence Erlbaum.

Garner WR, Felfoldy GL (1970) Integrality of stimulus dimensions in vari-
ous types of information processing. Cogn Psychol 1:225-241.

Gazzaley A, Cooney JW, McEvoy K, Knight RT, D’Esposito M (2005) Top-
down enhancement and suppression of the magnitude and speed of neu-
ral activity. ] Cogn Neurosci 17:507-517.

Giesbrecht B, Woldorftf MG, Song AW, Mangun GR (2003) Neural mecha-
nisms of top-down control during spatial and feature attention. Neuro-
image 19:496-512.

Herd SA, Banich MT, O’Reilly RC (2006) Neural mechanisms of cognitive
control: an integrative model of Stroop task performance and fMRI data.
J Cogn Neurosci 18:22-32.

Kastner S, Ungerleider LG (2000) Mechanisms of visual attention in the
human cortex. Annu Rev Neurosci 23:315-341.

Kwong KK, Belliveau JW, Chesler DA, Goldberg IE, Weisskoff RM, Poncelet
BP, Kennedy DN, Hoppel BE, Cohen MS, Turner R, Cheng HM, Brady
TJ, Rosen BR (1992) Dynamic magnetic resonance imaging of human
brain activity during primary sensory stimulation. Proc Natl Acad Sci
U S A 89:5675-5679.

Liu T, Slotnick SD, Serences JT, Yantis S (2003) Cortical mechanisms of
feature-based attentional control. Cereb Cortex 13:1334-1343.

Liu X, Banich MT, Jacobson BL, Tanabe JL. (2006) Functional dissociation
of attentional selection within PFC: response and non-response related
aspects of attentional selection as ascertained by fMRI. Cereb Cortex
16:827-834.

MacDonald AW 3rd, Cohen JD, Stenger VA, Carter CS (2000) Dissociating
the role of the dorsolateral prefrontal and anterior cingulate cortex in
cognitive control. Science 288:1835-1838.

Maldjian JA, Laurienti PJ, Kraft RA, Burdette JH (2003) An automated
method for neuroanatomic and cytoarchitectonic atlas-based interroga-
tion of fMRI data sets. Neuroimage 19:1233-1239.

Milham MP, Banich MT, Webb A, Barad V, Cohen NJ, Wszalek T, Kramer AF
(2001) The relative involvement of anterior cingulate and prefrontal cor-
tex in attentional control depends on nature of conflict. Brain Res Cogn
Brain Res 12:467-473.

Mirabella G, Bertini G, Samengo I, Kilavik BE, Frilli D, Della Libera C,
Chelazzi L (2007) Neurons in area V4 of the macaque translate at-
tended visual features into behaviorally relevant categories. Neuron
54:303-318.

Moran J, Desimone R (1985) Selective attention gates visual processing in
the extrastriate cortex. Science 229:782-784.

Motter BC (1994) Neural correlates of attentive selection for color or lumi-
nance in extrastriate area V4. ] Neurosci 14:2178-2189.

O’Craven KM, Rosen BR, Kwong KK, Treisman A, Savoy RL (1997) Volun-
tary attention modulates fMRI activity in human MT-MST. Neuron
18:591-598.

O’Craven KM, Downing PE, Kanwisher N (1999) fMRI evidence for objects
as the units of attentional selection. Nature 401:584—587.

Ogawa S, Lee TM, Nayak AS, Glynn P (1990) Oxygenation-sensitive con-



13792 - J. Neurosci., December 17,2008 - 28(51):13786—13792

trast in magnetic-resonance image of rodent brain at high magnetic fields.
Magn Reson Med 14:68-78.

Ogawa S, Tank DW, Menon R, Ellermann JM, Kim SG, Merkle H, Ugurbil K
(1992) Intrinsic signal changes accompanying sensory stimulation: func-
tional brain mapping with magnetic resonance imaging. Proc Natl Acad
Sci U S A 89:5951-5955.

Pardo JV, Pardo PJ, Janer KW, Raichle ME (1990) The anterior cingulate
cortex mediates processing selection in the Stroop attentional conflict
paradigm. Proc Natl Acad Sci U S A 87:256-259.

Polk TA, Farah MJ (2002) Functional MRI evidence for an abstract, not
perceptual, word-form area. ] Exp Psychol Gen 131:65-72.

Saenz M, Burac¢as GT, Boynton GM (2003) Global feature-based attention
for motion and color. Vision Res 43:629—637.

Shulman GL, Corbetta M, Buckner RL, Raichle ME, Fiez JA, Miezin FM,
Petersen SE (1997) Top-down modulation of early sensory cortex.
Cereb Cortex 7:193-206.

Stroop JR (1935) Studies of interference in serial verbal reactions. ] Exp
Psychol 18:643—662.

Tootell RBH, Hadjikhani N, Hall EK, Marrett S, Vanduffel W, Vaughan JT,

Polk et al. @ fMRI Study of Feature-Based Attention

Dale AM (1998) The retinotopy of visual spatial attention. Neuron
21:1409-1422.

Treue S, Martinez Trujillo JC (1999) Feature-based attention influences
motion processing gain in macaque visual cortex. Nature
399:575-579.

van Veen V, Carter CS (2005) Separating semantic conflict and response
conflict in the Stroop task: a functional MRI study. Neuroimage
27:497-504.

van Veen V, Krug MK, Carter CS (2008) The neural and computational
basis of controlled speed-accuracy tradeoff during task performance. J
Cogn Neurosci 20:1952-1965.

Whatmough C, Verret L, Fung D, Chertkow H (2004) Common and con-
trasting areas of activation for abstract and concrete concepts: an (H,O
PET)-O-15 study. ] Cogn Neurosci 16:1211-1226.

Woods RP, Grafton ST, Holmes CJ, Cherry SR, Mazziotta JC (1998) Auto-
mated image registration: I. General methods and intrasubject, intramo-
dality validation. ] Comput Assist Tomogr 22:139-152.

Worsley KJ, Friston KJ (1995) Analysis of fMRI time-series revisited—
again. Neuroimage 2:173-181.



