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Abstract

Previous neuroimaging studies of the Stroop task have postulated that the anterior cingulate cortex (ACC) plays a
critical role in resolution of the Stroop interference condition. However, activation of the ACC is not invariably seen
and appears to depend on a variety of methodological factors, including the degree of response conflict and response
expectancies. The present functional MRI study was designed to identify those brain areas critically involved in the
interference condition. Healthy subjects underwent a blocked-trial design fMRI experiment while responding to 1

of 3 stimulus conditions: (1) incongruent color words, (2) congruent color words, and (3) color-neutral words.
Subjects responded to the printed color of the wadieda manual response. Compared to the congruent and neutral
conditions, the incongruent condition produced significant activation within the left inferior precentral sulcus
(IpreCS) located on the border between the inferior frontal gyrus, pars opercularis (BA 44) and the ventral premotor
region (BA 6). Significant deactivations in the rostral component of the ACC and the posterior cingulate gyrus were
also observed. Selective activation of the left IpreCS is compatible with findings from previous neuroimaging,
lesion, electrophysiological, and behavioral studies and is presumably related to the mediation of competing
articulatory demands during the interference conditidhNg 2002,8, 735-742.)
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INTRODUCTION at the output stage, presumably during articulatory proc-

L essing of the verbal stimuli. The second, referred to as
In 1935, Stroop demonstrated that naming is slowed Whe'fhe sautomaticity” or “selective visual attention” model,

subjects are asked to name the ink color of an incongruouéssumes that color naming requires more attentional re-

f3<?[|0rfW0rd (e_g#tr:ehwort? “BL:;E” pr;)r_\te(tj lr}reotlmk)_.Thlts gources than reading, which is considered to be a more
Interierence efiect has been e subject o extensive SWGyY o matic and obligatory process. Thus, the interference

:? th? expelnmentgl, CI'Pt'ﬁ.al’ anﬂ{unctt'on?\l/lnet"o'(;nigg]feﬁect is thought to occur at the perceptual stage as a func-
iteratures. In a review of this vast literature, MacLeod ( )tion of selective visual attention.

presented various theoretical models to account for the Stroop

fect. with t trasting theori tina f tof Experimental studies of the Stroop effect have provided
etiect, with two contrasting theories accounting oimos_ 0 empirical support for both theories without coming to res-
the empirical findings. The first, referred to as the “relative

d of L2 lection” model .tolution. Functional neuroimaging techniques have pro-
SPeed of processing” or ‘response selection” Model, Posity;qqy 4 greater understanding of the neuronal circuitry

that the interference effect occurs because words are re olved in response selection and selective visual atten-
faster thz?m c_olors are named. The time cost of Fh's reSPONStHn and hold the promise of testing these contrasting theo-
competition Is _thought to be the_ source (_)f the InterferencEfies. In the first PET study of the Stroop effect, Pardo et al.
effect. Thus, this model emphasizes that interference OCCUf(iggo) found greater activation in the incongruent than con-

gruent condition in the right anterior cingulate cortex (ACC).

. . These results were interpreted in support of the selective
Reprint requests to: Stephen M. Rao, Ph.D., Division of Neuropsychol- . del. in liaht of th | f the ACC i ial
ogy, Medical College of Wisconsin, 9200 W. Wisconsin Avenue, Milwau- attention model, in light of the role of the In spatia

kee, WI 53226. E-mail: srao@mcw.edu attention (Posner & Petersen, 1990). This study, however,
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had a methodological flaw in that the congruent conditionidentified as one of the regions consistently activated by
was always presented prior to the incongruent conditionStroop stimuli in comparison to both color block and read-
introducing the possibility that their findings may be ac- ing control conditions (Brown et al., 1999). Selective acti-
counted for by nonspecific time-dependent changes. vation of the left inferior frontal area, namely, Broca’s area,

