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Abstract: Successful information processing requires the focusing of attention on a certain stimulus
property and the simultaneous suppression of irrelevant information. The Stroop task is a useful para-
digm to study such attentional top-down control in the presence of interference. Here, we investigated
the neural correlates of an auditory Stroop task using fMRI. Subjects focused either on tone pitch (rela-
tively high or low; phonetic task) or on the meaning of a spoken word (high/low/good; semantic
task), while ignoring the other stimulus feature. We differentiated between task-related (phonetic
incongruent vs. semantic incongruent) and sensory-level interference (phonetic incongruent vs. pho-
netic congruent). Task-related interference activated similar regions as in visual Stroop tasks, including
the anterior cingulate cortex (ACC) and the presupplementary motor-area (pre-SMA). More specifically,
we observed that the very caudal/posterior part of the ACC was activated and not the dorsal/anterior
region. Because identical stimuli but different task demands are compared in this contrast, it reflects
conflict at a relatively high processing level. A more conventional contrast between incongruent and
congruent phonetic trials was associated with a different cluster in the pre-SMA/ACC which was
observed in a large number of previous studies. Finally, functional connectivity analysis revealed that
activity within the regions activated in the phonetic incongruent vs. semantic incongruent contrast was
more strongly interrelated during semantically vs. phonetically incongruent trials. Taken together, we
found (besides activation of regions well-known from visual Stroop tasks) activation of the very caudal
and posterior part of the ACC due to task-related interference in an auditory Stroop task. Hum Brain
Mapp 00:000–000, 2009. VVC 2009 Wiley-Liss, Inc.
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INTRODUCTION

Since the Stroop effect was first described more than 70
years ago [Stroop, 1935], it became one of the most inten-
sively studied phenomena in cognitive neuroscience and
still has a key role in the study of attentional top-down
mechanisms [for reviews see Dyer and Severance, 1973;
MacLeod, 1991]. In spite of many variations of the Stroop
task, the basic principle of word reading and color detec-
tion has not changed over the decades and is still widely

Contract grant sponsor: Volkswagen Foundation; Contract grant
number: I/79878

*Correspondence to: Nikolai Axmacher, Department of Epileptol-
ogy, University of Bonn, Sigmund-Freud-Str. 25, D-53105 Bonn,
Germany. E-mail: nikolai.axmacher@ukb.uni-bonn.de

Received for publication 21 February 2008; Revised 3 December
2008; Accepted 8 December 2008

DOI: 10.1002/hbm.20731
Published online in Wiley InterScience (www.interscience.wiley.
com).

VVC 2009 Wiley-Liss, Inc.

r Human Brain Mapping 00:000–000 (2009) r



used. In the standard Stroop task, subjects are asked to
name the colors of compatible and incompatible color-
words and of control patches, e.g., solid color squares.
Stroop interference corresponds to the difference between
the reaction times in the incongruent and the control con-
dition. The interference effect and significant reaction time
increase during the incongruent trials is accompanied by a
facilitation effect for the congruent trials, reflected by a
decrease in reaction times, although facilitation is consid-
ered to be a somewhat weaker phenomenon than interfer-
ence [MacLeod, 1991].
During the last two decades, the Stroop task was imple-

mented using neuroimaging techniques, such as PET and
fMRI, and revealed functional neural networks involved in
the control of Stroop interference [e.g., Carter et al., 1995;
Leung et al., 2000; Pardo et al., 1990; Peterson et al., 1999].
The Stroop interference task seems to principally rely on
the activity of a limited number of key regions, in spite of
the fact that the experimental designs evolved to numer-
ous specializations. According to the standard theory, the
anterior cingulate cortex (ACC) signals frontal regions,
such as the dorsolateral prefrontal cortex (DLPFC), to fur-
ther increase the attentional bias toward task-relevant
processing when distracting stimulus properties cause a
task-related conflict. Consequently, recent studies showed
a major interest in the ACC and DLPFC, which emerged
as the two anatomical regions playing the most important
role in the control of conflict management [e.g., Banich
et al., 2001; MacDonald et al., 2000; Milham et al., 2001].
Several studies have addressed theories of ACC func-

tions related to different cognitive abilities, such as, for
example, conflict monitoring [Botvinick et al., 1999, 2001;
Carter et al., 2000; Kerns et al., 2004; MacDonald et al.,
2000], error detection [see reviews Bush et al., 2002; Gehr-
ing and Knight, 2000], and response selection [Erickson
et al., 2004; Milham et al., 2003; Paus, 2001]. In addition,
the DLPFC has been shown to contribute to cognitive con-
trol function [MacDonald et al., 2000; Miller and Cohen,
2001].
In this study, we implemented an auditory Stroop inter-

ference task using fMRI. Several studies demonstrated the
applicability of the Stroop interference task in the auditory
domain behaviorally [Leboe and Mondor, 2007; McClain,
1983; Shor, 1975]. In one version, not only were stimuli
presented in auditory modality, but subjects were also ei-
ther required to respond by naming a word or producing
a hum with different pitch [McClain, 1983]. This paradigm
indicated that interference was at least partially attribut-
able to response inconsistency, as suggested by the
response incompatibility theory [Treisman and Fearnley,
1969]. In our paradigm, however, responses were neither
given by spoken words nor by hummed tones, but by but-
ton presses. In this context, another source of interference
is more relevant: Stroop conflict arises if responses have to
be given according to that one of two contrasting item fea-
tures, which is processed slower and less automatic, such
as color or pitch naming, in the presence of inconsistent

semantic information. Conflict is smaller or absent if
responses are given according to the faster and more auto-
matically processed item feature, such as word meaning in
the presence of inconsistent color or pitch information.
This asymmetry predicts that in our task, interference
should be larger if subjects are required to respond to a
pitch in the presence of incongruent semantic information
when compared with when they are required to respond
to the meaning of a word in the presence of incongruent
pitch information.
Our motivation for implementing the auditory Stroop

approach with functional imaging was fourfold as follows:
Selective attention might be different in the auditory

