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ABSTRACT

The ability to step outside a routine — to selecea response over a habitual one — is a cardinal
function of the frontal lobes. A large body of n@anaging work now exists pointing to

increased activation within the anterior cingublateen stimuli evoke competing responses
(incongruent trials) relative to when responses/eoge (congruent trials). However, lesion
evidence that the anterior cingulate cortex (ACGO)ecessary in this situation is inconsistent.
We hypothesized that this may be a consequencéf@femt task procedures (context) employed
in lesion and neuroimaging studies. The preseulysattempted to reconcile the lesion and fMRI
findings by having subjects perform clinical angbesimental versions of the Stroop task during
BOLD fMRI acquisition. We examined the relationsbipbrain activation patterns, specifically
within the anterior cingulate and left dorsolatdrahtal regions, to congruent and incongruent
trial types in different task presentations or esitd. The results confirmed our hypothesis that
ACC activity is relatively specific to unblocked awred incongruent Stroop conditions that have
not been employed in large neuropsychological ssidoreover, the size of the behavioral
Stroop interference effect was significantly caatet with activity in the ACC and left
dorsolateral regions, although in different direns. The current results are discussed in terms of
previous proposals for the functional roles of hemgions in activating, monitoring, and task
setting and the relation of these findings to tisparate reports in recent case series is

considered.
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INTRODUCTION

The neural basis of cognitive control is a crupiakce of information in any biological
account of complex behavior and has rightfully gaedl significant attention in cognitive
neuroscience. Many studies of cognitive control lypognitive paradigms, such as the Stroop
task (Stroop, 1935), that pit automatic responsddrcies against more controlled ones. In the
Stroop task, subjects are required to name thecfaotr of colour words as quickly and
accurately as possible. The font colour and wordbEacongruent (‘red” written in red) or
incongruent (“red” written in blue). Response tin(RB3's) are generally longer for incongruent
stimuli and the ‘interference effect, or RT diffaoe between these stimulus types, is generally
thought to reflect the process of overcoming theflad created by the more automatic response
tendency (reading the word).

A large body of functional Magnetic Resonance ImgdifMRI) data indicates that the
anterior cingulate cortex (ACC) is consistentlyotwed in these situations and recent work has
attempted to further define the cognitive processseciated with ACC activation. Several
candidate functions have been proposed for the A&ed on Stroop tasks and similar
paradigms. Some theoretical perspectives favo@valuative role in detecting conflict between
stimuli or responses (Botvinick, Braver, Barch, €€gr& Cohen, 2001; Carter et al., 2000;
Milham et al., 2001; Zysset et al., 2001) or momitg performance for errors (Garavan, Ross,
Murphy, Roche, & Stein, 2002; W. J. Gehring & Knigh000), whereas others have argued for
a more active role in instantiating control of atten or activation (Alexander & Stuss, 2006;
Alexander, Stuss, Picton, Shallice, & GillingharipZ; Ochsner et al., 2004; Paus, 2001; Paus,

Petrides, Evans, & Meyer, 1993; Shallice, Stusexahder, Picton, & Derkzen, 2008; Stuss et
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al., 2005). Yet, despite the vast amount of daththaoretical discussion, timecessary role of
the ACC in performance of the Stroop task has sbbgen established.

Converging evidence from studies of patients wafidns to the anterior cingulate is
required to confirm that the ACC is necessary gséhsituations and would help to disentangle
the precise role of ACC in this context. Unfortueigt consistent evidence has not been
forthcoming. In the first neuropsychological stuafyStroop performance in 118 patients with
focal lesions, Perret (1974) found that Stroopgrenfince was impaired in patients with lesions
to the left dorsolateral prefrontal region. Ventlagld colleagues (Vendrell et al., 1995) later
studied Stroop performance in 32 focal lesion péi@and reported that impairment was
associated with right lateral prefrontal lesioiost recently, we evaluated 51 patients with
focal lesions and found poor Stroop performancer &éfft dorsolateral lesions (Stuss, Floden,
Alexander, Levine, & Katz, 2001). Since the leftstwateral lesions also caused impairment in
the colour naming condition, the necessary relatignwith the left lateral region was unclear.
Moreover, we also found that superior medial lesjgarticularly involving the right
supplementary motor area, were associated withseduring the interference condition of the
Stroop task. We proposed on the basis of this #mef indings (Alexander et al., 2007; Stuss,
Shallice, Alexander, & Picton, 1995) that, in adkled interference condition, superior medial
regions of the frontal lobes are involved in anrgization process whereby relevant response
schemas are endogenously maintained in an actigtédel It was feasible that a relationship
between ACC lesions and Stroop performance waslgiofygscured by grouping patients with
heterogeneous superior medial lesions, so we logedifically at patients with lesions that

involved the ACC. However, post-hoc analysis fatieadentify any association.
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The lack of concordance between our group studtlamdrowing body of fMRI
literature describing prominent ACC activationsidgrsimilar tasks was puzzling. In that paper,
we proposed that the discrepancy might arise flonfdct that the task context in our, and other,
neuropsychological studies was different from thahost fMRI experiments. Namely, patient
studies have mostly employed standardized versibtiee Stroop task, involving repeated
presentation of homogeneous trial types in a bldd&emat (i.e., 100 color naming trials
followed by 100 incongruent trials). In contrastsk design used in functional neuroimaging
studies has tended to involve stimulus runs thattrral types (i.e., incongruent and congruent
trials). As others have pointed out before (Gratt@oles, & Donchin, 1992; Kerns et al., 2004),
the context in which an incongruent stimulus isspreed has implications for the cognitive
processes necessary to respond accurately. ACiCipation could also be dependent on the
task context. Similar inconsistencies in lesion aativation loci have been noted in comparisons
of clinical and experimental versions of other mgsychological measures. For example, Stuss
and colleagues (Stuss, Bisschop et al., 2001) fthetdmpaired performance on Part B of the
clinical version of the Trail Making Test was r@dtto dorsolateral lesions. Functional MRI
studies of Trails B report activations in the leteral frontal areas but the relevance of ventral
versus dorsal regions appears to depend on taglnddéoll, de Oliveira-Souza, Moll, Bramati,

