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Abstract

The present study used the flanker task [Percept. Psychophys. 16 (1974) 143] to identify neural structures that support response selecti
processes, and to determine which of these structures respond differently depending on the type of stimulus material associated wit
the response. Participants performed two versions of the flanker task while undergoing event-related functional magnetic resonanc
imaging (fMRI). Both versions of the task required participants to respond to a central stimulus regardless of the responses associate
with simultaneously presented flanking stimuli, but one used colored circle stimuli and the other used letter stimuli. Competition-related
activation was identified by comparing Incongruent trials, in which the flanker stimuli indicated a different response than the central
stimulus, to Neutral stimuli, in which the flanker stimuli indicated no response. A region within the right inferior frontal gyrus exhibited
significantly more competition-related activation for the color stimuli, whereas regions within the middle frontal gyri of both hemispheres
exhibited more competition-related activation for the letter stimuli. The border of the right middle frontal and inferior frontal gyri and the
anterior cingulate cortex (ACC) were significantly activated by competition for both types of stimulus materials. Posterior foci demonstrated
a similar pattern: left inferior parietal cortex showed greater competition-related activation for the letters, whereas right parietal cortex was
significantly activated by competition for both materials. These findings indicate that the resolution of response competition invokes both
material-dependent and material-independent processes.
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1. Introduction architecture underlying performance across a wide range
of tasks. The present study addresses the seldom-examined
When individuals are confronted with multiple possible fundamental question: do distinct neural systems support re-
actions, a single response must be selected. This operationsponse selection for different types of stimulus materials?
termed response selection, is a basic component of cogni- Evidence for a unitary selection process stems from a va-
tion whose neural substrate remains poorly understood. Re-riety of sources. A substantial behavioral literature suggests
sponse selection has been studied using a variety of experthat response selection processes for unrelated tasks using
imental tasks, including set-shifting, Stroop, and go/no-go distinct stimulus materials appear to be implemented in a
tasks, all of which require participants to suppress undesir- serial fashion (e.g[1,2]; but see[3]). There is active de-
able responses and produce an appropriate one. It is often adlate over whether the costs to performance observed when
sumed that the selection operation is performed by a unitarytwo responses must be selected in immediate succession re-
process that is invoked regardless of the task domain. Thisflect a structural feature of the cognitive architecture or a
assumption is critical for interpreting neuroimaging and neu- Strategic choice that can be overcome with the appropriate
ropsychological results, and heavily constrains the cognitive incentives and levels of practice (spe-7]). Nonetheless,
the available data suggest that in the absence of consider-
"+ Corresponding author. Tek:1-650-604-4508; faxi1-650-604-3323. a_ble task-specifip practice_, response selection occurs for a
E-mail addresseehazeltine@mail.arc.nasa.gov (E. Hazeltine). single task at a time, consistent with the proposal that a set
1 Co-corresponding author. of common processes are engaged across tasks.
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Data from neuroimaging experiments are consistent with depended on the task: when participants responded to the
a unitary selection process hypothesis because they havevord’s color, the conflicting meanings activated BA 44 and
identified brain structures that play a role in response se-46, bilaterally. When participants responded to the word’s
lection in a variety of behavioral tasks. These studies havelocation, the conflicting meanings activated more superior
focused on the role of the frontal lobes in implementing re- bilateral prefrontal foci in the left middle frontal gyrus (BA
sponse selection under conditions in which competing op- 8 and 9). In the second experiment, the relevant stimulus
tions must be inhibited. Neuroimaging studies using the feature was held constant (color) and the irrelevant feature
flanker[8,9] and set-shifting taskgL0-12,51]have all re- was varied (word or shape). Here, both types activated foci
ported foci of competition-related activity within 1 cm of the  within the left and right middle frontal gyri (BA 9 and 46),
border between Brodmann areas (BA) 44 and 45 of the right although different irrelevant features produced different pat-
frontal lobe. Nearby activations have also been associatedterns of activation in posterior brain regions.
with response inhibition during go/no-go tagk8,14,51,52] Although these findings suggest that stimulus properties
and during Stroop interferendd5,16] The anterior cin- can determine which prefrontal structures subserve response
gulate cortex (ACC) is also frequently reported in studies selection, it is difficult to draw strong conclusions. First,
of response competition, especially when the Stroop taskin all conditions of the experiment, multiple stimulus di-
is used (e.g[17,53). A meta-analysis of 15 neuroimag- mensions activated the responses, making it difficult to as-
ing studies found that response competition resulted in reli- sign specific features to brain regions. Second, the interfer-
able activation of the ACC and right lateral prefrontal cortex ence was based on long-term semantic associations. Such
[18]. semantic associations may engage their own set of pre-

