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Abstract

B Our behavior is frequently guided by rules, or prescribed
guides for action. The prefrontal cortex (PFC) has been im-
plicated in the ability to retrieve and use rules in a conscious,
effortful manner. Several functional magnetic resonance imaging
(fMRI) studies have examined the role of the PFC in rule rep-
resentation; however, the precise PFC subregions implicated in
this function vary from study to study. This observation raises
the question of whether there are distinct classes of rules that
are represented differentially in the brain. To address this ques-
tion, an fMRI study was conducted in which participants
performed two tasks, each at two levels of difficulty, during ac-
quisition of event-related fMRI data. The response competition
task was based on the Stroop paradigm: Participants were cued

INTRODUCTION

Our actions are frequently guided by explicit rules for
behavior, or “prescribed guide[s] for conduct or action”
(Merriam—Webster Dictionary, 1974). Neuroscientific
studies in humans and nonhuman primates implicate
the prefrontal cortex (PFC) in the ability to learn and
use rules to control behavior (for reviews, see Bunge
et al., 2005; Bunge, 2004; Murray, Bussey, & Wise, 2000;
Passingham, Toni, & Rushworth, 2000). The PFC repre-
sents goal-relevant information through its interactions
with a number of other brain regions. The involvement
of the PFC in rule use is particularly important when
rules are not yet highly overlearned or automatic (e.g.,
Grol, de Lange, Verstraten, Passingham, & Toni, 2000),
and when ad hoc rules must be formulated to govern
behavior in an unfamiliar setting (Miller, 2000). Indeed,
patients with damage to the PFC have particular diffi-
culty planning and controlling their behavior when faced
with novel challenges (Stuss & Alexander, 2000).
Lesion studies in nonhuman primates demonstrate
that the ventrolateral PFC (VLPFC) plays a critical role in
rule learning and rule representation. VLPFC lesions in
monkeys severely impair learning on visuomotor condi-
tional tasks, which require that they use one of several

'Duke University, “University of California at Davis, *University
of California at Berkeley

© 2008 Massachusetts Institute of Technology

to determine either the ink color or color name associated with
a word stimulus. In contrast, the paired associates task evaluated
participants’ memory for either one or four previously
memorized pairs of words. On each trial, an instructional cue
appeared briefly on the screen, followed by an 8-sec delay and a
probe period. The left ventrolateral PFC (VLPFC) and the left
supplementary motor area (SMA)/pre-SMA were engaged during
the delay period for all conditions, consistent with a general role
in rule representation. In contrast, different parts of the dor-
solateral PFC, the anterior PFC, and the right VLPFC were pref-
erentially engaged by one or both of the more challenging rules,
consistent with the idea that rules are represented by partially
distinct brain structures according to their content. H

arbitrary stimulus—-response (S-R) mappings to respond
to a visual stimulus (Murray et al., 2000; Passingham
et al., 2000). These lesions impair both the ability to use
associations learned preoperatively and to rapidly learn
new associations within a single session. The VLPFC re-
ceives its visual input from the inferotemporal cortex
(Pandya & Yeterian, 1998), and therefore, disruption of
the white matter tracts connecting the VLPFC and the
ipsilateral temporal cortex also leads to impaired visuo-
motor learning (Bussey, Wise, & Murray, 2002; Parker &
Gaffan, 1998). VLPFC lesions in monkeys lead to a deficit
in learning a match-to-sample rule, indicating that the
VLPFC is important for learning complex rules as well as
simple associations (Bussey et al., 2002).

In contrast to VLPFC damage, dorsolateral PFC (DLPFC)
damage causes little to no impairment on visuomotor con-
ditional tasks in either humans or nonhuman primates
(Murray et al., 2000), with the exception of the posterior
DLPFC in humans (BA 8; Amiez, Kostopoulos, Champod,
& Petrides, 20006; Petrides, 1997). However, neuroimaging
studies in humans (Crone, Wendelken, Donohue, &
Bunge, 2006; Bunge, Kahn, Wallis, Miller, & Wagner,
2003; MacDonald, Cohen, Stenger, & Carter, 2000) and
electrophysiological recordings in nonhuman primates
(Mansouri, Matsumoto, & Tanaka, 2006; Wallis, Anderson,
& Miller, 2001; Asaad, Rainer, & Miller, 2000) implicate
both the VLPFC and the mid-DLPFC (BA 9, 46) in rule
representation.
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These apparent discrepancies with respect to the mid-
DLPFC raise several possibilities: First, that the mid-
DLPFC represents some types of rules but not others,
and/or second, that this region is engaged during rule
representation without being required for adequate
task performance. One additional possibility is that the
mid-DLPFC may be engaged during learning of a rule,
but it may not be necessary after the rule is learned, as
suggested from lesion studies (Stuss & Alexander, 2000;
Petrides, 1985; Shallice, 1982) and neuroimaging data
(Boettiger & D’Esposito, 2005).