This possibility was essentially confirmed in a PET studywould suggest that the Stroop interference effect is due to
by Bench et al. (1993). In the first of two experiments, threeresponse selection competition involving speech articula-
types of stimuli were used: incongruent words, neutral (colortory processes. This is supported by the fact that focal le-
unrelated) words, and colored crosses. Comparisons of theons in Broca’'s aphasics have been shown to produce an
incongruent condition to the two control conditions re- abnormally large interference effect (Perret, 1974).
sulted in completely different areas of activation. The non- The present study was designed to further examine the
verbal control revealed activation in right orbitofrontal neural mechanisms underlying the Stroop effect using whole-
cortex, right cingulate, and bilateral inferior parietal re- brain fMRI. Two different verbal control conditions were
gions, whereas the neutral word control revealed activatiomised, in an attempt to account for as many non-specific
of left inferior parietal and right superior parietal regions. aspects of the interference condition as possible. The tasks
In addition, they reported significant time-related increasesvere designed to isolate areas of activation that are highly
in PET counts in numerous brain regions, including thespecific to the interference aspect of the condition rather
ACC. In the second experiment, Bench et al. replicated althan to differences in the nature of the stimuli or the task
aspects of Pardo et al.’s (1990) experimental protocol usingarameters. In this way, we hoped that our results would
a counterbalanced design and again found highly signifiallow us to draw stronger conclusions about which brain
cant time-related increases in the ACC. However, comparregions are critically involved in the Stroop interference
ison of the incongruent condition to the congruent conditioncondition and how these may relate to current cognitive
revealed no significant areas of activation. theories of the task.

This inconsistency in demonstrating activation of the This study also served as the first neurocimaging experi-
ACC during Stroop interference has also characterizeanent to examine the Stroop effect using a manual response.
subsequent studies, and appears to depend on a variety Afreview of the literature (MacLeod, 1991) indicates that
methodological factors. All experiments that compared in-manual responses are associated with significant Stroop in-
congruent color words to nonlexical stimuli such as colorterference, but to a somewhat lesser degree than with overt
blocks, hatches, or crosses, have reported ACC activationocal responses. The cognitjtreeural basis of this phenom-
(Benchetal., 1993; Brown et al., 1999; George et al., 1994enon is not well understood and response mode remains an
1997; McKeown et al., 1998). However, these comparisongmportant variable in neuroimaging studies of the Stroop
are confounded by highly disparate stimulus parameters artask.
do not allow a precise delineation of the role of the ACC in
the interference condition. In contrast, use of lexical con-
trol stimuli, such as congruent words, neutral words, orMETHODS
taboo words, results in less frequent activation of the ACC
(Bench et al., 1993; Carter et al., 2000; Taylor et al., 1997Research Participants
cf. Peterson et al., 1999). Interestingly, Carter et al. (2000?5_ _ o
reported that ACC activation during the interference condi-E/ghteen subjects (8 men; 10 women) ranging in age from
tion was dependent on the degree of conflict experienced8 10 46 yearsN = 26.7) participated in the study. All
during the task. When conflict between expectations and'€re right-handed on the Edinburgh Handedness Inventory
task demands was low (e.g., expected incongruent trial, rdmean laterality quotient 83; range= 41-100; Oldfield,
ceived incongruent trial), activation of the ACC did not 1971). Two additional subjects were excluded due to poor

differ between incongruent and congruent conditions; wherP€formance £80% correct; chance 25%) on the exper-
conflict was high (e.g., expected congruent trial, receivedmental (incongruent) condition. Potential subjects were ex-

incongruent trial), the ACC was differentially activated in cluded if they had a history of neurologic disease, a major
the incongruent condition. Thus, increasing evidence sugPSychiatric disturbance, substance abuse, or if they were
gests that activity in this brain region depends on the detailf@King psychoactive prescription medications. Participants

of the experimental protocol, and the notion that it plays aprovided inf_ormed consent a(;cording to institu_tional guide—
specific, immutable role in the Stroop interference task isiN€s established by the Medical College of Wisconsin Hu-
no longer tenable. man Subjects Review Committee, and were compensated