& Andreiuolo, 2002; Zakzanis, Mraz, & Graham, 2005)

There are several small series or case studiestienps with more or less selective
lesions of the ACC that use the mixed trial typ@&p procedure employed in fMRI studies.
While an association between ACC lesions and padoce is observed, the results are still far
from consistent. For example, Fellows and FaraB%28tudied four patients with lesions to the

anterior cingulate and found intact performancévamversions of the Stroop task that involved



Task Context and the Stroop Task 6

mixed trial types. Turken and Swick (1999) hadakported a patient with a right ACC lesion
who also showed intact performance on a variattt@Stroop despite mixed trial types. Other
case studies and case series have yielded opfinditegs. Swick and Turken (2002) and Swick
and Jovanovic (2002) reported another patient vilooved impaired performance in a variety of
procedures. Likewise, Ochsner and colleagues (2@pbrted a patient who showed intact
Stroop performance prior to bilateral cingulotonmg ampaired performance after the procedure.
More recently, a case series of 8 patients witkrésrtcommunicating artery aneurysm lesions
restricted to ventral medial frontal lobe and ralsémterior cingulate cortex revealed slowed
responses to incongruent stimuli on a spatial cailmipigy Simon task, but only when
incongruent trials followed congruent trials (dilBgrino, Ciaramelli, & Ladavas, 2007). It
should be noted, however, that the nature of cogn@onflict differs depending on the task
stimuli (Egner, 2008) and therefore it may be imappate to equate findings across
investigations that employ different stimuli.

The goal of the present study was to use fMRIsbaer original hypothesis that task
context, by which we mean the stimulus conditiondar which trial types occur, could account
for the conflicting findings regarding the relevaraf ACC in performance of the Stroop task.
We directly compared the blocked trial type Strpogcedure used in our group study with a
mixed trial type version (both with and withoutnstilus cues). In the blocked context, trial types
were identical within a run and the upcoming ttygle (e.g., congruent or incongruent) was fully
predictable. Self-initiated maintenance of thevate task set/responses could be used to
maximize performance. In the unblocked uncued ctnteal types were interleaved and the
upcoming trial type was completely unpredictablieerefore, task set/responses were switched

or activated only by the appearance of the stimahgsit was not possible to engage preemptive
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processing to maximize performance. Finally, indhblocked cued context, trial types were
interleaved but preceded by an informative cuegtgataled the upcoming trial type. This
provided an external impulse to switch or actithgerelevant task set/responses in advance of
the stimulus to maximize performance. We preditied anterior cingulate activation would be
prominent on incongruent trials only in the contekimixed (unblocked) stimulus-types.
Moreover, we predicted that a stimulus cue to ey trigger the non-routine task set would
also minimize the contribution of ACC.

As a corollary, we were interested in the influetica task context had on left
dorsolateral activation. A growing literature sugtgethat this region plays an important role in
task setting or in setting the criteria for a resg@w(MacDonald, Cohen, Stenger, & Carter, 2000;
Stuss, Binns, Murphy, & Alexander, 2002; Vallesiclitosh, Alexander, & Stuss, 2009). We
hypothesized that left dorsolateral prefrontal oegiwould be prominent in contexts where the
task could be anticipated or set in advance artdjtieater activations of this region would be
associated with better cognitive control. Finallyg were interested in observing how task
context might moderate the relation between ACClaftdiorsolateral prefrontal cortex. Given
the hypothesized role of the superior medial regicain energization process and the left
dorsolateral region in task-setting processingpegiof these processes would come into play
during performance on the Stroop task, although weuld be expected to have complementary
roles. As such, we predicted that ACC and left diateral activity would show inverse
relations, such that greater activity in one areald be associated with attenuated activity in the
other.

As an initial, unbiased step, we used a multivaratalysis approach, Partial Least

Squares (PLS) (MciIntosh, Bookstein, Haxby, & GralB96), to increase the sensitivity of our
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analysis to detect distributed patterns of brativiyg involved in the Stroop task (Mclntosh,
Chau, & Protzner, 2004; Vallesi et al., 2009). $fueadly, the Task-PLS identifies cohesive
patterns of brain activity that co-vary with thepeximental conditions in different task contexts,
thus emphasizing the principle that the brain wdhkeugh dynamic and integrated network
interactions and not by means of isolated voxeaVatbns (see Mcintosh, 2000 for a full
consideration of this issue). Given our a priompbtheses, we subsequently correlated
activations in the prefrontal areas extracted leyRhS analysis with the magnitude of the Stroop
effect.
METHODS
Subjects

Nine right-handed, neurologically-normal, young légl(6 males; mean age = 27.8,
SD=4.0, range 21-33; mean years of education 5 8D3= 3.3, range 16-25) received $50 for
participating in the study. All had normal or cared-to-normal vision and had no history of
neurological or psychological disorder. The studg approved by the Baycrest Ethics Review
Board and all subjects provided informed consepatticipate.
Task