There are, however, additional frontal regions for which frontal regions or those that are engaged by verbal materi-
activity is frequently associated with response competition. als. Third, as pointed out by the authors, different forms of
Specifically, some researchers have emphasized foci withinvisual attention may be engaged to select the relevant stim-
left frontal cortex (e.g[19,20) or in bilateral prefrontal cor-  ulus properties for the different conditions, and these atten-
tices (e.g{14,15). Integrating the existing findings is diffi-  tional mechanisms may be distinct from response selection
cult, because the tasks used in the experiments differ alongprocesses.
multiple dimensions. One possibility is that different stimu-  While few neuroimaging studies have directly addressed
lus materials engage distinct neural substrates. There is neuwhether distinct stimulus materials engage separate response
rophysiological[21,22] and neuroimagin{?3,24] evidence selection processes, behavioral experiments have shed light
from working memory studies suggesting that prefrontal re- on the question. Virzi and Egefl34] assessed the effects
gions are organized in terms of their sensitivity to distinct on performance of two types of irrelevant information (ver-
stimulus domains. This proposal has received considerablebal and spatial) on either vocal or manual responses. The
attention, but no clear picture has emerged. Some direct testgnagnitude of the slowing of reaction times was dependent
have supported the segregation-by-material hypothesis (e.gon an interaction between the modality of the irrelevant in-
[25,26)), whereas others have found little or no difference formation and the mode of responding: verbal information
in the activation regions of the prefrontal cortex for distinct produced larger costs on vocal responses, and spatial infor-

stimulus materials (sg@7-29). mation produced larger costs on manual responses (see also
[35]). Similarly, Cohen and Shouj36] used a flanker task
1.1. Material-specificity in the prefrontal cortex in which stimuli indicated the appropriate response by ei-

ther their color or orientation. Color flankers interfered only

The majority of imaging studies testing the segregation- with color targets, and orientation flankers interfered only
by-material hypothesis have used working memory tasks with orientation targets; thus, competition appeared to occur
(e.g.[25,29,30). However, theorization about the compu- within but not between perceptual dimensions. Such findings
tational role of the prefrontal cortex has emphasized its can be accounted for by separate, domain-specific response
contribution to the selection of response alternatives, espe-selection mechanisms that operate on distinct stimulus ma-
cially when incoming sensory information is ambiguous as terials.
to which response is most appropriate (¢33—33). Thus, The present experiment uses the flanker task, introduced
response selection tasks may provide a particularly sensitiveby Eriksen and Erikse37], because it allows compet-
means of identifying material-dependent regions within the ing responses to be indicated by the same type of stim-
prefrontal cortex. ulus material. On each trial, a central target is presented

One neuroimaging study of response selecfib] in- simultaneously with two surrounding flankers. Participants
vestigated the attentional mechanisms that were specific torespond to the target on the basis of previously learned
different stimulus-materials using a Stroop-like paradigm in stimulus—response (S—R) associations, regardless of the re-
which multiple stimulus dimensions were associated with sponses indicated by the flankers. The flankers can indicate
the responses. Conflict activated left lateral prefrontal cor- the same response as the target (Congruent trials), a different
tex (BA 9) when the relevant stimulus feature was either response (Incongruent trials), or no response (Neutral trials).
color or location. However, much of the observed activation Incongruent trials are performed more slowly than Congru-
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ent or Neutral trials, even when all trials involve flankers  Responses were made with the index and middle fin-
that are physically different from the target. gers of the right hand. For the color task, participants were
Two versions of the flanker task, one using color stimuli pressed a left button if the central target was a red or green
and the other letter stimuli, were used to determine whethercircle and a right button if it was a blue or yellow cir-
the stimulus materials affected the patterns of neural acti- cle. For the letter task, they pressed the left button for
vation associated with response competition. Both the color ‘B’ or ‘H' and the right button for ‘F’ or ‘T". Participants
and letter versions of the task required manual responseswere instructed to respond as quickly and accurately as
and involved highly similar task demands. The letters and possible.
colors were placed in the same locations of the visual field, Each scan included Congruent, Incongruent, and Neu-
so that when response conflict was induced by incongru- tral trials, along with Fixation trials. On Congruent trials,
ent flankers, information from one region of the visual field the flankers were associated with the same response as
had to be selected and information from surrounding re- the central stimulus. However, the flanking stimuli were
gions had to be suppressed. Thus, attentional demands werphysically different from the target. For example, a green
held constant across the two tasks. Moreover, the irrelevanttarget might be surrounded by red flankers on a Congru-
information did not possess an a priori correspondence toent trial during the color task. On Incongruent trials, the
particular responses but instead depended on the same aflankers were associated with the opposite response from
bitrary stimulus—response associations as the relevant stimthe target. On Neutral trials, the target was flanked by
ulus information. In this way, interference was restricted to stimuli that were not associated with any response (e.g.
the stimulus information in the display and not long-term grey circles or asterisks for the color and letter tasks,
associations in semantic memory as in most versions ofrespectively).
the Stroop task. By comparing competition-related activa- The tasks followed a rapid event-related design with a
tion in the color and letter flanker tasks, we determined 3s intertrial interval. The trial order was specified accord-
whether brain regions showed material-dependent activationing to a stochastic design in SPM99, in which the probabil-
(i.e. activation during competition between stimuli of one ity of each trial type varied sinusoidally over a 30 s period.
type but not the other) or material-independent activation There were 68 Incongruent, 68 Congruent, 71 Neutral, and
(i.e. activation during competition between stimuli of both 33 Fixation trials over the course of two scans of a given
types). type. The same two lists specifying the order of presenta-
tion of different trial types were used for the color and let-
ter scans. Five participants performed the color scans first,

2. Methods and five performed the letter scans first. Color and letter
o flanker tasks were performed in separate scans to minimize
2.1. Participants the number of S—-R associations to be kept in mind at one

time.
Paid volunteers were recruited from Stanford University

and around the Bay Area. The reported data are from 102 3. Testing procedure

healthy right-handed volunteers (five males, five females;

aged 18-44 yeargy = 27). Three of thirteen participants  pyigr to the scan session, participants learned arbitrary
who performed the tasks were excluded: one on the bas'sstimulus—response associations for each task. They per-
of poor performance (on average 53% correct across Con-ormed 10-20 trials of each flanker task prior to the start

ditions), and two on the basis of poor normalization of the ¢ the scan session. They then performed two hundred and

anatomical volumes to the standard template brain. forty 3s trials over the course of two scans of a given type
(color or letter). Psyscope was used to display stimuli and
2.2. Tasks collect responses.