Another brain region that has received attention in thdr their time.
Stroop neuroimaging literature is the left inferior frontal
lobe. For example, Tayk_)r et_gl. (1997), using both IexicaIStroop Conditions
and nonlexical control stimuliin a PET study, reported that
only the left inferior frontal gyrus was consistently acti- Subjects performed a series of three consecutive activation
vated during the interference condition. In a recent func-conditions that were preceded and followed by a baseline
tional MRI (fMRI) study, the left pars opercularis was rest period. In each condition, stimuli were comprised of
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single words printed in one of four colors (red, blue, green, Words were computer-generated and rear-projected onto
or yellow). In the congruent (C) condition, the stimuli were the center of an opaque screen located at the subject’s feet
four color words (“red,” “blue,” “green,” and “yellow”) (viewing distance= 200 cm). Subjects viewed the screen in
presented in the color denoted by the word (e.g., “red” showra darkened room through prism glasses and corrective lenses,
in red). In the incongruent (1) condition, color words were if necessary. Subjects briefly practiced the three conditions
presented in one of the three colors not denoted by the worgrior to scanning.
(e.g., “red” shown in yellow). In the neutral (N) condition,
four color-neutral words (“hat,” “vest,” “scarf,” and “jacket”)
were printed in any one of the four colors. Stimuli were
presented centrally at the rate of 1 trial ex@rs (1250 ms  Minor anatomic distortions in the EP images due to local
on; 750 ms off). For each condition, the subject’s task wadield inhomogeneities were corrected using a field map gen-
to respond to the printed color of the stimulus, ignoring theerated by increasing the TE by 1 ms on the last two images
word. Subjects responded by pressing (with the index, midef the time series (Jezzard & Balaban, 1995). Each image
dle, ring, or little fingers of the right hand) one of four time series was spatially registered in-plane to reduce the
buttons corresponding to the four possible print colors. Teeffects of head motion using an iterative linear least squares
ensure accuracy of response mapping, the color names (method.
white type) were presented in the lower visual field in the Functional images were created by generating statistical
order in which they mapped to the response buttons. Theggarametric maps (SPMs) dfdeviates reflecting differ-
remained in view at all times, including during rest periods.ences in MR signal intensity between the activation condi-
tions (Ivs.C, I vs.N, Cvs.N) and between each activation
condition and the rest baselinevd.R, Cvs.R, Nvs.R) on
Functional MR Imaging a voxel-wise basis for each subject. The first two images
(total of 8 s) in each of the three activation conditions and
Whole-brain functional MRI was conducted on a commer-the rest periods were discarded from analysis due to the rise
cial 1.5 T scanner (Signa, General Electric Medical Sys-and fall time of the hemodynamic response (Bandettini et al.,
tems, Milwaukee) equipped with a prototype 30.5 cm i.d.1992). The first stage of the analysis (Rao et al., 1997)
three-axis local gradient head coil and an elliptical end4nyolved averaging the remaining four images for each rest
capped quadrature radiofrequency coil (Wong et al., 1992and activation epoch. Difference images were created com-
1992b). Echo-planar images were collected using a singl&yaring the three activation conditions with each other and
shot, blipped, gradient-echo echo-planar pulse sequence [Tith rest. In all, 24 difference images (4 cyclémage se-
(echo time)= 40 ms; FOV (field of view)= 24 cm; matrix  riesx 6 image seriesession) were generated per subject.
size= 64 X 64; Bandettini et al., 1992]. Twenty-two con- Thus, the incongruent—congruent difference images would
tiguous sagittal 6-mm thick slices were selected to provideye calculated in the following manner;Q = I, — Cy,
coverage of the entire brain (voxel size: 3.%53.75 X Dica=lo—C,, ..., Dcas= |, — C,,. Difference images
6 mm). Prior to functional imaging, high resolution, 3D were also generated comparing each activation condition
spoiled gradient-recalled at steady-state (SPGR) anatomig, C, N) with rest [e.g., Ry, = |; — (R, + R»/2), Dir» =
images were collected [TE 5 ms; TR= 24 ms; 40 flip l, — (Ry + R3/2), ..., Dros = las — (Ros + Rus/2)].
angle; number of excitations (NEX 1; slice thickness=  Mean difference values were then compared on a voxel-
1.2 or 1.3 mm; FOV= 24 cm; resolution= 256 X 192].  wise basis against a hypothetical mean of zero using pooled-
Foam padding was used to limit head motion within theygariance Studerttests.
coil. A nonferrous keypress device made from force- |ndividual SPGR anatomical scans and SPMs were lin-
sensing resistors was used to record response times a@rly interpolated to volumes with 1 miwoxels, coregis-
accuracy. tered, and transformed into standard stereotaxic space
Subjects underwent six functional imaging series. Dur-(Talairach & Tournoux, 1988) using the “MCW-AFNI” soft-
ing each imaging series 104 sequential echo-planar imagegare package (Cox, 1996). To compensate for normal vari-
were collected with an interscan interval (TR)4s (total  ation in anatomy across subjects (Thompson et al., 1996),
scanning duratior= 6 min, 56 s). The first two images of the stereotaxically resampled 3D SPMs were subjected to a
each image series were discarded to allow the spin lattice tgaussian blur at each voxel over a sphere of radius 3 mm.
reach stabilization. A series consisted of four cycles of restthe SPMs for each comparison were averaged across the
and activation, with each cycle beginning and ending with &18 subjects on a voxel-wise basis. Thus each voxel in the
24-s rest (R) period. Activation periods consisted of threeesulting averaged SPM contains an averagstatistic.
consecutive 24 s (12 trial) epochs, during which subjectsthe procedure of averaging statistics was chosen to guard
performed the C, I, and N conditions in a blocked trial against nonequal MR signal variances between subjects. A
format. Order of presentation of the three conditions waghreshold was then applied to the averagesatistics to
fully counterbalanced within subjects. A typical imaging identify voxels in which the mean change in MR signal
series might have the following condition order;-fC,—  petween activation conditions and between the activation
N3—11=Ro—15=Co-Ny=Rs—Ng—l3-Cs~R,~Cs—1,-N4—Rs. conditions and rest was unlikely to be zero. The average of