In considering the types of rules that the DLPFC may
represent, two possibilities are suggested by the extant
literature. First, the DLPFC may be important for repre-
senting rules that require overriding a prepotent re-
sponse tendency. Indeed, one study showed sustained
mid-DLPFC (BA 9) activation while participants prepared
to perform the Stroop task (MacDonald et al., 2000), and
another showed that the DLPFC (but not the VLPFC)
was more active when subjects were able to prepare to
withhold a response on a go/no-go task than when they
received no advanced warning (Hester et al., 2004). In-
stead or additionally, the DLPFC may not be engaged for
low-level rules such as S—R associations, but may be re-
cruited for more complex rules. Such a finding would be
consistent with the idea that the DLPFC is recruited as
needed to manage, monitor, or manipulate information
kept active by the VLPFC (e.g., Owen et al., 1999).

The principal aim of the present study was to test the
hypothesis that the VLPFC and the DLPFC contribute
differentially to rule representation. Additionally, we ex-
amined brain activation in the anterior PFC (aPFC; BA 10)
on the basis of prior work implicating this region in rep-
resentation of rules and task-sets (see Bunge & Zelazo,
2006; Crone et al., 2006; Bunge et al., 2003; Sakai &
Passingham, 2003).

More generally, the aim of the study was to investi-
gate whether rules of different kinds are represented
differentially in the brain. Prior neuroimaging research
suggests that verbal working memory is a means by
which we maintain relevant task rules in mind (e.g.,
Bunge et al., 2003). The question of interest in this study
was whether a different set of regions would be in-
volved when subjects are asked to prepare to imple-
ment an inhibitory rule with minimal working memory
demands.

Electrophysiological research from Miller and col-
leagues has revealed that adjacent neurons in PFC can
represent different rules (e.g., Wallis et al., 2001). Given
the intermingling of such neurons, we were concerned
that it might be impossible to detect any differences be-
tween rule types with functional magnetic resonance
imaging (fMRI). As such, we included a manipulation of
task difficulty for each of the two tasks (i.e., the inhib-
itory task and the noninhibitory task), so as to be able to
determine whether different regions in the PFC were
modulated by one or both manipulations.

To this end, participants performed two distinct tasks,
each at two levels of difficulty, during acquisition of
event-related fMRI data. In the response competition
task—referred to below as the Stroop task, from which it
was adapted—oparticipants were cued to determine ei-
ther the ink color or color name associated with a word
stimulus. The ink condition was more challenging than
the word condition because it involved overriding the
automatic tendency to focus on the word’s meaning. The
paired associates task—referred to below as the memory
task—tested participants’ memory for pairs of color
words (e.g., red-blue, yellow—gray). Participants had to
retrieve four word pairs from long-term memory for
each of two instructional cues (Set A or Set B), and had
to retrieve one word pair for each of two additional cues
(Set C or Set D). As such, Sets A/B and C/D corre-
sponded to high and low memory load conditions, re-
spectively. On each trial, an instructional cue appeared
briefly on the screen, followed by an 8-sec delay and a
probe period during which a response occurred.

Our analyses focused primarily on cue- and delay-
period activation in the lateral PFC, as a function of task
(Stroop vs. Memory task) and level of difficulty (referred
to below as an effect of “level”: Ink vs. Word and High
load vs. Low load). It should be noted that “difficulty” is
a general term used to refer to relative differences in
task demands. In the Stroop task, the more difficult con-
dition (Ink vs. Word) involves response competition,
whereas in the memory task, the more difficult condition
(High load vs. Low load) places greater demands on long-
term memory retrieval and working memory maintenance.

METHODS
Subjects

Paid volunteers were recruited from the University of
California at Davis and the surrounding local community.
Sixteen healthy, right-handed adults were included in the
study (11 women, 5 men; 18-34 years old, mean age =
22.8 years). Three additional subjects were excluded on
the basis of excessive head motion (greater than 4 mm in
any direction within a scan). Informed consent was
obtained from all subjects, and all procedures were
approved by the Internal Review Board at UC Davis.