Participants underwent two color flanker scans and two 2.4. Imaging data acquisition
letter flanker scans during the acquisition of whole-brain
fMRI. The tasks had the same basic structure but involved Whole-brain imaging data were acquired on a 3
different types of stimuli. On each trial, a horizontal array of Tesla MRI Signa LX Horizon Echospeed scanner (GE
three stimuli—including a central stimulus and two identical Medical Systems, 8.2.5 systems revision). T2-weighted
flanking stimuli—was presented for 1500 ms. Each stimulus flow-compensated spin-echo anatomical images (2000 ms
subtended 10of visual angle and was separated from its TR; 85ms TE) were acquired in 16 contiguous 7 mm ax-
nearest neighbors by 0.4Presentation of the stimulus ar- ial slices. Functional images were acquired in the same
ray was followed by a fixation period, in which a crosshair set of slices using a T2sensitive gradient echo spiral
was presented for 1300 ms, followed by a 200 ms blank pulse sequence (1500ms TR, 30ms TES @ angle,
screen. On Fixation trials, participants viewed a crosshair 24 cm field of view, 64x 64 data acquisition matrix; see
for 2800 ms and a blank screen for 200 ms. [54)).



E. Hazeltine et al./Neuropsychologia 41 (2003) 1208-1217 1211

2.5. Data analysis be significantly larger for one stimulus material compared
to the other.

Functional images were motion-corrected and normalized To identify competition-related regions that were
with SPM99 (Wellcome Department of Cognitive Neurol- material-independent, we performed a conjunction analysis
ogy), interpolated to 2 mm 2 mmx 2 mm voxels, spatially ~ using SPM99. This analysis identifies regions that exhibit a
smoothed with a Gaussian filter (6 mm full width-half max- main effect of both manipulations, and excludes regions for
imum) and temporally filtered (low-pass filter: 4 s Gaussian; which activation differs significantly between the two. A
high-pass: SPM default based on trial frequency). Hemody- combined threshold oP < 0.00001 uncorrected was used
namic responses to each trial type were modeled using thefor the conjunction analyses, correspondingPe< 0.001
canonical HRF in SPM with separate baselines computedfor each contrast. Thus, the statistical threshold for ac-
for each scan. Images were averaged to create one imagevation of Incongruent trials compared to Neutral trials
of mean activity per trial type per participant. These images for each type of stimulus was the same as in the tests for
were globally scaled to a mean signal intensity of 100. The material-dependent regions. Clusters consisting of 10 or
t-tests were performed on the average images to create a semore contiguous voxels were reported, matching the extent
ries of SPMZ} maps depicting differences in activity be- threshold applied in the material-dependent analyses.
tween trial types. The coordinates of foci were transformed  Patterns of activation in material-dependent and material-
from MNI to Talairach space. independent foci were confirmed in subsequent regions-

For the present purposes, we focus on changes in acti-of-interest (ROI) analyses. An average parameter estimate
vation between Incongruent and Neutral trials, because thisof the fitted hemodynamic response was calculated for each
comparison provides the most straightforward measure of condition within each ROI. These parameter estimates were
response competition. Unlike Neutral trials, Congruent tri- computed for each participant and submitted-tests and
als involved displays that contained stimuli indicating ad- correlational analyses.
ditional (compatible) response codes. Although Congruent
trials are usually responded to at least as quickly as Neu-
tral trials and more quickly than Incongruent trials, how the 3. Results
activation of these additional codes affects response compe-, .
tition is unclear. Nonetheless, we report whether foci iden- 3.1. Behavioral results
tified by the comparison between Incongruent and Neutral
trials also showed changes in activation during Congruent
trials compared to the Incongruent trials.

Material-dependent competition-related activations were
defined as regions showing greater differences between In-

e e o e SIS Jrateri M factors Fig. 1). The main effect of riakype(2, 18) =
- € P . . .,2111; P < 0.0001; MSEE. = 68168] and the interac-
ages were created for each subject and stimulus material.; . : .
. : o tion between trial-type and materiaF(2, 18) = 7.61;
Foci preferentially engaged by competition between letter . L
S . - ; i P < 0.005; M.SEE. = 46577] were significant. Separate
stimuli were identified from the following contrast: Letter O
ANOVAs performed on the color and letter reaction times
I-N > Color I-N (P < 0.05 uncorrected, extent threshold L . )
. : revealed significant effects of trial-type for both materials
of 10 voxels), masked to include only regions engaged by
Letter I-N (atP < 0.001 uncorrected). Similarly, foci pref-
erentially engaged by color stimuli were identified by: Color 800 . e
I-N > Letter I-N (P < 0.05 uncorrected, extent threshold e g
of 10 voxels), masked to include only regions engaged by [ Neutral
Color I-N (at P < 0.001 uncorrected). Because the mask 750 [ Jincongruent
generated by the letter stimuli were larger than the mask
for the color stimuli, the correcteld-values associated with
these comparisons differed for the two stimulus materials
(P < 0.05 corrected for the letters and0.001 corrected
for the colors). Thus, the height and extent thresholds were
the same for both stimulus materials, and the probability of
Type | error was kept at or below a conventional level. In
sum, a region was classified as showing material-dependent 600
competition-related activation if it exhibited a greater in- Color Letter
Cr_ease from Neutral to Incongruent_trlals for one type _Of Fig. 1. Reaction times across the three trial-types for the two versions
stimulus than the O_ther' Such a.reg'on may .ShOW I=N in- of the task. The error bars represent the within-subject standard error
creases for both stimulus materials, but the increase mustcomputed from the two-way (material trial-type) ANOVA.