when compared with the visual domain. Most applications
of the Stroop interference task were designed using visual
stimuli and revealed variations of activity in the anterior
ACC and DLPFC. We addressed the question of whether
the functional network activated by conflict processing
represents a common system or whether there are specific
alterations regarding the sensory modality. We expected
the behavioral results and the conflict network activations
to generally follow the common Stroop findings, but
hypothesized prominent differences due to the new sen-
sory modality for two reasons. Firstly, because the visual
and the auditory pathways include fundamentally differ-
ent processing steps for sensory input [Hendee and Wells,
1997; Handel, 1989]. Secondly, because alterations of acti-
vations in ACC due to different cognitive processes are
well described in the fMRI literature, e.g., in the context of
conflict processing and movement execution [Picard and
Strick, 2001], attention and stimulus detection [Posner and
Petersen, 1990], and emotional processing [Bush et al.,
2000; Devinsky et al., 1995]. To further investigate the inte-
gration of activity within the conflict network and to reveal
its adjustments due to the auditory modality, we addition-
ally performed a functional connectivity analysis using the
‘‘psychophysiological interaction’’ approach [Friston et al.,
1997].
In most investigations of the Stroop effect, interference

effects are being analyzed by the contrast between incon-
gruent and congruent (or neutral) stimuli in a color-nam-
ing task (where the processing of semantic information
has to be suppressed). This contrast involves interference
already at the sensory level of processing as well as at
higher levels. The contrast between incongruent items in
the color naming and incongruent items in the color
reading task has rarely been investigated. However, this
latter contrast does not involve interference at a sensory
level, because stimuli are exactly identical in the two
conditions and only task demands differ (in other words,
conflict at the level of sensory processing is ‘‘substracted
out’’). Because this contrast reveals more directly interfer-
ence at higher processing levels, we aimed at comparing
it with the more conventional ‘‘incongruent > congruent’’
contrast.
There is an ongoing discussion regarding the role of pri-

ming in the Stroop task. A center of debate in recent stud-
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ies involving conflict-adaptation is the controversy of the
conflict theory versus priming-effects. It is still unclear if
reaction time decreases related to repetitions of equal stim-
uli during a conflict task are actually caused by the greater
recruitment of top-down conflict monitoring or should
rather be attributed to episodic memory or stimulus-specific
repetition priming as shown for Flanker-tasks [Mayr et al.,
2003; Nieuwenhuis et al., 2006].
An auditory Stroop approach could be useful for clinical

purposes. Abnormal conflict management was evidenced
for several brain disorders, e.g., attention-deficit/hyperac-
tivity disorder [for review see Lansbergen et al., 2007] or
in paranoid schizophrenia [Nordahl et al., 2001]. An audi-
tory approach to the common Stroop interference task
seems of particular interest since the auditory sense is
especially affected in psychiatric disorders such as schizo-
phrenia [Veuillet et al., 2001]. Recently, it has been
reported that an increased Stroop effect can serve as a
marker for a genetic vulnerability to schizophrenia [e.g.,
Becker et al., 2008; Filbey et al., 2008]. Because schizo-
phrenic patients have deficits in both auditory processing
and conflict monitoring, an auditory version of the Stroop
task might provide an even more sensitive trait marker for
schizophrenia.

METHODS

Participants

A total of 29 healthy subjects (14 women; age 18–34,
mean age 6 s.d.: 27.0 6 7.4 years; and handedness: 22
right, 7 left) participated in the study. They were recruited
from the University of Bonn as well as via newspaper. The
study was approved by the local medical ethics committee,
and all subjects provided written informed consent.

Experimental Procedures

We used an auditory version of the Stroop task [Stroop,
1935], where subjects were presented the German equiva-
lents of the words ‘‘high’’ and ‘‘low’’ (German: ‘‘Hoch,’’
‘‘Tief’’) in either a high or low tone pitch. In each of the
two identical blocks of the paradigm, subjects performed
first the semantic condition, where they indicated via but-
ton press whether the word ‘‘high’’ or ‘‘low’’ was pre-
sented, regardless of the tone pitch. In the consecutive
‘‘phonetic’’ condition, the subjects were asked to decide if
the word was presented in a high or low tone pitch,
regardless of the word meaning. As an additional control,
we presented the word ‘‘good’’ (German: ‘‘Gut’’) either in
a high or in a low tone pitch in both conditions. In the
semantic condition, subjects were instructed not to press a
button in these trials. These trials did not enter further
analysis. Only the control trials in the phonetic condition
were subsequently analyzed. Only trials with correct
responses entered into the contrasts of the second level

general linear model. An overview of the paradigm is
depicted in Figure 1.
The sound files were spoken and digitalized by one of

the experimenters, and transposed to a high or low tone
pitch (tone difference of a quint), respectively, aligned in
frequency using the Entropic Timescale Modification
(ETSMTM) as included in the ‘‘Goldwave’’ audio editing
software (http://www.goldwave.com/). This transforma-
tion guaranteed equal length of all sound files (500 ms).

Test Session

Subjects completed a total of 480 trials while they were
being scanned in fMRI. Prior to the start of the experiment,
subjects went through at least 10 practice trials or more, if
necessary. The experiment was divided into two parts of
240 trials each to ascertain a stable level of attention dur-
ing the entire length of the paradigm. Subjects were
allowed to leave the scanner between the two parts. Every
part was subdivided into two blocks, each with 120 trials
for the semantic block and 120 trials for the phonetic
block. Every block contained all three sound files (‘‘high,’’
‘‘low,’’ and ‘‘good’’) in either a high or low tone pitch.
Each of these six conditions was presented in 20 trials. The
words ‘‘word meaning’’ and ‘‘tone pitch’’ were presented
on the screen in all trials for the sake of clarity. Words
were presented for 500 ms, and the subjects were asked to
answer as fast as possible during the consecutive 2,000 ms
interval. All trials with response delays longer than 2,500
ms were discarded. Trials were administered in a random-
ized, counterbalanced order across subjects. The 2,500 ms
trial was followed by a pause of 2,000–5,000 ms length,
during which a fixation cross was shown. Stimuli were

Figure 1.