The task consisted of four trial types. On wordineg trials, the word RED, GREEN, or
BLUE appeared in black print and the subject wasiired to press one of three buttons in
response to the meaning of the word. On neutralucaiaming trials, a string of three, four, or
five Xs appeared in either red, green, or bluet@iml the subject was to indicate the colour of
the Xs via a button press. On congruent and ine@yrtrials, the word RED, GREEN, or
BLUE appeared in coloured print which either cqomsded (congruent) or conflicted

(incongruent) with the meaning of the word (e.gelRin red print or RED in blue print,
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respectively). In both these trial types, the scibjeas to press a button in response to the colour
that the word was printed in rather than its meginResponses and response time (RT) were
recorded on a pair of Lumitouch (Photon Contrat, Jipaddles with the middle (red) and index
(green) fingers of the left hand and the index€bliinger of the right hand.

The task stimuli were back-projected onto a scpesitioned at the entrance of the bore
and subjects viewed the stimuli via a mirror modrttethe head coil. All stimuli were presented
centrally against a white background. Each trigldmewith a black cue for 500 ms which was
replaced by a blank screen for 1500 ms. A targeiudtis then appeared for 2000 ms and was
replaced by a blank screen for a variable intef®&b 14 seconds). The task was presented under
three presentation conditions or contexts: blodkegroup of identical trial types), unblocked-
uncued (psuedorandomized trial types), and unbtbcked (psuedorandomized trial types
preceded by meaningful cues). In the blocked-unameddunblocked-uncued contexts, the cue
(*+++") did not provide any information about theaoming target stimulus. In the unblocked-
cued context, the cue provided information aboetupcoming trial type. Subjects were
instructed that a ‘WRD’ cue signaled a word readimaj, a ‘XXX’ cue signaled a neutral colour
naming trial, and a ‘CLR’ cue signaled a congrummincongruent colour naming trial. The same
cue was employed for both congruent and incongrinexé to encourage similar pre-stimulus
cognitive strategies for these two trial types.

The task was presented in a consistent order ifsubjects, with 20 trials in each of 12
runs. Runs one through four involved blocked-unguesentation of word reading, neutral
colour naming, congruent, and incongruent triaspectively. Subjects received task
instructions for the relevant trial type at the ineghg of the run. Neutral colour naming run

occurred prior to the congruent and incongruens torensure equal practice with stimulus-
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response mapping. Blocked runs occurred earlysarerthat all subjects were equally
experienced with trial type instructions at latens. Runs 5, 7, 9, and 11 involved unblocked-
uncued presentation of 5 trials of all four trighés in pseudo-random order such that no more
than two identical trial types could occur conse@ly. At the beginning of each run, subjects
were instructed that different trial types wouldrbxed together and that they should perform
the task associated with each stimulus (i.e. réacklwords, name the colour of coloured X's,
and name of the colour of a coloured word). Rurt}, @0, and 12 involved unblocked-cued
presentation of 5 trials of all four trial typesthre same pseudo-random order. At the beginning
of each run, subjects were again instructed thegt Would be seeing all of the different trial
types mixed together but that this time they waelckive a warning cue that would tell them
what type of stimulus was about to appear andttiegt should use this cue to prepare for the
stimulus. Cued and uncued unblocked runs werel@atezd to ensure that no context was more
influenced by fatigue over the course of the saagni

Another consideration was the issue of stimulugdescy. In many studies of cognitive
control in Stroop and other conflict-inducing tasésmulus frequency is confounded with
control requirements such that the stimulus reqgithe greatest control is also less frequent. In
the current study, incongruent and congruent toatsirred in the context of additional neutral
and word reading trials which allowed these stinmibccur with the same low (25%) frequency.
Thus, there were no differences in stimulus expestdetween congruent and incongruent
trials. Moreover, the presence of simple word negdiials ensured that word reading remained
a viable task option and prevented adoption ofesgias (i.e., unfocusing one’s eyes, narrowing
the spatial extent of attention) that would redteeinterference aspect of the task. The current

report was concerned primarily with the behavioarad activation patterns associated with the
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congruent and incongruent trials, and the anabsisresults are therefore restricted to these trial

types.

fMRI scanning and data analysis

Blood oxygenation level-dependent (BOLD) imagesenszquired using a 1.5-T Signa
MR scanner with a standard head coil (CV/i hardwaks8.3 software; General Electric Medical
Systems, Waukesha, WI). Twenty-six 5 mm-thick aglales were obtained using a single shot
T2*-weighted pulse sequence with spiral readodlinef gridding, and reconstruction.
Repetition Time (TR) = 2000 ms, TE = 40 ms, fligkn80°, 90 x 90 effective acquisition
matrix). Subjects underwent 12 scan sequencespobgimately six minutes. Standard
volumetric anatomical MRI was performed before tiomal scanning using a standard 3D T1-
weighted pulse sequence (TR = 12.4 ms, TE = 5.4lipgngle 35°, 22 x 16.5 field of view,
256 x 192 acquisition matrix, 124 axial slices rheh thick).