The proportion of correct responses (0.97) did not differ
for the two types of stimulus materials and there was no main
effect of trial-type (Congruent, Incongruent, and Neutral).
Reaction times for correct responses were analyzed with
an ANOVA using trial-type and material as within-subjects

i
700

Reaction Time (msec)

650
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Table 1

Incongruent—Neutral, conjunction of Color and Letter

Volume z X y z Region frontal lobe BA

408 5.99 44 23 28 R Middle/inferior frontal gyris 9/44

544 5.89 14 24 43 R Superior frontal/cingufate 8/32

712 5.74 —26 3 61 L Premotor cortéx 6

200 5.78 24 8 53 R Premotor corfex 6
160 5.32 -34 -21 51 L Precentral 4
96 5.30 40 —40 52 R Inferior parietal cortex 40

Height threshold:Z = 3.61, P = 0.000001; extent threshold: 10 voxels. Volume indicates the size of the focus th @oordinates are reported in
Talairach space.
aSignificantly greater # < 0.05) activation in the Incongruent trials compared to the Congruent trials for both types of stimuli.

[color: F(2,18) = 24.56; P < 0.0001; MSEE. = 65254; Table 2
letter: F(2, 18) = 3.86; P < 0.05; M.S.E. = 494.91] with Incongruent-Neutral, Color > Letter
Incongruent trials being slowest. Post hoc Bonferroni com- volume T X y z Region BA
parisons revealed similar patterns of findings for the color
and letters, with significant differences between Incongruent
and Neutral trials [Co|0r: difference: 66 ms:; P < 0.0001: Height threshold:Z = 3.61, P = 0.001; extent threshold: 10 voxels.
letter: difference—= 26ms: P < 0 05] but not between Volume indicates the size of the focus in mnCoordinates are reported

’ - v : v in Talairach space. This region did not demonstrate significant differences
Congruent and Neutral trials [color: difference 6ms; between Incongruent and Congruent trials for either stimulus type.
P > 0.05; letter: difference= —4 ms; P > 0.05]. The inter-

action, therefore, reflects a greater slowing on Incongruent3.2.3. Letter-specific activation

3.06 44 4 28 R Inferior frontal 44

trials for the colors than for the letters. Regions that demonstrated greater competition-related
activity for the letters than the colors included bilateral

3.2. Brain imaging results middle frontal gyri, the left inferior parietal cortex, and
bilateral post-central gyruSéble 3andFig. 3). Except for

3.2.1. Common activation the left post-central gyrus, all of these regions were also

Regions demonstrating similar competition-related significantly more activated by Incongruent letter trials than
(Incongruent> Neutral) activation for the two stimulus Congruent letter trials.
types included the right inferior/middle frontal and superior
frontal gyri and premotor, anterior cingulate, and inferior 3.2.4. Correlational analyses
parietal cortices. In the left hemisphere, a large focus of For each identified focus of activation, we performed cor-
activation in premotor cortex and a smaller focus in primary relations between the mean activation difference between
motor cortex Table 1and Fig. 2) were observed. Except Incongruent and Neutral trials and the mean reaction time
for the precentral and parietal foci, these regions were moredifference between those trials, which ranged freit0 to
activated by Incongruent trials than Congruent trials for 141 ms. The activation difference was based on the mean

both stimulus types. activation of the entire focus. Separate correlations were
performed for the two stimulus materials. Only the activa-
3.2.2. Color-specific activation tion in the right inferior frontal focus identified as being

A region within the right inferior frontal gyrus demon- material-independent demonstrated a significant correlation
strated greater competition-related activity for the colors with the RT difference between Incongruent and Neutral tri-

than for the lettersTable 2andFig. 3). als, and this was observed for the letter stimub{ +0.65;
Table 3

Incongruent—Neutral, Letter > Color
Volume T X y z Region BA
384 2.46 -52 10 36 L Middle frontal gyrus 9

240 2.98 34 22 42 R Middle frontal gyris 8/9

88 2.30 —42 —22 42 L Post-central gyrus 3/1/2
104 242 36 -30 66 R Post-central gyréis 3/1/2
224 3.17 —-34 —60 34 L Inferior parietal cortex 39/40

Height thresholdZ = 3.61, P = 0.001; extent threshold: 10 voxels. Volume indicates the size of the focus i Moordinates are reported in Talairach
space.

aSignificantly greater # < 0.05) activation in the Incongruent compared to the Congruent trials with the letter stimuli. None of these regions
demonstrated significant differences between Incongruent and Congruent trials with the color stimuli.
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Fig. 2. Foci identified as material-independent shown on a canonical template brain along with their respective competition-related actithéons fo

two stimulus materials. The-coordinate for each slice is shown in the upper left corner; the left side of the figure corresponds to the left side of the
brain. A represents right middle/inferior frontal gyrus, B the anterior cingulate, and C and D left and right premotor cortices, respectivelgr The co
scale indicates-values. For the bar charts, the increase in activation associated with Incongruent compared to Neutral trials is shown for each of the
regions, with the increase for the letters shown in blue and the increase for the colors shown in orange. The increases were computed by subtracting the
mean parameter estimate associated with the Neutral condition from the mean parameter estimate for the Incongruent condition for each subject. The
error bars represent the standard error of the mean across subjects.