"o«

Image Processing and Statistical Analysis
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a set oft deviates is not a tabulated distribution. Therefore, 900 1
the Cornish-Fisher expansion of the inverse distribution of
a sum of random deviates (Fisher and Cornish, 1960) was
used to calculate probability values associated with average
t deviates.

In addition to at-deviate threshold, a minimum cluster
size threshold of 20@.1 was applied to minimize false pos-
itives in the brain maps (Forman et al., 1995). A random-
ization procedure that involves relabeling activation
conditions (Arndt et al., 1986; Bullmore et al., 1996; Holmes
et al., 1996) was applied to select the appropriateviate 500
threshold to minimize the possibility that differences in MR
signal were due to chance. This threshold was determined
by reassigning the difference images to one of three random
conditions (}J, C,, N,). Thus, each of the random conditions 100
was comprised equally of the three experimental condi-
tions. The random conditions were then subjected to the
identical statistical analysis procedure described above. A
histogram oft deviates was used to compare real and ran-
domized analyses. This technique yielded a threshale-of
0.48 (p < .05), which effectively eliminated false positive
clusters from the functional maps. Activated regions were
overlayed onto a single representative brain for anatomical
reference.
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RESULTS Fig. 1. Median reaction time (RT; upper panel) and accuracy (per-

cent correct; lower panel) for the congruent (C), neutral (N), and
incongruent (I) conditions. Error bars SEM