Data pre-processing was performed using Analyskuottional Neurolmages software
(AFNI version 2; (Cox & Cox, 1996; Cox & Hyde, 199The initial 30 seconds of each run
were excluded to allow scanner stabilization. Téraaining time-series data were spatially co-
registered to correct for head motion using a 3Drieo transform interpolation. Twelve event
types were selected based on trial type and comtext reading, neutral colour naming,
congruent colour naming, and incongruent colouringrfor each of the blocked-uncued,
unblocked-uncued, and unblocked-cued contexts. Goriect congruent and incongruent trials
were included in the analysis, and mean activatvoer® regressed from the functional data.
Activation images were then transformed into stereo space (Cox & Cox, 1996; Cox & Hyde,

1997; Talairach & Tourneaux, 1988) and spatiallpsthed with a Gaussian filter with FWHM
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6 mm full width at half maximum (FWHM) to accoumtrfindividual variation of the anatomical
landmarks to facilitate the subsequent group aigalys
Task-PLSanalysis

PLS carries out the computation of the optimaltlegsiares fit to cross-block correlation
between the independent and dependent measuiisSImdependent measures are the
experimental manipulations, behaviour or activitaseed region, while the dependent
measures are represented by the pattern of aotmgatieactivations in the whole brain (Mcintosh
et al., 1996; Mcintosh & Lobaugh, 2004). PLS istisatarly sensitive in detecting distributed
patterns of brain activity (Mclntosh et al., 200M) particular, task-PLS identifies patterns of
brain activity that co-vary with the experimentahditions. In other words, the Task-PLS
analysis permits identification of activation patiethat maximally differentiate between task
conditions in an atheoretical manner. Note that teflects brain activity in the state of
performing a particular condition, rather than #otual performance measure (i.e., RT would be
used in a Behavior-PLS analysis). Six task condi(? trial types: congruent vs. Incongruent; x
3 contexts: Blocked, Cued, Uncued) were includetthi;manalysis. For each condition, the
haemodynamic response function (HRF) of each vaesl defined as the mean percent change
in signal intensity during 7 consecutive post-stusulRs (2 sec each) relative to the baseline,
which was defined as activity during the TR immeeliaprior to trial onset (lag O)No
assumption was made about the shape of HRF. Thenttix, containing all voxels and
associated temporal segments (columns) for allibond and subjects (rows), was mean-
centered column-wise with respect to overall gramerage. The matrix was decomposed using
singular-value decomposition (SVD) to produce ao$enutually orthogonal latent variables

(LVs) with decreasing magnitude. Each latent vaei@ontained three kinds of information:
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design scores (contrasts between experimental woms); a singular image (shows how the
spatio-temporal distribution across the brain eddb the identified contrasts); and a singular
value (expresses the strength of the relationsttiywden design scores and the singular image).
Therefore, a LV represents how spatiotemporal patiebrain activations co-vary with the
experimental conditions.

The significance for each LV as a whole is deteadiosing a permutation test (Edgington,
1986). The data matrix rows are randomly reordaretia new set of LVs is calculated at each
permutation. The singular value of each new LVasipared to the singular value of the original
LV. A probability is assigned to the initial valbased on the number of times a statistic from
the permuted data exceeds this original valuett®current experiment, 1000 permutations
were used. If the probability was less than 0.@nttihe LV was considered significant.

Voxel saliences are weights that indicate how gfiyoa given voxel contributes to a LV. To
determine the reliability of the saliences for loxels characterizing each pattern identified by
the LVs, all data were submitted to a bootstrapregion of the standard errors, by randomly re-
sampling subjects with replacement 200 times. BL@®dalculated for each bootstrap sample to
identify those saliences whose value remains stag@rdless of the sample chosen (Sampson,
Streissguth, Barr, & Bookstein, 1989). The ratidhe salience to the bootstrap standard error
(bootstrap ratio, BSR) is approximately equivakend z score (Efron & Tibshirani, 1986). For
each lag, clusters with at least 10 contiguous lsowéh a BSR> 4 (approximately equivalent to
a z-score corresponding to p < .0001) were consiblas reliable and reported. Coordinates of
the voxel with the peak BSR within each clusterenaotained in MNI space and converted into

Talairach space to find the likely gyral locatiarsng M. Brett’s transformation
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(http://www.mrccbu.cam.ac.uk/Umaging/mnispace.htipproximate Brodmann areas were

then identified using the Talairach Daemon toolngaster et al., 2000).

To understand the relation between the polarityhefsaliences in the singular image and the
direction of HRF change in the areas reliably atéd in each LV, it is useful to relate the
saliences to the design scores. For instance jymstliences would indicate voxels that are
relatively more active in conditions with positiesign scores.

Since the PLS analysis has not been used in the lidRature on the Stroop task, we also
performed a standard GLM random effect analysit BPM8

(http://www . fil.ion.ucl.ac.uk/spm/software/spm8ro increase comparability between the two

analyses, three aspects were kept constant. karstssumption was made about the shape of the
haemodynamic response and a finite-impulse-resp@iRg function was used with a total
window length of 14 s and an order of 7. Such aehedtimates the detected signal as response
to the stimulus individually for each of the fii&{TRs after trial onset. Second, the optimal
contrasts reflected in the PLS design scores of Wefie used in the GLM analysis, since those
addressed our a priori hypotheses concerning aotedf context in modulating brain activations
underlying Stroop interference. Third, since them&fects of interest in the PLS analysis were
obtained between TRs 2 and 6, the same contrasipydied to the TRs 2-6 considered together.
To correct for multiple comparisons, we chose added family-wise error (FWE)-corrected
threshold of p < 0.05 at the cluster level.

RESULTS
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Behavioural measures

The experiment-wide error rate was very low (3.3¥here was no effect of condition or
trial type on the number of errors (all p = n.Al).behavioural and fMRI analyses involved only
correct trials.