F(1,8) = 6.01; P < 0.05] but not the color stimuli{ = and the ACC—the same regions identified by Jonides et al.
—0.16; F(1,8) < 1]. [18] in their meta-analysis of response competition studies.
By demonstrating competition-related activation in these
regions for different stimulus materials, the present study
4. Discussion provides converging evidence that these two structures
may play a generalized role in the resolution of response
For both types of stimulus materials, Incongruent trials competition. Activation across a range of stimulus materi-
were performed more slowly than Neutral trials, indicat- als is consistent with the role of executive processes that
ing the presence of response competition. As expected,control the flow of information to subcomponents that are
response competition activated a distributed system of specialized for particular stimulus materials.
structures, predominantly in the frontal lobes, consistent MacDonald and Coheiil9] and colleagues have pro-
with previous imaging studies of response competition posed a distinction between the role of lateral prefrontal
(e.g.[8,9,13,38-40] However, the activations were not cortex, which may maintain the cognitive set and atten-
identical across the two types of stimulus materials. Both tional demands specific to the task, and the ACC, which
material-dependent and material-independent activationsmay monitor response conflict (see algt,50). Given
were identified. that much of the prefrontal activity in the present study
was material-dependent, our findings support this hypothe-
4.1. Material-independent regions in the prefrontal cortex sis if it is assumed that cognitive control is implemented by
material-specific modules whereas response conflict is mon-
Several prefrontal structures were active during competi- itored by a generic system. However, such an account ig-
tion for both letter and color stimuliFg. 2). These regions  nores the material-independent focus identified on the border
included the border of right inferior and middle frontal gyri  of the inferior and middle frontal gyri of the right cerebral
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Fig. 3. Material-dependent prefrontal foci overlaid on a canonical template brain along with their respective competition-related activétierteido
stimulus materials. The-coordinate for each slice is shown in green in the upper left corner; the left side of the figure corresponds to the left side of
the brain. A represents the left inferior parietal cortex, B the left inferior frontal gyrus, C the right middle frontal gyrus, and D the right fircfetadr

gyrus. Foci A—C exhibited more competition-related activation for letters than colors; focus D exhibited the reverse pattern. The error batsthepres

standard error of the mean across subjects.

hemisphere. We propose that right ventrolateral prefrontal is somewhat unexpected for the sensorimotor cortex and
cortex, along with the ACC, supports generalized selection founded on a null result, so such an interpretation is specu-
processes that are invoked by response competition. This hy-ative.

pothesis is supported by the fact that increases are observed Activation of parietal cortex has been reported in several
in these regions in the comparisons between Incongruentstudies of response competition (413,51). Based in part
and Congruent trials. on anatomical connectivity between prefrontal and parietal
corticeg55,56], we suggest that sensitivity to competition in
parietal cortex results from bias signals arising in prefrontal
cortex (se€42]). That is, material-independent activation of

Bilateral activation within premotor cortex was associated right inferior prefrontal cortex due to response competition
with response competition for both types of stimulus ma- may arise from interactions with the material-independent
terials. Several experiments have reported activation in this region in right parietal cortex. However, unlike the prefrontal
region associated with response competition (£.4,15). foci, activation in this region is equivalent for Congruent
That these regions were more active during Incongruent tri- and Incongruent stimuli, suggesting that the representations
als than Congruent trials suggests that the representationdiere are less dependent on the indicated response.
are largely response-based, because the two trial types were
equivalent in terms of stimulus conflict, but only in the In- 4.3. Material-dependent regions
congruent trials were two competing responses indicated.

Left sensorimotor and right parietal cortex were also ac- Material-dependent regions were defined as areas that
tivated by response competition regardless of the stimu- showed greater increases in activation during Incongruent
lus material. In contrast to the premotor foci, neither re- trials compared to Neutral trials for one type of stimulus
gion exhibited significant differences between Congruent material compared to another type. Therefore, these regions
and Incongruent trials, suggesting that their roles may be were material-dependent in terms of competition-related ac-
more closely related to S—-R mappings than response-basedivation and not differences between the processing of color
codes. The similarity in activation between Congruent and and letter stimuli.

Incongruent trials suggests that the representations here are The largest material-dependent foci were observed in the
stimulus-based, because stimulus conflict, not response conlateral prefrontal cortexHig. 3). This finding is consistent
flict, was equivalent for the two trial types. This conclusion with the proposal that material-specific information is gated