Experimental Conditions

For the memory task, participants were asked to mem-
orize four different stimulus sets (Sets A-D) prior to the
scan (Figure 1). Sets A and B each consisted of four word
pairs (the high load condition), and Sets C and D each
consisted of a single word pair (the low load condition).
During scanning, participants were cued to recall a spe-
cific set of word pairs, and were asked whether two words
were correctly paired together. None of the stimuli over-
lapped between sets, and the specific pairings were
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Figure 1. Task design.
Participants were given a
1-sec cue followed by an
8-sec delay and a 3-sec
sample—probe period at
which time a response was
required. Examples of each
of the four different trial
types are shown. The
different trial types and
stimuli were intermixed and
jittered fixation occurred
between each trial. The
check marks denote a
correct response and the Xs
denote an incorrect
response on a given trial.

randomized and counterbalanced across subjects. Each
of the words was printed in a congruent ink color (e.g.,
the word “Green” printed in green.)

For the Stroop task, each of eight different words rep-
resenting color names was printed in an incongruent
color, that is, an ink color that did not match the word.
On some trials, participants were asked to identify the
ink color of a word (ink condition). On other trials, par-
ticipants were asked to identify the written word (word

condition). These conditions are analogous to color

Stroop and word Stroop conditions, respectively, al-
though the task differs substantially from the classic
Stroop paradigm. As with studies involving the Stroop
paradigm, we expected that participants would experi-
ence more response competition on the color task than
the word task, specifically during the probe period. Im-
portantly, however, the study focused primarily on the
cue and delay periods, during which the relevant task
rules (e.g., to focus on the color word, or to focus on the
color of the ink) are retrieved and maintained.

Task

Each trial consisted of a cue period (1 sec), a delay pe-
riod (8 sec), a sample stimulus (1 sec), and a probe
stimulus (2 sec; Figure 1). The sample word stimulus
was a color name printed in a congruent or incongruent
ink color. The probe word stimulus was a color name
printed in white. Participants were instructed to make a
yes/no button press during the probe period. In the
memory task, the cue corresponded to the name of a
stimulus set (e.g., “Set A”). Participants were instructed
to retrieve the relevant set of word pairs and maintain
them throughout the delay period. They then viewed a
sample stimulus (e.g., the word “Green,” written in green
ink) and then a probe stimulus (e.g., the word “Blue”
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written in white ink), and pressed one of two buttons to
indicate whether or not the sample-probe pair corre-
sponded to one of the pairings from the cued set that
they had learned prior to scanning. In the Stroop para-
digm, the cue was either the word “Color” or the word
“Word.” When participants viewed the “Color” cue, they
were instructed to prepare to identify the color of the ink
of the ensuing word stimulus. When they viewed the
“Word” cue, they were instructed to prepare to identify
the color name represented by the word stimulus. They
then viewed a sample stimulus (e.g., the word “Green”
written in blue ink) and a probe stimulus (e.g., the word
“Green” written in white ink), and determined whether
the probe matched the stimulus in terms of ink color or
in terms of word name, depending on the instruction.

Participants performed a total of 160 trials (40 trials/
condition), distributed equally over four runs of approx-
imately 10 minutes in length. The trial order within each
scan was specified with an algorithm (optseq2) designed
to maximize the separability of different conditions in a
rapid event-related fMRI design (Dale, 1999). Periods of
fixation lasting between 2 and 8 sec, jittered in incre-
ments of 2 sec, were interleaved with the experimental
trials as determined by the optimization program.

fMRI Data Acquisition

fMRI data were collected with a standard whole head
coil on a 1.5-T MRI scanner (General Electric Signa Ad-
vantage, Medical Advances, Milwaukee, WI, USA) at the
University of California at Davis Imaging Research Cen-
ter. Visual stimuli were projected onto a screen that was
viewed through a mirror mounted above the MRI head
coil. Participants responded by pressing one of two
buttons on a response box with fingers of their left
hand, which corresponded to their nondominant hand
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(given that all participants were right-handed). We asked
participants to use their left hand to respond because
the region in the premotor cortex controlling dominant
(right) hand movements is located near the left poste-
rior VLPFC, and we sought to facilitate the identification
of this region of interest (ROI).