Figure 1 illustrates RTs in each condition for etrcdl type. There were significant main
effects of context (F(2,16) = 4.6, p <.05) andlttype (F(1,8) = 21.5, p <.01), as well as a
significant interaction (F(2,16)= 7.9, p < .01).4dall RTs were shorter in the unblocked cued
context relative to the unblocked uncued contexticating that subjects were able to use the
trial-type cues to prepare for an upcoming stimuRlanned comparisons indicated that the
Stroop effect (incongruent RT — congruent RT) i tmblocked Uncued context (203ms) was
larger than in the Blocked context (96ms) (t = .8&;.05;d = .88). The size of the Stroop effect

in the Unblocked Cued context (144ms) did not diffem other contexts (p>.05).

(Insert Figure 1 about here)

Task-PLS Results

This analysis identified a significant spatiotemgdgrattern of brain activations (Latent Variable
1, explained cross-block variance = 26 %, obsersidjular value: 43.6p < .001) that
differentiated between incongruent trials in théblonked uncued context (and to a smaller
degree, incongruent trials in the unblocked cuedtecd; positive design scores and bootstrap
ratios) and all the other experimental conditiofilse design scores for this LV are shown in
Figure 2. Reliable clusters with negative and pasisaliences for the LV (bootstrap raties4,
cluster size> 10 voxels) are listed in Table 1 and illustratedrigure 3.

(Insert Figures 2 & 3 about here.)
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(Insert Table 1 about here.)

To better understand which contrast between exjgatiah conditions was statistically
significant, we submitted the brain scores (wheethect each subject’s contribution to the design
scores, and to the LV in general) to a 3x2 repeateasures ANOVA with context (blocked,
unblocked uncued, unblocked cued) and congruermyg(aent vs. incongruent) as the repeated
measures factors. There was a main effect of cofft€X, 16)=54.8, p <.00001; unblocked
contexts showed more positive brain scores thackbblj and of congruency type [F(1, 8)=46.7,
p=.001; incongruent trial types had more positikerbscores than congruent ones]. More
critically, these two factors showed a significeméraction [F(2, 16)=16.4, p < .001]. Consistent
with our a priori hypothesis, a planned contra@®)&5.7, p<.001) revealed that incongruent trials
in the absence of a cue (unblocked uncued incongttials) showed greater engagement of the
brain regions shown in Figure 3 than incongrugalstpreceded by a cue (unblocked cued
incongruent trials).

Critically, there was a reliable activation of dlrs involving the right ACC and left
dorsolateral prefrontal cortex (DLPFC), among athand the associated haemodynamic
response functions can be appreciated on Figuiiéhé.peak activation in the ACC cluster
occurred in the anterior portion of the rostralgtitate zone (Picard & Strick, 2001) and is
slightly more lateral and inferior than activatimeations reported in many previous fMRI
studies using a mixed trial design, although tlustelr involves primarily ACC (BA 32).

(Insert Figure 4 about here.)

Relation of Regional Activations to RT

Right ACC (24,28,13): The right ACC activation difference between incaregit and congruent

trials (average of lags 2 through 6) correlatedtpedy with the size of the behavioural Stroop
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effect in the Unblocked Uncued context (r = .73, 95), suggesting that subjects who showed
larger Stroop effects also activated this areagoeater degree on incongruent trials (Figure 5,
Panel A).
Left DLPFC (-55,29,28): The left DLPFC (BA 46) activation difference betweacongruent
and congruent trials (average of lags 2 througto@&elated negatively with the size of the
behavioural Stroop effect in the Unblocked Uncuedtext (r = -.75; p < .05), suggesting that
subjects who showed smaller Stroop effects activditis area to a greater degree on incongruent
trials (Figure 5, Panel B).

(Insert Figure 5 about here.)
Right ACC vs. left DLPFC: Differential activations in these regions correthhegatively with
each other during the Unblocked Uncued context-(7 =p < .05), such that high ACC
activations occurred in subjects who showed low BCRictivations.
There were no significant correlations betweend@treffect and activations in either right
DLPFC (51, 40, 16) or right (44,5,26) or left (-81,25) ventrolateral frontal cortex (all ps > 1).
It should be noted that Task-PLS is blind to RTr@@nance and therefore relations between
brain activations and performance are immune to-imodependence’ criticisms (Vul, Harris,
Winkielman, & Pashler, 2009).
SPM Results
Figure 6 depicts the clusters identified in the S&Mlysis. As mentioned earlier, the SPM
analysis employed the same contrast reflectederPtt design scores of LV1 for lags 2 through
6 (as shown in Figure 2). SPM clusters includeargd right medial cluster that extended to
ACC and a cluster in the left DLPFC, although thectre peaks within those clusters were

more superior and more posterior than in the Pleyars, respectively. These results are
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summarized in Table 2. This suggests that thendistiatures of the statistical analyses
employed (multivariate in PLS vs. univariate in SHMely accounts for differences in peak
locations (see Mclintosh & Lobaugh 2004 for a fudladission on the likely sources of
differences between SPM and PLS results).

(Insert Figure 6 about here.)

(Insert Table 2 about here.)

DISCUSSION

The goal of the current study was to begin to rettenthe disagreement between group
lesion studies and neuroimaging findings, partidyhaith respect to the relevance of ACC and
whether this brain region is ‘necessary’ for thaigtto select the correct response in the
presence of conflicting options. Our Task PLS asialyevealed a pattern of activated clusters
(including the ACC) associated mostly with incorgrtitrials occurring in an unpredictable
(unblocked and uncued) fashion. Incongruent tpa¢sented in a blocked context, on the other
hand, were not associated with this pattern ofatitin. The fact that ACC activation occurred
primarily in this context supports our hypothesiattthe mismatch between lesion and imaging
findings is related to procedural differences. ¢tkes intuitive sense that task context can
fundamentally alter the processing requirementsthectby dictate which brain regions are
necessary for performance (Burgund, Lugar, SchiaggRetersen, 2005; Mostofsky et al.,
2003).