Overview of the paradigm.
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presented using Presentation1 software (Version 0.71;
Neurobehavioral Systems; Albany, CA) via MRI-compati-
ble liquid-crystal display (LCD) goggles and MRI-compati-
ble electrostatic headphones (both NordicNeuroLab,
Bergen, Norway), and responses were obtained through a
fiber optic magnetic resonance-compatible control pad.

MRI Data Acquisition

Thirty-eight axial slices were collected in a 1.5T scanner
(Avanto, Siemens, Erlangen, Germany). We collected 1160
T2*-weighted, gradient echo (EPI) scans (slice thickness: 3
mm; interslice gap: 0.48 mm; matrix size: 64 3 64; field of
view: 222 mm; echo time: 35 ms; and repetition time: 2,500
ms). Thereafter, we acquired a sagittal T1-weighted
MPRAGE sequence for each subject for anatomical localiza-
tion (number of slices: 160; slice thickness: 1 mm; inter-slice
gap: 0.5 mm; matrix size: 256 3 256; field of view: 256 mm;
echo time: 3.09 ms; and repetition time: 1,660 ms).

fMRI Analysis

Analysis was carried out using FEAT (FMRI Expert
Analysis Tool) Version 5.63, part of FSL software (FMRIB’s
Software Library, www.fmrib.ox.ac.uk/fsl) using standard
procedures. The following prestatistics processing was
applied: motion correction using MCFLIRT [Jenkinson
et al., 2002]; slice-timing correction using Fourier-space
time-series phase-shifting; nonbrain removal using BET
[Smith, 2002]; spatial smoothing using a Gaussian kernel
of FWHM 6 mm; mean-based intensity normalization of
all volumes by the same factor; and highpass temporal fil-
tering (Gaussian-weighted least-squares straight line fit-
ting, with sigma 5 50.0 s). Time-series statistical analysis
was carried out using FILM [Woolrich et al., 2001]. Regis-
tration to high resolution and/or standard images was car-
ried out using FLIRT [Jenkinson et al., 2002]. Preprocessed
data were fitted by the convolution of multiple regressors
with a canonical hemodynamic response function to obtain
parameter estimates for each condition covariate. The
fMRI-analysis used a set of seven regressors, each of 1,000
ms duration. Four regressors were used for the congruent
(pitch: ‘‘high’’/meaning: ‘‘high’’ or ‘‘low/low’’), and incon-
gruent (‘‘high/low’’ or ‘‘low/high’’) trials in the semantic
and phonetic blocks of the paradigm (i.e., (1) congruent
semantic; (2) incongruent semantic; (3) congruent phonetic;
and (4) incongruent phonetic). Two regressors were used
for the control-condition (‘‘good’’) in the semantic and pho-
netic block, and one regressor for the trials with incorrect
responses. Incorrect responses were modeled because oth-
erwise variance of the associated BOLD responses would
contribute to the implicit baseline activity and deteriorate
the estimation of the other regressors’ beta values. To con-
trol for repetition effects, the fMRI analysis was carried
out a second time with the same set of regressors, with the
only exception that each repetition of a trial in the same
category (congruent–congruent or incongruent–incongru-

ent) was modeled with the same regressor as the incorrect
trials, therefore, excluding them from the relevant con-
trasts. A third analysis was carried out, where instead of
excluding repeating trials for every subject, the same
amount of randomly chosen trials was excluded from the
relevant contrasts of the second level general linear model,
by moving them to the regressor for incorrect trials.
The comparison of activations was carried out by

extracting activation values from, e.g., the ‘‘incongruent
phonetic > incongruent semantic’’ contrast for all three
analyses. We used an inclusion mask defined by the acti-
vated regions of the first analysis on significance level (Z
5 3.1; P 5 0.001) to specify activations entering the other
two analyses.
P values in the ANOVAs were Huynh-Feldt corrected

for inhomogenities of covariance when necessary [Huynh
and Feldt, 1976]. Images are displayed by neurological
convention, with left side corresponding to the left hemi-
sphere. Effects are significant at P < 0.001 and at a cluster
size of 10 or more contiguous voxels. Mean parameter esti-
mates for the different conditions are shown for all con-
trasts (ordinate in arbitrary units). Error bars represent
s.e.m.
We added the locations of 112 ACC activations to our

contrast in Figure 4A-2 using coordinates from a review
by Barch et al. [2001]. The activations were collected from
tasks falling under the categories of response inhibition,
underdetermined responding, and commission of errors
(e.g., Stroop, Go/No-Go, and Flanker-tasks). The stereotac-
tic coordinates referring to the Talairach coordinate system
were transformed to MNI coordinates using the tal2mni.m
script available from M. Brett. (http://eeg.sourceforge.net/
doc_m2html/bioelectromagnetism/tal2mni.html). The
result is shown in Figure 4B. For greater clarity, we used
the perpendicular line on the intersection of the bicommis-
sural line (AC-PC) through the anterior commissure as an
additional orientation border.
Functional connectivity with the ACC was calculated by

using activity within the functional ROI in the posterior
ACC region (Fig. 4A-2) resulting from the ‘‘Phonetic >

Semantic’’-contrast, thereby identifying brain regions
showing significant covariation or functional connectivity
with this seed location. We used a sphere with 6 mm di-
ameter centered on the peak voxel as a seed region. The
functional connectivity analysis was conducted using the
‘‘psychophysiological interaction’’ method [Friston et al.,
1997]. The method we used relies on correlations in the
BOLD time series data and makes no assumptions about
the nature of the neural activity that may have contributed
to the BOLD signal. We extracted the entire time-course of
activity of each individual subject and multiplied that time
course with a condition vector that was ones for five TRs
following each trial type, and zeros otherwise. These
resulting vectors were then used as covariates in a sepa-
rate regression. Analyses were performed for each subject
individually and were subsequently entered into a group-
level analysis.
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RESULTS