4.2. Other material-independent regions
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to distinct regions within prefrontal cortex. As noted above, indicate that the right inferior frontal and anterior cingulate
neurophysiological and neuroimaging studies of working cortices play a primary role in resolving response conflict,
memory have provided evidence both for (¢3f,43]) and and that additional structures are recruited based on the na-
against (e.gj27,29) the proposal that different stimulus ma- ture of the competing information.
terials are represented by different regions within the human Only a small focus of activity in the right inferior pre-
prefrontal cortex. The present results were derived from a frontal cortex was more active during competition between
response competition task rather than a working memory color stimuli compared to competition between letter stim-
task and suggest a middle ground: much of the prefrontal uli. It is possible that this right inferior focus represents an
cortex appears to increase activation during response con-expansion of this material-independent focus rather than a
flict in a material-independent fashion, but some regions re- true material-dependent one. That is, the increased compe-
spond preferentially to conflict between particular stimulus tition induced by the colors may require additional control
materials. processes, leading to competition-related activity within the
Two material-dependent foci were observed in right lat- right inferior frontal gyrus that was not present for the let-
eral prefrontal cortex. One focus, centered in the inferior ters. This explanation is plausible, although the absence in
frontal gyrus, was more active during competition between this region of a significant correlation & 0.02; F(1, 8) <
color stimuli. This focus is very near to the one reported by 1] between behavioral interference and competition-related
Hazeltine et al[8] in an fMRI study comparing activation  activation on the color trials does not support it.
during blocks of Incongruent trials to blocks of Congruent  In sum, the findings are consistent with the conclusion that
trials using color stimuli similar to those in the present study. left prefrontal regions are recruited during competition be-
The present results indicate that increased activation here igween verbally-mediated response codes whereas right ven-
dependent on stimulus type; only modest, non-significant, trolateral cortex is less material-dependent. The result paral-
increases were observed in this region when the task usedels those obtained from memory tasks (¢23,24,43). Ex-
letter stimuli. periments using non-verbal conflict tasks, such as the flanker
The second focus, located in the right middle frontal task[8,9,38] (the go/no-go taskl3,51) and tasks involv-
gyrus, was more active during competition between letter ing perceptual conflidi45,46], have reported increases near
stimuli. This site was accompanied by a similar focus in the this right frontal region without corresponding foci in the
homologous region of the left hemisphere, which was also left hemisphere. In contrast, set-shifting tasks almost always
active during response competition when the letter stimuli elicit bilateral prefrontal activation (e.d10-12} but see
were used. There are few reports of activation in this left [47]), as was observed with the letter stimuli in the present
hemispheric region during non-verbal interference tasks, butstudy. At present, we speculate that participants employ ver-
it is frequently identified in studies of Stroop interference bal codes while performing set-shifting tasks because the
(e.g.[15,19) when word meanings must be suppressed in stimuli are not uniquely associated with particular responses.
favor of color identities and in go/no-go tasks when letter ~ What does material-dependence indicate about a region’s
stimuli are used (e.d14,52)). The left prefrontal focus ob-  role in resolving response competition? A region that is
served in the present study is near a region associated withmore active for one type of stimulus material compared
the processing of proactive interference in working memory to another must operate on representations that are not
tasks involving letter stimulj27,44] strictly response-related, because a structure suppressing
The behavioral data offer an alternative interpretation of unwanted output should not be affected by the stimulus
the material-dependent foci. Reaction times for the Neutral material. The presence of such regions provides empirical
trials were similar across the two stimulus materials, indicat- support for accounts of stimulus-specific interference in
ing that decoding the stimuli into the appropriate responsesbehavioral studies (e.d34,36). Moreover, the presence
did not differ in difficulty between the tasks. However, the of both material-dependent and material-independent foci
Incongruent trials with color stimuli produced significantly suggests that response selection occurs at multiple levels
greater slowing of responses than those with letter stimuli. of representation, some that are largely stimulus-based and
Despite the greater behavioral interference generated by theothers that incorporate more abstract codes. These findings
color stimuli, we observed more competition-related activ- are consistent with behavioral data from dual-task studies
ity with the letter stimuli. Greater prefrontal activation has demonstrating that responses can interfere generically, that
been associated previously with a reduction of behavioral is, independent of the particular response and, additionally,
interferencg39]. Given that the letters showed less behav- in a content-dependent way, in which interference is deter-
ioral interference than the colors, such a result is consistentmined by the similarity or dissimilarity between the abstract
with the greater number of prefrontal foci observed for the responses of the two taské8,49]
letters. However, even if one assumes that the additional pre-
frontal foci are responsible for the reduction in the magni- 4.4. Summary
tude of the flanker effect, it remains an open question what
task conditions allow for these extra regions to be engaged. Response competition evoked different patterns of acti-
The present findings, along with those of Jonides €18, vation depending on the type of stimulus information that
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had to be inhibited, indicating that competition is resolved [8] Hazeltine E, Poldrack R, Gabrieli JDE. Neural activation

by processes whose functions are not limited to the con- during response competition. Journal of Cognitive Neuroscience

trol of motor output. Within prefrontal cortex, activation in 2000,12(Suppl 2):118-29. o

the right inferior frontal gyrus was observed during conflict [8] van Veen V. Cohen JD, Botvinick MM, et al. Anterior cingulate
9 . ” ay : A . g . cortex, conflict monitoring, and levels of processing. Neurolmage

between color stimuli and bilateral activation in the mid- 2001:14:1302-8.

dle frontal gyrus was observed during conflict between let- [10] Berman KF, Ostrem JL, Randolph C, et al. Physiological activation
ter stimuli. These findings are consistent with observations  of a cortical network during performance of the Wisconsin card

across a range of studies, suggesting that much of the pre-___ So'ting test. Neuropsychologia 1995;33:1027-46.
[11] Dove A, Pollman S, Schubert T, Wiggins CJ, von Cramon DY.

frontal actlvat!on assomate_d Wl.th C.Om_pemlon IS spgcnﬁc to Prefrontal cortex activation in task switching. Cognitive Brain

the type of stimulus materials impinging on selection pro- Research 2000:9:103-9.

cesses. [12] Nagahama Y, Fukuyama H, Yamauchi H, Matsuzaki S, Konishi J,
Along with the material-dependent foci of activation, sev- Shibasaki H, et al. Cerebral activation during performance of a card

eral regions were active to near-equivalent degrees for the _ SO'ting test. Brain 1996;119:1667-75. o ,
[13] Garavan H, Ross TJ, Stein EA. Right hemispheric dominance of

two types of stimulus mate”al,s' These reglqns included the inhibitory control. Proceedings of the National Academy of Sciences
ACC and the border of the middle and inferior frontal gyri of the United States of America 1999:96:8301-6.

of the right hemisphere. The predominance of these regions[14] Menon V, Adleman NE, White CD, et al. Error-related brain
throughout the response competition literature may reflect activa_tion during a go/no-go response inhibition task. Human Brain
their roles in response selection across a range of task do-__ Mapping 2001,12:131-43.