Figure 1 displays the reaction time (RT) and accuracy re-

sults for each of the three experimental conditions. Mediar{Table 1, Figure 2). Subtraction of the incongruent and con-
RTs (Figure 1A) were averaged across subjects for eacruent conditions resulted in significant activation of the
condition and subjected to a one-way ANOVA. This analy-left inferior precentral sulcus (IpreCS) during the interfer-
sis revealed a significant main effect of condit[¢t(2,34 =  ence task (Figure 2, upper panel), at the junction of the pars
43.61,p < .001]. Post-hoccomparisons indicated signifi- opercularis of the inferior frontal gyrus (BA 44) and the left
cant differences between all three conditioms< .001)  ventral premotor area (BA 6). Foci in both the posterior
such that RTs were fastest for congruent stimuli (673 cingulate and rostral portion of the anterior cingulate re-
20 ms;M = SEM), slower for neutral stimuli (72% 23 ms), gions showed significantly greater activation during the
and slowest for incongruent stimuli (78129 ms). Analy-  congruent condition relative to the incongruent condition.
ses of accuracy (Figure 1B) levels also revealed a signifiwhen the neutral condition was compared to the incongru-
cant main effect of conditiofF(2,34) = 5.75,p = .007].  ent condition (Figure 2, lower panel), an identical region of
High levels of accuracy were obtained for all conditions,activation was seen in the left IpreCS region during the
but the pattern of performance was identical to that seen imcongruent condition. In addition, a focus in the left pos-
the RT data; accuracy was highest for the congruent condterior cingulate showed greater activity during the neutral
tion (97.6%= .46%), slightly lower for the neutral condi- than the incongruent conditions, similar to that seen in the
tion (96.6% = .57%), and lowest for the incongruent incongruent-congruent subtraction. Acomparison of the neu-
condition (95.3%t .88%).Post-hoccomparisons revealed tral and congruent conditions resulted in no significant ac-
a significant difference between congruent and incongruertivation foci.

conditions[t(17) = 3.43,p < .004] and between the con-  Each of the three experimental conditions was also com-
gruent and neutral condition$(17) = 2.07,p = .05], but  pared to the baseline rest periods. As expected, numerous
no significant difference between the incongruent and thareas of activation were identified, including the left pri-
neutral condition$t(17) = —1.55,p = n.s.]. mary motor cortex, left IpreCS, left and right lateral cer-
ebellum, ACC, visual cortex, left thalamus, and right inferior
parietal cortex. A large volume of activation was observed
within the ACC region for each of the three conditions (I:
Comparisons of the three experimental conditions with eaclh,563ul; C: 5,566ul; N: 5,703 ul) and spanned the cingu-
other revealed relatively small, discrete activation focilate sulcus involving both areas 24 and 32.

Behavioral Findings

Functional Imaging Findings
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Table 1. Center of mass, volume, and intensity of significant activation foci

L-R A-P S—l Volume Intensity

Activated region (x) (y) (2 7)) (max.t)
Incongruent> Congruent

L inferior precentral sulcus (BA 44, 6) —44 3 30 885 0.78
Congruent> Incongruent

M posterior cingulate gyrus (BA 31) 3 —-43 33 858 0.63

L inferior anterior cingulate gyrus (BA 24) —16 30 -3 331 0.64
Incongruent> Neutral

L inferior precentral sulcus (BA 44, 6) —44 4 29 478 0.61
Neutral> Incongruent

L posterior cingulate gyrus (BA 31) -4 —45 32 399 0.64

Coordinates are in mnx(y, z) from the 0,0,0 point situated at the midline of the brai, @t the anterior commissurgy), and at the
level of the anterior and posterior commissures L, left; R, right; M, midline; A, anterior; P, posterior; S, superior; |, inferior; BA,
Brodmann area.

DISCUSSION In addition to the left IpreCS activation during the incon-
gruent condition, we found increased activation in the pos-

i f the left IpreCS duri ‘ fthe St terior cingulate during both control conditions as compared
vation ot the left fpre uring performance ol th€ Stroopy, 1q incongruent condition. The posterior cingulate is fre-

Interference task. I__eft IpreC_:S ac;tivation located adjacent t%uently activated during rest or during the performance of
the pars opercularis of the inferior frontal gyrus (IFG) WaS|w-level sensorimotor control tasks in PET and fMRI stud-

qbserved relat'lve to tWO. d|ffer.ent lexical cor.1t'rol cond|'- ies, regardless of the specific experimental task require-
tions, suggesting that this region plgys' a critical ro.le_mments (Binder et al., 1999; Shulman et al., 1997). This
processing incongruent Stroop stimuli. Given the proxlmltyfinding has been attributed to non-task-related activities that

of the identified region to Broca's area, these results MaY, jects might be performing during rest or during rela-

suggest that Stroop interference is mediated by competingvely undemanding control tasks, including unconstrained
subvocal articulatory responses. The use of a manual re; '

e . L Verbal thought processes and monitoring of the external
sponse suggests that activation of this region is not Spec'fénvironment their body and its position in space, and cur-
ically related to overt speech articulation. Isolated activatior} ' '