Behavioral Results

The auditory Stroop design created a robust Stroop in-
terference effect. A two-way ANOVA with ‘‘congruency’’
and ‘‘semantic-phonetic’’ as repeated measures revealed
main effects of each factor (‘‘congruency’’: F1,28 5 10.15, P
5 0.004; ‘‘semantic-phonetic’’: F1,28 5 43.31, P < 0.001) and
a significant ‘‘congruency’’ 3 ‘‘semantic-phonetic’’ interac-
tion (F1,28 5 107.38; P < 0.001). As expected, the incongru-
ent phonetic trials turned out to be the critical condition of
top-down conflict processing in this Stroop task, producing
significantly longer reaction times compared with the other
conditions (incongruent phonetic trials: 906 ms (s.e.m. 52
ms), other conditions: < 800 ms (s.e.m. < 45 ms), each P <

0.001, each t28 < 6.14; two-tailed t tests; for detailed behav-
ioral data, see Table I, Fig. 2A). In the phonetic control
condition using the word ‘‘good,’’ subjects had a reaction
time of 854 ms (s.e.m. 48 ms), which differed significantly
from the other conditions (each P < 0.001, each t28 < 6.2;
two-tailed t tests) and was almost at the exact half between
the reaction times of the condition of highest conflict
(incongruent phonetic) and the others.
The error rates confirmed the results of the reaction

times. Again, Stroop interference was maximal in the
incongruent-phonetic condition, as the error rate was sig-
nificantly higher (11%, s.e.m. 3%) when compared with the
other conditions (<5%; Fig. 2B). A two-way ANOVA with
‘‘congruency’’ and ‘‘semantic-phonetic’’ as repeated mea-
sures revealed main effects of each factor (‘‘congruency’’:
F1,28 5 10.72, P 5 0.003; ‘‘semantic-phonetic’’: F1,28 5 12.23,
P 5 0.002) and a significant ‘‘congruency’’ 3 ‘‘semantic-
phonetic’’ interaction (F1,28 5 10.01; P 5 0.004). Pair-wise t
tests showed that error rates in the ‘‘incongruent-phonetic’’
condition were larger than in any other condition (P <
0.05, t28 > 4.82; two-tailed t tests).
A common observation during the Stroop task is that

processing of incongruent stimuli is facilitated by previous
processing of incongruent stimuli, which has been
explained by behavioral adjustments [Botvinick et al.,
2001]. Thus, an incongruent trial following an incongruent
trial (iI) should result in faster reaction times than on
incongruent trials following congruent (cI) trials. Similarly,
reaction times should be slower on iC than on cC trials.
We calculated the reaction times for each of the four con-
ditions; the results are shown in Figure 2C.

Consistent with previous data, we found that reactions
for iI-trials were significantly faster than for cI trials (P <
0.001, t28 > 5.9; two-tailed t tests) and were also faster for
cC-trials than for iC trials (P < 0.001, t28 > 5.49; two-tailed
t tests). A two-way ANOVA with ‘‘Position1 (congruent/
incongruent)’’ and ‘‘Position2 (congruent/incongruent)’’ as
repeated measures revealed a main effect for ‘‘Position2’’
(F1,28 5 18.68, P < 0.001) and a significant ‘‘Position1’’ 3
‘‘Position2’’ interaction (F1,28 5 11.95; P 5 0.002).
To control for repetition priming effects and their contri-

bution to the Stroop effect, we first calculated reaction
times for every condition without repeating trials, i.e., tri-
als with exact the same stimulus. We found a significant
increase in reaction times (mean: 113.6 ms, std: 2.6 ms;
not shown) for the trials excluding direct repetitions. A
three-way ANOVA with ‘‘congruency,’’ ‘‘semantic-pho-
netic,’’ and ‘‘repetition’’ (repeated trials vs. excluded) as
repeated measures revealed main effects of each factor
(‘‘congruency’’: F1,28 5 9.74, P < 0.001; ‘‘semantic-pho-
netic’’: F1,28 5 50.93, P < 0.001; ‘‘repetition’’: F1,28 5 55.96,
P < 0.001) and a significant ‘‘congruency’’ 3 ‘‘semantic-
phonetic’’ interaction (F1,28 5 115.50, P < 0.001).
We further tested the effect of excluding all repeated tri-

als from the statistics of the behavioral adjustments follow-
ing conflict and again found that reaction times were
increased when compared with the analysis including
repeated trials (cC:129 ms; cI:11 ms; iI:12 ms; iC:159
ms). The increase in reaction times did not change the sig-
nificance of the different condition interactions. A three-
way ANOVA with ‘‘repetition,’’ ‘‘position1,’’ and
‘‘position2’’ as repeated measures revealed a main effect
for ‘‘repetition’’ (F1,28 5 38.98, P < 0.001) and a significant
‘‘position1’’ 3 ‘‘position2’’ interaction (F1,28 5 59.54, P <
0.001).

FMRI Results

We first investigated regions showing an increased acti-
vation during processing of incongruent information in
each of the two conditions separately and then compared
processing of incongruent items across modalities. In the
phonetic condition, the reaction times and accuracy rates
indicated that interference occurred during processing of
incongruent items (e.g., responding ‘‘high’’ to the word
‘‘low’’ when it was pronounced in high pitch). Indeed, the
‘‘incongruent phonetic > congruent phonetic’’ contrast

TABLE I. Descriptive statistics of behavioral data

Condition Reaction time (ms) s.e.m (ms) Errors (%) s.e.m (%)