An additional factor that differs between mostdasand functional imaging
investigations of Stroop performance is responseatity. Behavioral procedures employed

with large patient studies most often involve véreaponses whereas button press responses are
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typically collected in the scanner environment. ldoer, the fact that ACC activation was not
observed in the blocked context of the presentyssudgests that manual responses are not
sufficient to evoke ACC activation in the Stroopkalt remains a possibility that task context
and response modality may interact to produce AG@ation. To our knowledge, no study has
evaluated response modality effects on blockedotstimuli. However, Barch and colleagues
(2001) directly compared verbal and manual respoimsthe same subjects using the same
mixed presentation procedure and found that th&@sts to isolate conflict showed identical
ACC activations regardless of response mode. Tieyhdwever, find response-specific
activations in more dorsal regions of medial coesside of the rostral cingulate zone
consistent with other studies of response mod@Htysain, Parton, Hodgson, Mort, & Rees,

2003; Sumner et al., 2007).

It is important to explicitly note that the blockedntext employed here entails several
other important differences compared with blockentext found in clinical versions of the
Stroop task. The current procedure involves a siiighl presentation that does not require
visual scanning, that introduces a variable foneplprior to each stimulus, and that eliminates
the opportunity to perceive or process (at whatéaexl) the neighbouring stimuli. While these
factors may conceivably influence absolute taskgperance (i.e., overall RTs, errors), our data
suggests that these variables are not crucialrdetates of ACC participation in processing of

incongruent Stroop stimuli.

ACC activation was primarily observed in the unlded and uncued context and
positively correlated with the size of the ass@dabtroop effect, indicating that subjects who

had more difficulty selecting the less automat&pnse engaged this region to a greater degree.
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An area involved in actively controlling processinguld presumably show a negative
correlation with the size of the interference effsach that greater activity would indicate
greater control and therefore, less behaviourakcefHowever, we observed the opposite effect.
There are several potential explanations for tPdsitive correlations between ACC activation
and the interference effect have been interpretedher studies as evidence for passive
evaluative functions, such as conflict monitoridpCDonald et al., 2000). According to this
account, incongruent trials in the unblocked uncc@atition would involve a greater amount of
conflict because they are unexpected and thuegtcabrocesses are less engaged. This pattern
could also be consistent with a more specific edetection hypothesis (W.J. Gehring, Goss,
Coles, Meyer, & Donchin, 1993) on the understandivag errors and near-errors are most
frequent on incongruent trials in unblocked, uncoextexts. It has also been observed that the
ACC plays a role in arousal which increases in@asp to processing of difficult stimuli
(Critchley et al., 2003; Critchley, Tang, Glaseuttrworth, & Dolan, 2005). It is also possible
that this reflects a postulated energization fumctnvoked during demanding tasks (Alexander
et al., 2007; Stuss et al., 1995). The currentgygna does not allow us to differentiate between
these hypothetical roles, but the location of AGGvation in the present study is similar, albeit
somewhat lateral, to coordinates reported in stutihat support an arousal role for the ACC
(Critchley et al., 2003), whereas conflict monitayiand error detection manipulations tend to
activate ACC regions in more superior and postenens of the rostral cingulate zone
(Ullsperger & von Cramon, 2001).

The current data also confirm patient findings thagterior medial frontal lesions are
associated with impaired performance on blockedngouent trials (Stuss, Floden et al., 2001).

The Task PLS analysis showed a right superior rhelliater in the region of the SMA (caudal
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BA 6, [20, -20, 67]) with negative saliences for d&sign scores, indicating that activity in this
region was associated with conditions that had thegdesign scores (i.e., the blocked context,
see Figure 2). We have consistently found tha¢sapmedial lesions, particularly on the right,
lead to increased errors and longer RTs on tasksrieg cognitive control (Alexander et al.,
2007; Floden & Stuss, 2006; Picton et al., 2008sd# on that work, we have posited that this
region is relevant for energization of task-relatesponse sets. According to the theoretical
model put forth by Stuss and colleagues (1995),gezetion is the mechanism that serves to
activate task-related schemata that may entaitnméition about task relevant stimulus attributes
and/or associated responses. This function is sapes contexts where non-routine response
sets remain constant over an extended period efaind may wax and wane depending on
endogenously-driven activation (as in blocked pnegt@on of incongruent trials) (Kornblum,
Stevens, Whipple, & Requin, 1999). It is less intaot in contexts where use of non-routine
response sets is relatively rare or is externalgdc(as in the mixed or cued conditions). The
current activation data indicate that the superiedial region was related more to the blocked
conditions of the fMRI task where we hypothesizeeaargization function would be most
relevant. It is clear that ACC (BA 24 and 32) anadre posterior and superior regions of the
medial frontal cortex are not homogeneous but lissociable roles in behavior selection
(Picard & Strick, 2001).