. ent emotional state. Given that the control conditions in
of the left IFG related to Stroop interference has also beeltﬁhe present study are less demanding than the incongruent

gﬁ?tcertljbaegti\t/)gtiziycln?;hg ”a:I.G (iﬁgc%?j.ugétk;g; j\};‘ﬁ'g;:fgreai:]eéondition, the same factors which result in increased poste-
. rior cingulate activation during rest periods may have been
regions (Brown et al., 1999; Carter et al., 2000; George d g b y

tal. 1994). | Hina the (i f activation operating during these control conditions.
etal, )- In examining the time course of activation in Finally, significant activation of the left rostral ACC was
an event-related fMRI study,

that IEG activati ded Ctgrt(:_r et efllt.h(zzcc);(?; Eepogtedobtained in the congruent condition relative to the incon-
a activation preceded activation ot the ya outgruent condition. This region is considerably more anterior

255, sugges'gng that the IFG is involved in the early '€-and inferior than the ACC activations reported in previous
sponse selection demands of the task.

The left IoreCS findi tible with . Stroop studies. Furthermore, the focus demonstidges-
1€ 1eft Ipre INdings areé compatible With Previous 4, 4oy during the interference condition. Our ACC focus
studies designed to examine the neural basis of the Stro

. . 8 |ocated within the so-called “affect” rather than “cogni-
effect. Perret (1974) reported that patients with Ieftprefron-tive,, division of the anterior cingulate (Devinsky et al.,

tal lesions performed more poorly on the Stroop task thar1995; Vogt et al., 1992). Decreased activation in this region

_norma_ls ano_l patient_groups_ with othe_r lesion locations. _StUdWas also reported by Whalen et al. (1998) during counting
les using divided visual fields (Guiard, 1981; Schmit & and “emotional” counting Stroop tasks relative to a fixation

Davis, 1974, T?ao etal,, 1979) and auditqry Stroop ana,log(s,ondition. Whalen et al. (1998) hypothesized that de-
(Cl;oheg & Martin, 197.5) ha]ye shownf:hat m;‘ongruent Stlr(‘jn'creased activation in this region “reflects active inhibition
ull produce a greater interierence effect when presented ¢ g |jmpic region in the service of allocating resources
the left hemisphere. Greater effects on evoked potentialg, ;g effective cognitive performance” (p. 1225). Consid-
(Am.e & Harter, 1984) occur in the left hemisphere during ering the relatively automatic nature of the congruent con-
the interference effect. Although there have also been SCafition in the present study, it is possible that similar
tered reports suggesting right hemisphere contribution t '

Phechanisms may be active here.
the Stroop effect (Long & Lyman, 1987; Vendrell et al., o P ;
ne of the more intriguing aspects of this study was the
1995), the bulk of the evidence clearly points to the left niriguing asp 15 STUEY W

absence of increased activation within the cognitive division

hemisphere as the site for resolution of the interferenc%]c the ACC during the interference condition. An analysis
effect.

The primary finding from this study is the consistent acti-
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nations may be offered for these negative results. First, the
majority of studies that have found ACC activation during
the interference condition (Bench et al., 1993; Brown et al.,
1999; George et al., 1994, 1997) have used nonverbal con-
trol conditions, such as colored crosses or colored blocks,
stimuli that have grossly different stimulus characteristics
and processing requirements than a verbal interference con-
dition. In comparison, lexical control conditions often do
not produce increased ACC activation (Bench et al., 1993;
Taylor et al., 1997). In fact, comparison ohautralword
condition to a non-lexical condition has been shown to re-
sult in activation of the right cingulate (Bench et al., 1993),
confirming the role of the ACC in language processing (Cros-
son et al., 1999).