Semantic-congruent 793 38 2 1
Semantic-incongruent 794 46 2 1
Phonetic-congruent 789 40 4 1
Phonetic-incongruent 906 52 11 3
Control 854 48 9 3
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revealed increased activation in regions previously associ-
ated with conflict processing such as the lateral prefrontal
cortex (right: MNI coordinates 40/16/32; left: MNI coordi-
nates 248/18/10) and the pre-SMA (MNI coordinates 2/
18/46). These regions are shown in Figure 3A. In the

semantic condition, however, the contrast of incongruent
vs. congruent items was only associated with increased
activation in the precuneus (MNI coordinates: 2/256/26;
Fig. 3B).
Next, the contrast ‘‘incongruent phonetic > incongruent

semantic’’ was calculated because exactly identical stimuli
(the word ‘‘high’’ spoken in low pitch and the word ‘‘low’’
spoken in high pitch) were used in both conditions. We
observed activations in the posterior part of the anterior
cingulate cortex (ACC), the medial frontal cortex, left and
right dorsolateral prefrontal cortex (DLPFC), thalamus,
and the presupplementary motor area (pre-SMA) close to
the ACC. The results for the contrast ‘‘incongruent pho-
netic > incongruent semantic’’ are shown in the Figure 4A,
and Table II provides an overview of all significantly acti-
vated regions for all contrasts. The parameter estimates
shown in Figure 4 demonstrate that the activations are
clearly driven by the conflict processing originating from
the incongruent phonetic condition.
Regarding the discussion about conflict-adaptation ver-

sus priming-effects, we tested how an analysis excluding
all repeating trials influences the Stroop-interference acti-
vation network. For the second analysis, we removed ev-
ery event containing a direct repetition of a trial from the
regressors of the first analysis. This way we excluded an
average of 16% of the trials (from an average of 152 events

Figure 2.

Behavioral results. (A) Reaction times. (B) Percentage of incor-

rect trials. (C) Behavioral adjustments following conflict. Previ-

ous trial (congruent versus incongruent) by current trial (con-

gruent versus incongruent) interaction. Figure 3.

Conflict processing in the separate domains. (A) In the phonetic

condition, responding to incongruent items elicited an increased

activation in regions previously associated with conflict process-

ing such as the pre-SMA or the lateral prefrontal cortex. (B) In

the semantic condition, however, the contrast of incongruent vs.

congruent items was only associated with increased activation in

the precuneus.
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to 127). The results revealed activations corresponding to
the areas shown in Figure 4A, although the number of
activated voxels decreased (ACC 58 to 3; DLPFC 135 to 19;
not shown). A comparison of the activation-values for the
voxels of the ACC region in the analysis with repetitions
and without repetitions across all subjects revealed that
the ACC activation without repetitions is significantly
smaller (P 5 0.003, t28 > 3.29; two-tailed t tests). A critical
objection to this result could be the fact that the number of
trials for the two analyses did not match. To test this idea,
we repeated the first analysis while randomly removing

16% of the trials to match the number of events. Indeed,
this revealed a significantly decreased number of activated
voxels (ACC 58 to 3; DLPFC 135 to 42; P < 0.001, t28 >

3.93; two-tailed t tests; not shown). Interestingly the activa-
tion-values for the analysis without repetitions and the
trial-matched analysis did not differ significantly (P 5

0.163, t28 > 1.43; two-tailed t tests).
Finally, we aimed at elucidating the mechanism by

which the activated clusters participate in a conflict proc-
essing network. Interaction of one region with another is
reflected in correlated activations in both regions. We thus

Figure 4.

(A) Incongruent phonetic > incongruent semantic. (B) Plot reviewing 112 pre-SMA/ACC activa-

tions associated with vocal and manual responses. Coordinates were collected and reviewed by

Barch and colleagues (Barch et al., 2001) and transferred to MNI space.
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performed functional connectivity analyses using the ‘‘psy-
chophysiological interaction’’ approach [Friston et al.,
1997], with a seed region located in the activated posterior
part of the ACC (see arrow in Fig. 4A-2). The results show
a strong connectivity with the left DLPFC and the pre-
SMA (see Fig. 5).

DISCUSSION

Our motivation for implementing the auditory Stroop
approach via functional imaging was threefold: (1) Conflict
processing might be different in the auditory when com-
pared with the visual domain. We thus wondered whether
the neural basis underlying Stroop interference shows mo-
dality specific alterations. (2) The ongoing discussion
regarding the role of priming in the Stroop task motivated
our investigations on the influence of repeating trials on
the activity of the conflict processing network. (3) Since the
auditory domain is especially affected by certain psychiat-
ric disorders, we discuss the usefulness of an auditory
Stroop approach in clinical research.

Conflict Processing in the Auditory as

Compared to the Visual Domain

Our major interest in this study was to find out if the
use of a different sensory modality in a Stroop interference
task would reproduce the common conflict effect in gen-
eral or if the auditory stimuli per se would result in a dif-
ferent behavioral outcome. Although visual input under-
goes a large amount of filtering and reconstruction on the
way from the retina to the cortex, auditory information

measures exactly sound frequencies [Hendee and Wells,
1997; Handel, 1989]. This led to our hypothesis that a clas-
sical Stroop task used with auditory stimuli should result
in a robust conflict effect, whereas at the same time
recruiting a network of well-known conflict-related
regions, but with adjustments to the different sensory
modality.
The results confirm our hypothesis by showing a robust

behavioral effect, with a highly significant reaction time
difference of about 100 ms between the conflict condition
and the other conditions. We found that Stroop interfer-
ence (as measured by response times and accuracy rates)
occurred in the phonetic condition (in which subjects were
required to respond against incongruent semantic informa-
tion), but not in the semantic condition (in which they
responded against incongruent pitch information). This
result may be most parsimoniously explained by the fact
that semantic information is more automatically processed
when compared with the naming of pitch information. In
other words, conflict in the phonetic condition arises from
the fact that the more automatic operation of word proc-
essing is suppressed in this condition. This behavioral
effect remained significant even after exclusion of all repe-
tition trials (see Fig. 2). The activated network meets our
expectations by demonstrating areas well known for con-
flict management, including the ACC, the DLPFC, the pre-
SMA, the medial frontal cortex, and the thalamus.

TABLE II. Significantly activated regions in the different

conditions

Region L/R BA

MNI coordinates

z-scorex y z

Left DLPFC L 9 244 4 20 4,9
White matter L — 28 8 28 4,3
Insula L 13 234 16 14 3,9
Cingulate gyrus L 24 26 26 26 3,9
Lentiform nucleus L — 218 12 0 3,8
Medial frontal gyrus L 9 26 32 38 3,8
Right DLPFC R 9 48 14 30 3,7
Thalamus L — 26 216 8 3,7
Anterior cingulate L 24 22 32 18 3,7
Cingulate gyrus L 24 218 26 46 3,6
PreSMA M 6 0 14 48 3,6
Thalamus L — 218 28 16 3,5
Sub-gyral L 6 218 28 62 3,5
Superior frontal gyrus M 8 0 30 48 3,4

The table displays the coordinates of the maximally activated
voxel in each activation cluster for the ‘‘incong. phonetic > incong.
semantic’’ contrast. Bold entries identify connectivity network.