. - 15] Taylor SF, Kornblum S, Lauber EJ, Minoshima S, Koeppe RA.
mains. Together, the presence of both matenal'dependen{ Isolation of specific interference processing in the Stroop task.

and material-independent foci suggests that response selec-  neuroimage 1997:6:81-92.
tion is performed by two sets of processes, those operating[16] Banich MT, Milham MP, et al. FMRI studies of Stroop tasks reveal
on domain-specific representations and those operating on  unique roles of anterior and posterior brain systems in attentional
more abstract codes. selection. Journal of Cognitive Neuroscience 2000;12:988—-1000.
[17] Pardo JV, Pardo PJ, Janer KW, Raichle ME. The anterior cingulate
cortex mediates processing selection in the Stroop attentional conflict
paradigm. Proceedings of the National Academy of Sciences of the
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[18] Jonides J, Badre D, Curtis C, et al. Mechanisms of conflict resolution
. L. in prefrontal cortex. In: Stuss DT, Knight RT, editors. The frontal
This research was supported by an NRSA training grant lobes. London: Oxford University Press: 2002.
to the first author, a fellowshlp from the Baxter Foundation [19] MacDonald AW, Cohen JD, et al. Dissociating the role of the
to the second author, and NIH MH6142656. The authors dorsolateral prefrontal and anterior cingulate cortex in cognitive

thank Nicole Dudukovic, Anna-Christina Douglas, and Sue control. Science 2000;288:1835-8. N
Whitfield for their assistance [20] Thompson-Schill SL, D’Esposito M, Kan IP. Effects of repetition

and competition on activity in left prefrontal cortex during word
generation. Neuron 1999;23:513-22.

[21] Wilson FA, O Scalaidhe SP, Goldman-Rakic PS. Dissociation of
object and spatial processing domains in primate prefrontal cortex.
Science 1993;260:1955-8.

[22] O'Scalaidhe SOP, Wilson FWA, Goldman-Rakic PS. Areal
segregation of face-processing neurons in prefrontal cortex. Science

References

[1] McCann RS, Johnston JC. Locus of the single-channel bottleneck in

dual-task interference. Journal of Experimental Psychology: Human 1997:278:1135-8
Perception and Perfor‘mance 1992_;18:,471_84' ) [23] Belger A, Puce A, Krystal JH, et al. Dissociation of mnemonic and
[2] Pashler H.. Dual-tasl_< interference in simple tasks: data and theory. perceptual processes during spatial and non-spatial working memory.
Psychological Bulletin 1994;116:220-44. Human Brain Mapping 1998;6:14—32
[3] Meyer DE, Kieras DE. A computational theory of executive [24] Leube DT, Erb M, Grodd W, et al. Differential activation in
cognitive processes and multiple-task performance. Part 2. Accounts parahippocampal and prefrontal cortex during word and face
of psychological refractory phenomena. Psychological Review encoding tasks. NeuroReport 2001;12:2773-7.
1997?];07:749‘91- ) [25] Haxby JV, Petit L, Ungerleider LG, Courtney SM. Distinguishing
[4] Hazeltine E, Teague D, Ivry RB. Simultaneous dual-task performance the functional roles of multiple regions in distributed neural systems
reveals parallel response selection after practice. Journal of for visual working memory. Neurolmage 2000;11:98-110.
Experimental Psychology: Human Perception and Performance [26] Smith EE, Jonides J, Koeppe RA, et al. Spatial versus object working
2002;28:527-45. memory: PET investigations. Journal of Cognitive Neuroscience

[5] Ruthruff E, Johnston JC, Van Selst M. Why practice reduces dual-task 1995;7:337-56.
interference. Journal of Experimental Psychology: Human Perception [27] D’Esposito M, Postle BR, Jonides J, Smith EE. The neural substrate

and Performance 2001;27:3-21. and temporal dynamics of interference effects in working memory
[6] Schumacher EH, Lauber EJ, Glass JM, et al. Concurrent as revealed by event-related functional MRI. Proceedings of the

response-selection processes in dual-task performance: evidence for National Academy of Sciences of the United States of America

adaptive executive control of task scheduling. Journal of Experimental 1998;96:7514-9.