The second explanation involves the putative role of the
ACC in anticipating response conflict or brokering strategy
shifts. In their event-related fMRI study, Carter et al. (2000)
examined response conflict expectancies elicited by the
Stroop task by comparing high expectancy congruent blocks
(80% congruent, 20% incongruent) and high expectancy
incongruent blocks (80% incongruent, 20% congruent). Se-
lective activation of the ACC occurred only on the incon-
gruent trials during the high expectancy congruent blocks.
This result was attributed to an evaluative role of the ACC,
in which it provided an “on-line conflict signal” serving to
engage other brain regions in the appropriate strategic pro-
cesses. Another possibility is that the ACC activation was
contingent upon the strategy shift required when respond-
ing to an incongruent stimulus during a high expectancy
congruent block. In either case, the negative findings of the
present study may be attributable in part to our block de-
sign format, in which trials are grouped based on condition
type, thereby minimizing the effects of expectancies and
precluding major shifts in response strategy within blocks.

Further elucidation of the role of the ACC will require
studies explicitly designed to compare these competing hy-

. . . . otheses. For example, the importance of the lexical aspect
Fig. 2. Subtraction of incongruent minus congruent (upper panel)p - . . .
and incongruent minus neutral (lower panel) conditions. The re fconm?l conditions Ca,n be examined thro”gh inclusion of
activation foci (positivet values) in the left inferior precentral both lexical and nonlexical controls, where stimulus param-
sulcus (IpreCS) indicated greater activation in the incongruen€ters are matched as closely as possible to each other and to
condition relative to both the congruent and neutral conditionsthe experimental condition. The role of expectancies and
(see Table 1 for stereotaxic coordinates). The blue activation fociesponse conflict monitoring may be evaluated through de-
(negativet values) indicate greater activation in the control tasks.signs pitting different expectancy conditions against each
Midline activation of the posterior cingulate gyrus (PCG) was other, such as including some blocks consisting of 100%
observed during the congruent and neutral conditions relative tthcongruent or congruent trials and some blocks consisting
.the incongruer.n conditi.on. Significantly greater acti\{ation is seenyf mixed trial types in the fashion of Carter et al. (2000).
in the left inferior anterior cingulate gyrus (ACG) during the con- nyjge rentiating whether ACC effects are associated with re-
gruent condition rel_atlve to the mcong_ruent condition. Activation sponse conflict monitoring or with strategy shifts may be
is overlayed on a single rendered brain. - .
accomplished through the use of cues in some blocks that
alert subjects that a strategy shift may be necessary. For
example, in the midst of a set of congruent stimuli, partici-
pants may receive a cue that the next stimulus will be in-
exploring the null hypothesis was conducted by comparingongruent, presumably leading to a strategy shift to respond
the differences of each of the three experimental conditiono the ink color rather than the word, and resulting in re-
relative to the baseline rest periods. Results revealed thaluced response conflict. Noncued trials would be expected
the ACC was significantly activated at approximately theto produce a heightened response conflict, and comparisons
same intensity in each of the three conditions. Two expla€ould be made between the cued and noncued trials. Use of

Incongruent - Congruent

Left Hemisphere Right Hemisphere
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event-related fMRI designs would facilitate this avenue ofArndt, S., Cizadlo, T., Andreasen, N.C., Heckel, D., Gold, S., &

research. O’Leary, D.S. (1996). Tests for comparing images based on
The present study represents the first neuroimaging study randomization and permutation methodsurnal of Cerebral

to use button-press responses rather than a spoken or covertBlood Flow and Metabolispil6, 1271-1279.

verbal response. A large experimental literature, reviewedandettini, P.A., Wong, E.C., Hinks, R.S., Tikofsky, R.S., & Hyde,

by MacLeod (1991), has shown that the Stroop effect is J.S. (1992)._ Time course EPI of human t_)rgln function during

consistently obtained using a manual response, although @Sk activationMagnetic Resonance Medicirs, 390-397.

the magnitude of the interference effect is smaller than thabench. C.J., Frith, C.D., Grasby, P.M., Friston, K.J., Paulesu, E.,

observed with a vocal response. The issue of stimulus— FraCI_(OW'ak’ R.S.J, &Dolan,_R.J. (.1993)' Investigations of the