Figure 5.

Connectivity analysis contrast ‘‘phonetic > semantic’’ using the

ACC activation (Fig. 4A-2) as seed region. Activity is shown at

P 5 0.001.
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Use of different contrasts reveals different levels of

conflict processing

The (more conventional) contrast ‘‘incongruent phonetic
> congruent phonetic’’ involves incongruent stimuli only
in one condition, while task demands are identical in the
two conditions. Therefore, this contrast reveals incongru-
ency originating already at the level of stimulus process-
ing. Thus, activation of the pre-SMA/ACC region shown
in Figure 3 supports a lower, more stimulus-related level
of conflict processing. This region has been observed in a
large number of previous studies on the Stroop effect
[Barch et al., 2001]. In addition to the contrast ‘‘incon-
gruent phonetic > congruent phonetic’’, the contrast
‘‘incongruent phonetic > incongruent semantic’’ was calcu-
lated because exactly identical stimuli (the word ‘‘high’’
spoken in low pitch and the word ‘‘low’’ spoken in high
pitch) were used in both conditions. Therefore, the differ-
ence in activation revealed by this contrast cannot be
explained at the sensory level: The amount of stimulus
incongruency is equal in the two conditions, and only task
demands differ, so that this contrast reveals conflict at the
level of action monitoring and/or response. This contrast
activated a particularly posterior and inferior region of the
cingulate cortex (Fig. 4A-2) which was previously only
observed in a small minority of studies (Fig. 4B).

ACC/pre-SMA

Interestingly, the ACC region activated in the ‘‘incon-
gruent phonetic > incongruent semantic’’ contrast is
located at the very posterior/caudal part of the ACC (it
should be noted that the maximum difference of the
BOLD response is localized to the white matter). This was
in contrast to the vast majority of previous studies investi-
gating Stroop interference, conflict, and error detection,
which reported activation of more anterior regions of the
ACC [Barch et al., 2001]. This even led Barch and col-
leagues to hypothesize that especially this anterior part of
the ACC is more strongly associated with monitoring con-
flict. However, the ACC activation in our study was
revealed in the ‘‘incongruent phonetic > incongruent
semantic’’ contrast, while the results from the Stroop tasks
discussed in the article by Barch et al. [2001] were based
on conventional contrasts of incongruent vs. congruent/
neutral trials. While the ‘‘incongruent phonetic > incon-
gruent semantic’’ contrast reflects task-related interference,
the conventional ‘‘incongruent phonetic > congruent pho-
netic’’ contrast may capture both, sensory level and
higher-level interference. In the latter contrast, however,
the posterior/caudal part of the ACC was not significantly
activated at the conventional threshold of P < 0.001
(uncorrected).
On the other hand, different response modalities in con-

flict tasks using oculomotor, manual, and speech
responses, activate slightly different ACC regions [Paus
et al., 1993; Picard and Strick, 1996], indicating a functional

heterogeneity of the ACC supporting different aspects of
cognitive processing. Unfortunately, the general findings
related to functional subdivisions of the ACC are heteroge-
neous. Whereas activation of the caudal region of the ACC
is associated with cognitive functions such as attention, for
instance detection of an increasing number of stimuli
[Posner and Petersen, 1990], the rostral regions of the ACC
appear to support the regulation of emotional processing
[Bush et al., 2000; Devinsky et al., 1995]. Furthermore, it
was proposed that conflict processing and response selec-
tion are associated with the activity of the rostral cingulate
cortex, while the actual movement execution is linked to
the caudal cingulate zone of the ACC [Picard and Strick,
2001]. Interestingly, a recent study using dynamic causal
modeling claimed that the intrinsic connectivity between
different subregions of the ACC (e.g., the medial cingulate
zone and the caudal cingulate zone) is increased during
conflict processing to facilitate selection and response exe-
cution [Fan et al., 2008].
To visualize the spectrum of conflict-related activations

and to further investigate the degree to which the network
found in our study differs from previous findings related
to conflict processing, we added the locations of another
112 ACC activations to our contrast using coordinates as
they were reviewed by Barch et al. [2001]. It is striking
that of 112 activations, only 14 (12.5%) are located poste-
rior to the anterior commissure line. Especially, the very
posterior and inferior parts of the ACC were exclusively
found to be activated in four studies investigating Stroop
interference using vocal responses. Based on our data, two
interpretations are possible. First, it is possible that increas-
ing integration of the auditory sense in conflict processing
results in a posterior/caudal and inferior/ventral shift of
ACC activity due to the different sensory modality. Alter-
natively, the specific activation differing from the majority
of previous studies may be due to task-related interference
in the ‘‘incongruent phonetic > incongruent semantic’’ con-
trast. Findings from a recent study, [Roberts and Hall,
2008] directly comparing visual and auditory Stroop tasks
rather support the second interpretation. In this study,
very similar activations within the pre-SMA/ACC region
were observed in both modalities based on the conven-
tional Stroop contrast and no additional activations in
other (posterior and caudal) ACC regions were reported.
The activation of the pre-SMA during the incongruent

condition may appear surprising at first sight, because the
SMA and pre-SMA regions are more commonly reported
from studies involving complex motor control tasks [for
review see Picard and Strick, 1996]. Nevertheless, activa-
tion of the pre-SMA has been reported in numerous stud-
ies involving cognitive control [Barch et al., 2001; Ikeda
et al., 1999; Zysset et al., 2001], and also appears frequently
in Stroop interference tasks, without being always clearly
characterized. One reason for that may lie in the fact that
the terminology in this historically old research field is of-
ten not compelling. The pre-SMA is sometimes reported
as rostral/anterior dorsal ACC [e.g., Bush et al., 2002;
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Critchley et al., 2005] or in combination with the rostral/
anterior dorsal ACC [Braver et al., 2001; Holroyd et al.,
2004; Milham et al., 2002; Ruff et al., 2001]. The fact that
we found significant correlation between activity in the
posterior inferior cingulate cortex and the pre-SMA region
(see Fig. 5 and discussion below), further suggests that
these regions support similar processes.