The question remains as to why some studies iemativith ACC lesions do not show
impairment on mixed versions of the Stroop. Onesibalgy may be lesion laterality. In
reviewing the literature, we found that the prepenadce of fMRI studies, including the current
investigation, reported right-sided activationsidgrStroop performance (Critchley et al., 2003;

MacDonald et al., 2000; Ullsperger & von CramonQ20 Case studies and series that
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demonstrate impaired Stroop performance aftermssiave generally involved bilateral or
largely right-sided lesions (di Pellegrino et aD07; Ochsner et al., 2001). Likewise, three of the
four patients with intact Stroop performance inléves and Farah’s (2005) study had exclusively
left-sided lesions. The exception appears to bemaRN (Swick & Jovanovic, 2002; Swick &
Turken, 2002) who has a left ACC lesion and shosigdificant Stroop impairment. However,
RN was much older than other comparison subjeatsasn structural MRI evidence of
significant cortical atrophy which could be contriimg to his performance deficits. This
argument for laterality is posthoc, and additiaeslearch is necessary to address this hypothesis.
A second possibility concerns compensatory chatiggsnay occur following brain
damage. It is possible that other brain regionsabte to fill in’ for the crucial function of the
ACC in processing incongruent stimuli. In this saeo, at least one of two relationships might
be expected in lesion studies: a positive cordbetween lesion size and Stroop impairment,
and a negative correlation between time sincemesia Stroop impairment. The current
literature does not support the first relationsipongst the large group studies, only two
include lesion descriptions beyond simple locatMendrell and colleagues (1995) did not
report lesion size for each patient but point autieir conclusions that very large left
lobectomies were not sufficient to produce pooo&trperformance. In our prior study (Stuss et
al., 2001) we included lesion size in the analgsig did not find any relationship between
Stroop impairment and lesion size. Likewise, thiegods reported by Fellows and Farah (2005)
had medial lesions of varying sizes but all perfedrsimilarly to the control group. The second
potential relationship is more difficult to evalaagiven that lesion studies are typically
performed with patients in the chronic stage obwery from focal injury. The notable exception

to this rule is patient MT reported by Ochsner aalleagues (2001) who completed the Stroop
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task two days before, and three days after, bdat@ngulotomy for treatment of intractable
Obsessive Compulsive Disorder. Patient MT did howsa general decline in all attention
demanding tasks from pre-operative to post-opera@ssions, suggesting a selective deficit in
controlled processing in the acute stages of AQ@atge. The potential role of lesion chronicity
in the relevance of ACC for controlled processimgiriguing and deserves additional
consideration in future studies using methods éatifly changing functional networks.

We also had a priori hypotheses regarding leftalatsral frontal cortex. While bilateral
dorsolateral and ventrolateral prefrontal activagiacn Brodmann areas 46 and 9 were also
prominent in the Task PLS results representingngogent trials in the unblocked uncued
condition, only activation in left BA 46 was coragtd negatively with the size of the Stroop
effect in the unblocked uncued condition. The firgdihat subjects with smaller Stroop
interference showed greater left DLPFC activat®odnsistent with the presumed role of this
region in task setting and implementation of stustlesponse rules (Stuss et al., 1995;
Thompson-Schill et al., 2002; Vallesi et al., 2Q0R)e left dorsolateral region was also
inversely related to ACC activation. Others haveppsed that the ACC and left DLPFC
constitute a functional network whereby the ACCdurees feedback signals regarding the
difficulty or failure of response selection whichncact directly or indirectly to ‘strengthen’ the
current stimulus-response rules implemented inD&PFC and thereby improve subsequent
response selection (Egner & Hirsch, 2005; Fassbreztidd., 2009; Holroyd et al., 2004;
MacDonald et al., 2000). Conceivably, such a netwaruld be most relevant for incongruent
trials occurring in an unpredictable context whaimulus-response rules are not automatic and
cannot be activated in advance. In simple ternis vibuld result in a negative correlation

between left DLPFC and ACC activity, such that adeg activation of the left DLPFC (task set)
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would reduced the likelihood of negative feedbackesponse selection (ACC) whereas
inadequate activation of the left DLPFC would irage the likelihood of negative feedback on
response selection. The negative correlation obsgenere between these two regions is fully
consistent with this hypothetical functional netkor

It should be noted that incongruent trials in thedat context did contribute, albeit in a
much smaller way, to the pattern of brain activatialentified in the Task PLS. This could be
consistent with Parris and colleagues (Parris, ,Banattayallah, Summers, & Hodgson, 2007)
study of cued task switching where ACC activatia@revmost salient to instructional cues rather
than stimuli to be responded to. We cannot direadgress this relationship here given that our
task was not designed to isolate activations releiehe cues. However, this should be
addressed in future work. Nonetheless, the RT stadaved a behavioural Stroop effect in the
cued condition that was intermediate between tbekigld context and the completely
unpredictable unblocked, uncued context, even th@agh stimulus was preceded by a
predictive cue. The most likely reason for thighiat the cues for congruent and incongruent
stimuli were identical ('CLR’). The rationale fdnis procedure was to ensure that preparatory
processing was similar for these trial types. Atllyathe most efficient strategy in this situation
was to preemptively set attention to the relevénidus attribute while suppressing the
irrelevant attribute. However, it is possible that all subjects adopted this strategy consistently
or effectively. Indeed, inspection of the subjeeams revealed that three subjects showed larger
Stroop effects in the cued than the uncued unbtbckaditions. This may underlie the
contribution of the cued condition to the LV desgpores.