Psychology: Human Perception and Performance 1998;25:791-814. [28] Miller EK. The prefrontal cortex: no simple matter. Neurolmage
[7] Schumacher EH, Seymour TL, Glass JM, et al. Virtually perfect time 2000;11:447-50.

sharing in dual-task performance: uncorking the central attentional [29] Nystrom LE, Braver TS, Sabb FW, et al. Working memory for letters,
bottleneck. Psychological Science 2001;12:101-8. shapes, and locations: fMRI evidence against stimulus-based regional



E. Hazeltine et al./Neuropsychologia 41 (2003) 1208-1217 1217

organization in human prefrontal cortex. Neurolmage 2000;11:424— [44] Jonides J, Marshuetz C, Smith EE, Reuter-Lorenz PA. Age

46. differences in behavior and PET activation reveal differences in
[30] Smith EE, Jonides J. Working memory: a view from neuroimaging. interference resolution in verbal working memory. Journal of
Cognitive Psychology 1997;33:5-32. Cognitive Neuroscience 2000;12:188-96.
[31] Miller EK, Cohen JD. An integrative theory of prefrontal cortex [45] Fink GR, Marshall JC, Halligan PW, et al. The neural consequences
function. Annual Review of Neuroscience 2001;24:167—-202. of conflict between intention and the senses. Brain 1999;122:497—
[32] Rowe JB, Toni |, Josephs O, et al. The prefrontal cortex: 512.
response selection or maintenance within working memory? Science [46] Lumer ED, Friston KJ, Rees G. Neural correlates of perceptual
2000;288:1656—-60. rivalry in the human brain. Science 1998;280:1930-4.

[33] Sakai K, Rowe JB, Passingham RE. Active maintenance in prefrontal [47] Pollman S, Dove A, von Cramon DY, Wiggins CJ. Event-related
area 46 creates distractor-resistant memory. Nature Neuroscience fMRI: comparisons of conditions with varying BOLD overlap.

2002;5:479-84. Human Brain Mapping 2000;9:26-37.

[34] Virzi RA, Egeth HE. Toward a translational model of Stroop [48] Lien M-C, Proctor RW. Stimulus-response compatibility and
interference. Memory & Cognition 1985;13:304-19. psychological refractory period effects: implications for response

[35] Baldo JV, Shimamura AP, Prinzmetal W. Mapping symbols to selection. Psychonomic Bulletin & Review 2002;9:212-38.
response modalities: interference on Stroop-like tasks. Perception & [49] Logan GD, Schulkind MD. Parallel memory retrieval in
Psychophysics 1998;60:427-37. dual-task-situation. 1. Semantic memory. Journal of Experimental

[36] Cohen A, Shoup R. Perceptual dimensional constraints in response Psychology: Human Perception and Performance 2000;26:1072—
selection. Cognitive Psychology 1997;32:128-81. 90.

[37] Eriksen BA, Eriksen CW. Effects of noise letters upon the [50] Carter CS, Braver TS, Barch DM, et al. Anterior cingulate cortex,
identification of a target letter in a non-search task. Perception & error detection, and the online monitoring of performance. Science
Psychophysics 1974;16:143-9. 1998;280:747-9.

[38] Botvinick M, Nystrom LE, Fissell K, et al. Conflict monitoring [51] Konishi S, Nakajima K, Uchida I, Sekihara K, Miyashita Y. No-go
versus selection-for-action in anterior cingulate cortex. Nature dominant brain activation in human inferior prefrontal cortex revealed
1999;402:179-81. by functional magnetic resonance imaging. European Journal of

[39] Bunge SA, Ochsner KN, Desmond JE, et al. Prefrontal regions Neuroscience 1998;10:1209-13.
involved in keeping information in and out of mind. Brain  [52] Liddle PF, Kiehl KA, Smith AM. Event-related fMRI study of
2001;124:2074-86. reponse inhibition. Human Brain Mapping 2001;12:100-9.

[40] Konishi S, Nakajima K, Uchida I, et al. Common inhibitory  [53] Bench CJ, Frith CD, Grasby PM, Friston KJ, Paulesu E, Frackowiak
mechanism in human inferior prefrontal cortex revealed by RSJ, et al. Investigations of the functional anatomy of attention using
event-related functional MRI. Brain 1999;122:981-91. the Stroop test. Neuropsychologia 1993;31(9):907-22.

[41] Bush G, Luu P, Posner MI. Cognitive and emotional influences in [54] Glover GH, Lai S. Self-navigated spiral fMRI: interleaved versus
anterior cingulate cortex. Trends in Cognitive Sciences 2000;4:215— single-shot. Magnetic Resonance Medicine 1998;39:361-8.

22. [55] Petrides M, Pandya DN. Projections to the frontal cortex from

[42] Bunge SA, Hazeltine E, Scanlon MD, Rosen AC, Gabrieli JDE. the posterior parietal region in the rhesus monkey. Journal of
Dissociable contributions of prefrontal and parietal cortices to Comparative Neurology 1984;228(1):105-16.
response selection. Neurolmage 2002;17:1562-71. [56] Schwartz ML, Goldman-Rakic PS. Callosal and intrahemispheric

[43] Wagner AD, Poldrack R, Eldridge LL, et al. Material-specific connectivity of the prefrontal association cortex in rhesus monkey:
lateralization of prefrontal activation during episodic encoding and relation between intraparietal and principal sulcal cortex. Journal of

retrieval. NeuroReport 1998;9:3711-7. Comparative Neurology 1984;226:403-20.



	Material-dependent and material-independent selection processes in the frontal and parietal lobes: an event-related fMRI investigation of response competition
	Introduction
	Material-specificity in the prefrontal cortex

	Methods
	Participants
	Tasks
	Testing procedure
	Imaging data acquisition
	Data analysis

	Results
	Behavioral results
	Brain imaging results
	Common activation
	Color-specific activation
	Letter-specific activation
	Correlational analyses


	Discussion
	Material-independent regions in the prefrontal cortex
	Other material-independent regions
	Material-dependent regions
	Summary

	Acknowledgements
	References