DLPFC

Together with the ACC, the DLPFC is the most com-
monly reported region in Stroop interference tasks. It has
been suggested that if a conflict is detected by the ACC, a
cognitive control system located in the DLPFC is alerted,
which is responsible for reducing conflict by biasing infor-
mation processing toward successful task completion [Bot-
vinick et al., 2001]. Accordingly, neuroimaging studies
have shown the engagement of the left and right DLPFC
in executive functioning, and more specifically during
selective attention [Durston et al., 2003; Kerns et al., 2004;
MacDonald et al., 2000; Milham et al., 2003] and attention-
related and conflict-related activity [Weismann et al.,
2004]. While the DLPFC is a critical component of the deci-
sion-making network recruited for the Stroop interference
task, its activation seems to be independent of response
modality [Heekeren et al., 2006]. A modality specific
adjustment of activity of the DLPFC is not described for
conflict interference, but greater activation of the same
DLPFC area was observed during an auditory compared
with the visual working memory task [Crottaz-Herbette
et al., 2004]. Results from a divided attention task
(involving competing auditory and visual stimuli) have
revealed, that the activity of the DLPFC is more strongly
modulated by the performance of the subjects (poor per-
formers recruit more DLPFC in an attempt to improve per-
formance), than by the actual sensory modality [Johnson
and Zatorre, 2006].

Additional regions

In addition to the ACC, the DLPFC and the pre-SMA
region where an increased activation in the ‘‘Incongruent
phonetic’’ when compared with the ‘‘incongruent seman-
tic’’ condition can be relatively easy explained by the
enhanced interference in this condition [because of
response competition; Treisman and Fearnley, 1969]. How-
ever, as indicated in Table II, we also found significant
effects in other regions. Most of these activations could be
attributed to enhanced conflict processing in the incongru-
ent phonetic condition. The enhanced activity in the
‘‘white matter’’ (MNI coordinates 228; 8; 28) may be attrib-
utable to the adjacent left middle frontal gyrus, which is
part of the DLPFC (see above). Activation of the insula
was also previously observed in the Stroop task, but is
probably related to a more general mechanism and not
specifically to interference, because it was also observed
during processing of infrequent items [Leung et al., 2000].

The lentiform nucleus comprises the putamen and the
globus pallidus within the basal ganglia. Both structures are
relevant for motor and executive functions; in situations
where conflicting information is being processed, motor
outputs related to one type of response patterns need to be
selected, which is related to inhibition of the putamen by
frontal and parietal regions [e.g., Jaffard et al., 2008]. Thus,
the increased activation of the lentiform nucleus in the
‘‘incongruent phonetic > incongruent semantic’’ condition
might be due to this enhancement of inhibitory GABAergic
action within the putamen [for a discussion of the complex
relationship between inhibitory neural signaling and the
BOLD signal, see Logothetis, 2008]. Enhanced neural metab-
olism in the Stroop task was also found in the thalamus
using PET imaging [Ravnkilde et al., 2002] and is most
likely related to the increased attentional demands during
processing of incongruent information [Carter et al., 1995].
Furthermore, results from several studies suggest that activ-
ity in the thalamus is actually necessary for coping with
interfering information, because patients with thalamic
infarcts [Shim et al., 2008] and after thalamotomy
[Schuurman et al., 2002] are indeed impaired in the Stroop
task. Finally, the increased activity in the superior frontal
gyrus (and in the ‘‘sub-gyral’’ region at MNI coordinates of
218/28/62, which is also close to the superior frontal
gyrus) might also be part of the prefrontal control network.

Functional connectivity

The power in the ‘‘incongruent phonetic > incongruent
semantic’’ contrast was not high enough to show a signifi-
cant functional connectivity, however, we were able to
show the connectivity-network for the more general ‘‘pho-
netic > semantic’’ contrast. The connectivity analysis dem-
onstrated that a network including the ACC, the pre-SMA,
and the DLPFC is recruited for control and adjustment of
the behavior during conflict processing. Several recent
studies using functional connectivity are in accordance
with the results of our connectivity analysis.
Functional connectivity of the ACC with the pre-SMA

and the DLPFC was shown for the ‘‘interference-related’’
condition of a Stroop color-word paradigm [Harrison
et al., 2005], for a counting Stroop paradigm [Zheng and
Rajapakse, 2006], respectively, supported by recent find-
ings in a study of ACC resting-state functional connectivity
[Marguilies et al., 2007].
The strong correlation between the activity of the caudal

ACC and the lateral prefrontal cortex as well as medial
frontal gyrus, particularly the region of the pre-SMA, is
also consistent with a meta-analysis of functional connec-
tivity of the ACC within the human frontal lobe [Koski
and Paus, 2000]. These findings are further supported by
the results of several studies in monkeys. Using neuronal
tracers, it has been demonstrated that both the primary
[Morecraft and Van Hoesen, 1992] and supplementary
[Bates and Goldman-Rakic, 1993] motor areas are densely
interconnected with the caudal ACC.
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Sensory-Level vs. Task-Related Interference