- . functional anatomy of attention using the Stroop té&uro-

response compatibility has been shown to be important, svehologia3l 907-922

with a heightened interference effect when the prepotent.. psy giass '

response mode for the irrelevant dimension (i.e., the wordsgmder’ JR., Frost, JA., Hammeke, T.A., Be”gow.an’ P.S., Rao,
R ) . o S.M., & Cox, R.W. (1999). Conceptual processing during the

comcu_jes W'.th the designated response mode for the rele- conscious resting state. A functional MRI studypurnal of

vant dimension (|.§., the col'or). Nonetheless, we haye dem- cognitive Neurosciencd 1, 80—95.

onstratgd that activation \'N.Ithlr? the left IpreCS during theBrown, G.G., Kindermann, S.S., Siegle, G.J., Granholm, E., Wong,

Stroop interference condition is not contingent upon sub- g ¢ & Buxton, R.B. (1999). Brain activation and pupil re-

jeCtS generating an overt vocal response. Given its proxim- sponse during covert performance of the Stroop Color Word

ity to Broca’s area and the premotor mouth area, this task.Journal of the International Neuropsychological Socjety

activation may reflect the conflict in subvocal articulatory 5, 308-319.

processes generated by the interference condition, and B&ullmore, E., Brammer, M., Williams, S.C., Rabe-Hesketh, S.,

presumed to precede translation to the button-press re- Janot, N, David, A., Mellers, J., Howard, R., & Sham, P. (1996).

sponse. The manual response itself was expected to result Statistical methods of estimation and inference for functional

in significant activation in the left motor cortex, equivalent MR image analysisMagnetic Resonance in Medicin85,

in all three conditions, and this was found to be the case. 261277

We believe that the manual Stroop has the advantage gtarter, C.S., Macdonald, A.M., Botvinick, M., Ross, L.L.,Stenger,

minimizing head movement and susceptibility artifacts that -4~ Noll. D., & Cohen, J.D. (2000). Parsing executive pro-

are common in fMRI scans during speech, and is a viable cesses: Strategic vs. evaluative fur_lctlons of the anterior cingu-

method for further study in this area. It is also possible late cortex.Proceedings of the National Academy of Scignce

. . . 97, 1944-1948.
using event-related fMRI designs to directly compare vocabohen G. & Martin, M. (1975). Hemisphere differences in an
and manual responses to the Stroop effect. : '

- N j ) auditory Stroop taskerception and Psychophysijds 339-352.
In summary, our prlmr?lry finding Strongly_lmpllcaFes the Cox, R.W. (1996). AFNI: Software for analysis and visualization
left IpreCS as a kgy bralr_1 structure med'a“”g the Int_erfer- of functional magnetic resonance neuroima@asmputers and
ence effect associated with the Stroop paradigm. This con- gjomedical Researct29, 162-173.
clusion is based on several methodological improvement&rosson' B., Sadek, J.R., Bobholz, J.A., Gokcay, D., Mohr, C.M.,
present in this investigation, including the use of well- | gonard, .M., Maron, L., Auerbach, E.J., Browd, S.R., Free-
matched verbal control conditions, a blocked trial design  man, A.J., & Briggs, R.W. (1999). Activity in the paracingulate
that minimizes the role of expectancies, and a manual re- and cingulate sulci during word generation: An fMRI study of
sponse that minimizes the role of overt speech output. The functional anatomyCerebral Cortex9, 307-316.
proximity of the IpreCS to the left IFG and its role in speech Devinsky, O., Morrell, M.J., & Vogt, B.A. (1995). Contributions
production would suggest that the Stroop effect is mediated of anterior cingulate cortex to behavi@rain, 118 279-306.
by increased response competition associated with suliFisher R.A. & Cornish E.A. (1960). The percentile points of dis-
vocal articulatory processes. tributions having known cumulantSechnometric®2, 209-226.
Forman, S.D., Cohen, J.D., Fitzgerald, M., Eddy, W.F., Mintun,
M.A., & Noll D.C. (1995). Improved assessment of significant
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