As a final observation, the current data provide@nce that the ACC activations

observed here, and potentially in other studiesnotbe attributed to simple differences in
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stimulus frequency or the effects of novelty orrfsise’. Most previous studies have
manipulated the need for cognitive control by viagyihe relative frequency of stimuli such that
processing of the stimulus with the lower frequeischess automatic or ‘primed’ and therefore
requires more controlled processing. This introguc@ossible confound in the novelty of the
incongruent stimuli. Here, congruent and incongtwséimuli occurred with the same frequency
(25%) in the unblocked conditions. The fact that\axrtivation was relatively specific to
incongruent stimuli in an unblocked uncued contedicates that the activated network is not an
artifact of stimulus frequency.

CONCLUSIONS

The current study provides evidence that task ebmeable to account for the lack of
converging evidence from group lesion studies &fidIfinvestigations regarding the relevance
of the ACC for cognitive control in the face of ¢lcting information. We have further
proposed that laterality may be responsible foflatimg case reports. The present study also
provides evidence for the relevance of the lefsd@teral prefrontal region in performance of
the Stroop test. The finding that greater activatiothis region during unblocked and uncued
contexts is related to smaller interference effectonsistent with the hypothesized role of this
region for task-setting. Moreover, the observeetise relation between activations in left
dorsolateral and ACC further suggests that thessarave complementary roles and are
flexibly recruited depending on the task contexe &ve currently in the process of completing a
study of task context in Stroop performance inrgdasample of patients with frontal lobe
damage. This will allow a closer examination of sipecific cognitive deficits associated with

damage to different nodes in the cognitive comnteivork.
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Tablel. Activation Clustersfor Latent Varniable 1
Positive saliences/bootstrap ratios

Talairach
Lagt Clusterregion BA* X Y Z  Size] Bootstrap$

1 RVentral Anterior N. Thalamus - 12 -3 11 19 7.4
1 LMiddle Frontal Gyrus 10 36 43 13 19 5.8
1 LPrecuneus 7 -28 71 55 12 5.6
2 R Anterior Cingulate 32 24 28 13 11 7.0
2 R CaudateBody - 12 13 18 10 6.9
2 L Cingulate Gyrus 31 -4 -30 31 15 0.4
3 RInferior Frontal Gyrus 9 44 5 26 21 8.4
3 LMiddle Frontal Gy 46 =51 28 24 11 6.8
4 RMiddle Frontal Gyrus 46 51 40 16 10 8.0
4 R Superior Parietal Lobule 7 32 68 48 15 7.9
4 R CaudateBody - 8 1 15 20 7.8
4 R Inferior Frontal Gyrus 9 40 9 29 10 7.

4 RInferior Parietal Lobule 40 55 -44 43 15 5.5
5 LInferior Frontal Gyrus 9 =51 21 25 27 8.8
5 RMiddle Frontal Gyrus 46 =51 32 21 20 7.5
5 RPrecuneus 7 24 -61 29 13 7.5
5 RCingulate Gyrus 31 8 -30 31 18 5.8
6 LMiddle Frontal Gyrus 46 -55 29 28 34 8.0
6 RInferior Parietal Lobule 40 48 48 47 15 0.4
7  LInferior Parietal Lobule 40 =32 -49 36 12 12.0
7 LcCingulate Gyrus 23 0 -22 31 7 6.2
7  LInferior Frontal Gyrus 46 =32 32 9 6.2
7 LInferior Parietal Lobule 40 -55  -56 43 27 6.1

Negative saliences/bootstrap ratios

3 R Middle Temporal Gyrus 19 44  -61 14 15 -10.0
3 LPostcentral Gyrus 40 -50 =22 23 15 -7.0
5 R Cuneus 17 4 -89 4 13 -7.0
6 RParacentral Lobule 6 8 -32 53 17 -8.0
6 RPrecentral Gyrug 6 20 =20 67 11 -8.0

# time period,in TRs of 2 sec each, after stimulus of peak Bootstrap Ratio.

* Brodmann Areas determinedby reference to Talairach Daemon (Lancaster et al., 2000)
T number of contiguousvoxelsincludedin the cluster.

§ BootstrapRatiois anindex of reliability across participants.
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Table2 SPM Results

Talairach
Lag* Clusterregion BAY* X Y Z  Sizef Zscores

1 RMedial Frontal Gyrus 6 8 6 51 150 6.74
1 LAnterior Cingulate Gyrus 32 -4 21 39 5.8

1 LFrontal Gyrus 6 -4 -1 63 5.62
2 LMiddle Frontal Gyrus 9 -48 9 33 40 6.37
2 LInferior Frontal Gyrus 44 -51 9 18 512
2 LInsula 13 -40 16 -1 54 5.94
3 LInferior Frontal Gyrus 47 44 19 -11 5.27
3  LInsula 13 =32 24 10 5.18
4 RInferior Parietal Lobule 40 51 37 4o 10 541
4 RParietalLobule 7 36 56 47 29 54

4 RInferior Parietal Lobule 39 36 -60 40 5.33
4 RInferior Parietal Lobule 40 32 53 36 4.99
4 RInferior Frontal Gyrus 45 40 20 3 14 5.21

F Timeperiod,in TRs of2 sec each, after stimulus of peak B ootstrap Ratio.

* Brodmann Areas as determined by reference to Talairach Daemon tool (Lancaster et
al.,2000)

T Number of contiguous voxelsincludedin the cluster.
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Fig 1.
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Fig 2.
LV 1: explained crossblock Variance 26.01%, p < .001
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Fig 3.
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Fig 4.
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Left Dorsolateral Prefrontal Cortex
Talairach coordinates=X: -55,y: 29, 7: 28
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Correlation in left DLPFC
Talairach coordinates= -55, 29, 28
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Fig 6.
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