In addition to the contrast ‘‘incongruent phonetic >
incongruent semantic,’’ we also analyzed the conventional
incongruent > congruent contrasts separately for the
semantic and the phonetic condition (see Fig. 3). As
expected, we found an increased activation in regions
associated with conflict processing only in the phonetic
condition, where reaction times and accuracy rates indi-
cated interference, but not in the semantic condition. How-
ever, no activation of the anterior cingulate cortex was
observed in these contrasts. This divergence with the
results from the ‘‘incongruent phonetic > incongruent
semantic’’ contrast shown in Figure 4 may be explained by
the different levels of interference: The ‘‘classical’’ Stroop
contrast (incongruent vs. congruent trials separately for the
semantic and the phonetic condition) compares trials with
differential interference already at the level of sensory
processing (e.g., the word ‘‘High’’ pronounced in low pitch
when compared with the word ‘‘High’’ pronounced in
high pitch). Therefore, interference occurs already at the
sensory level and not only at higher processing levels. On
the other hand, the contrast ‘‘incongruent phonetic >

incongruent semantic’’ compares trials with an equal
amount of sensory interference which differ with regard to
response interference, because incongruent phonetic trials
require subjects to respond against the more automatic
response (based on semantic processing), whereas in
incongruent semantic trials, subjects can respond in line
with their automatic response. The finding that the ante-
rior cingulate cortex was activated only in the ‘‘incon-
gruent phonetic > incongruent semantic’’ contrast but not
in the ‘‘incongruent phonetic > congruent phonetic’’ con-
trast might therefore be explained by an important role of
this region for the resolution of response-based interfer-
ence, but not for sensory interference [Barch et al., 2001;
Zysset et al., 2001].

Influence of Stimulus Repetition

We found that an exclusion of repeating trials results in
significantly increased reaction times for all conditions but
did not eliminate the Stroop effect. The results for the be-
havioral adjustment following conflict are only slightly
influenced by the exclusion of repeating trials and do not
change their significance. This result could be explained by
both the conflict theory and stimulus-specific repetition
priming. The recruitment of frontal cognitive control
would as well result in faster reactions as the utilization of
priming related memories. Using the data from fMRI, we
found that an analysis without trial repetitions resulted in
significantly lower activations of the conflict areas than an
analysis with all trials. An additional analysis with the
same number of trials as the actual stimulus repetitions
randomly removed confirmed that this effect was rather
due to the reduced trial number, than a trial repetition
effect. Both trial-reduced analyses were significantly differ-

ent from the original analysis, but their activation values
did not differ significantly from each other. These results
suggest that processing of the repeating trials is most
likely not related to priming effects, because events related
to priming activity should not reduce power in an area
assigned to conflict monitoring in the same way as
randomized chosen events do. While these findings sup-
port the conflict adjustment theory more than they do the
priming theory, the interpretation of a null finding (no dif-
ference between the data after removal of repeated incon-
sistent trials when compared with the data after random
removal of an equal number of trials) should, of course,
always be regarded cautiously. We cannot exclude the pos-
sibility that the lack of a difference might not be due to a
lack of power. Further studies are necessary to confirm
these results.

The Auditory Stroop Approach for Clinical

Purposes

It has been shown that the ability to perform tasks
related to conflict management is altered in bipolar
patients [Kronhaus et al., 2006], patients with, e.g., atten-
tion-deficit/hyperactivity disorder [Lansbergen et al., 2007]
or in paranoid schizophrenia [Henik and Salo, 2004; Nor-
dahl et al., 2001; Strauss, 1993]. Among the different sen-
sory modalities, the auditory modality is of particular in-
terest for schizophrenia [Veuillet et al., 2001], because
schizophrenia particularly affects auditory processing
[Bentaleb et al., 2002]. While processing deficits of the vis-
ual domain are typically evoked by structural brain dam-
ages [Prigatano and Wong, 1999], auditory verbal halluci-
nations are one of the most characteristic symptoms of
schizophrenia [David, 1999]. Furthermore, recent studies
have shown that patients with schizophrenia, who fre-
quently experience auditory hallucinations, exhibit dys-
functions of the ACC and bilateral temporal lobe [Cleg-
horn et al., 1992; Shergill et al., 2000], respectively, do not
show activation of the ACC during Stroop task perform-
ance [Carter et al., 1997]. Many studies also reported
abnormalities in the generation of preattentive automatic
processing of auditory stimuli (e.g., mismatch negativity)
in schizophrenia [for overview see Umbricht and Krljes,
2005]. Furthermore, a recent study has shown that patients
with schizophrenia performed worse on an auditory emo-
tional perception task than participants from other groups
[Vaskinn et al., 2007]. Since our Stroop task showed a very
robust behavioral effect for the auditory modality, the sug-
gested version of the Stroop interference task may be par-
ticularly useful for clinical investigations.
Stroop results in the trial-by-trial version may be used

for the discrimination of different subtypes of schizophre-
nia. Although the undifferentiated subtype exhibited an
increased facilitation effect for congruent stimuli, the para-
noid subtype showed an increased interference effect for
incongruent stimuli [Carter et al., 1993]. Here, we have
described an auditory Stroop experiment showing very
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robust behavioral effects in healthy subjects. Both the defi-
cits in auditory and in attentional/conflict processing of
schizophrenia patients are relevant for the auditory version
of the Stroop task. Therefore, auditory Stroop results may
represent even more sensitive trait markers for schizophre-
nia or may be even better suited to differentiate schizo-
phrenia subtypes than conventional findings. Hence, the
suggested version of the Stroop interference task may be
particularly useful for clinical investigations.

CONCLUSIONS

This study aimed at investigating the neural correlates
of a newly developed auditory approach to the Stroop in-
terference task using fMRI. The auditory Stroop design
created a robust Stroop interference effect, producing sig-
nificantly longer reaction times for the conflict related con-
dition. Excluding repeating trials did not change the be-
havioral as well as fMRI results, when compared with a
matched number of randomly chosen trials. Although the
vast majority of visual Stroop interference tasks resulted in
the activations of the anterior/dorsal part of the ACC, we
describe a posterior/ventral activation of the ACC in the
contrast of incongruent phonetic vs. incongruent semantic
trials, which is strictly due to task-related interference. In
contrast, the conventional comparison of incongruent pho-
netic vs. congruent phonetic trials activated a region in the
pre-SMA/ACC, which was also reported in several visual
Stroop studies. Finally, a connectivity analysis revealed
that the three most significantly activated areas in the
‘‘incongruent phonetic vs. incongruent semantic’’ contrast
(ACC, DLPFC, and pre-SMA) constitute a conflict process-
ing network with highly correlated activity.
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