Functional data were acquired using a gradient-echo,
echo-planar pulse sequence (TR = 2 sec, TE = 40 msec,
24 axial slices, 3.125 x 3.125 x 5 mm, 308 volumes per
run). The first four volumes acquired were discarded
to allow for T1-equilibration effects, yielding a total of
304 volumes per participant for fMRI data analysis. High-
resolution T1-weighted coronal anatomical images were
collected. Head motion was restricted using foam inserts
that surrounded the head.

fMRI Data Analysis

Data were preprocessed with SPM2 (Wellcome Depart-
ment of Cognitive Neurology, London). Images were cor-
rected for differences in timing of slice acquisition, and
were submitted to rigid-body motion correction with sinc
interpolation. Structural and functional volumes were
spatially normalized to T1 and EPI templates, respectively.
Templates are based on the MNI305 stereotaxic space
(Cocosco, Kollokian, Kwan, & Evans, 1997), an approxi-
mation of Talairach space (Talairach & Tournoux, 1988).
The normalization algorithm involved a 12-parameter af-
fine transformation together with a nonlinear transforma-
tion involving cosine basis functions, and resampling of
the volumes to 3 x 3 x 3 mm?® voxels. Functional volumes
were spatially smoothed with an 8-mm FWHM isotropic
Gaussian kernel.

Statistical analyses were performed on individual sub-
jects’ data with the general linear model implemented
in SPM2. The fMRI time-series data were modeled as a
series of events convolved with a canonical hemody-
namic response function (HRF). The cue and sample—
probe periods were modeled as impulses, whereas the
delay period was modeled as a 3-sec epoch in the middle
of the 8-sec delay period (i.e., onset times for cue, delay,
and probe regressors were 0 sec, 4 sec, and 9 sec, re-
spectively, where each trial began at 0 sec and ended at
12 sec.)

The purpose of modeling only the middle portion of
the delay period was to minimize contamination of the
delay-period regressor by cue-period or response-period
activation (Yoon, Curtis, & D’Esposito, 2006; Postle, Zarahn,
& D’Esposito, 2000; Zarahn, Aguirre, & D’Esposito, 1997).
Although this approach did not allow for the perfect sep-
aration of cue, delay, and probe periods, it allowed us to
test for differences in activation between conditions at var-
ious points in the trials. The resulting functions were used
as covariates in a general linear model, along with a basis
set of cosine functions that high-pass filtered the data, as
well as a covariate for session effects. The least-squares pa-

rameter estimates of height of the best-fitting synthetic
HREF for each condition were used in pairwise contrasts.
The resulting contrast images, computed on a subject-
by-subject basis, were submitted to group analyses. In-
correct trials were modeled as a separate condition,
although there were insufficient incorrect trials to war-
rant further analysis. At the group level, whole-brain
contrasts between conditions were computed by per-
forming one-tailed ¢ tests on the contrast images, treat-
ing subjects as a random effect. Results are reported for
clusters larger than 10 contiguous voxels meeting an
uncorrected p value threshold of p < .001.

Conjunction Analysis

Conjunction analyses were performed in SPM2 to iden-
tify regions that were active across several conditions.
Two or more contrast images were selected from each
participant (e.g., ink-fixation and high load-fixation dur-
ing the cue period), and the minimum contrast value of
each voxel across contrast images was calculated sepa-
rately for each participant. For each target conjunction,
the relevant single-subject conjunction images obtained
from these calculations were submitted to a one-sample
¢ test to produce group-level maps of conjunctive acti-
vation. Significant conjunctive activity is reported for a
threshold of p < .005, spanning at least 10 contiguous
voxels; this threshold enabled us to identify regions in
the lateral PFC that were not evident at p < .001. This
conservative procedure reports activation that is present
at the specified threshold in al/ of the involved con-
trasts. (This procedure to test the “conjunction null”
hypothesis is described by Nichols, Brett, Andersson,
Wager, & Poline, 2005.) ROIs were identified from these
conjunction analyses to fully characterize the activation
profile across all four conditions—that is, to test for dif-
ferences between conditions that would not be evident
based on the conjunction analysis alone.

Region-of-interest Analyses

ROI analyses served to better characterize the patterns
of activation across the four conditions and three task
periods. The ROI analyses were performed on function-
ally defined regions with the MarsBar toolbox in SPM2
(Brett, Anton, Valabregue, & Poline, 2002; http:/marsbar.
sourceforge.net/). ROIs that spanned several functional
brain regions were subdivided by sequentially masking
the functional ROI with each of several MarsBar anatom-
ical ROIs. Specific contrasts were used to identify regions
with one of the following three patterns: (1) engaged gen-
erally across rule types; (2) engaged preferentially by the
high or ink conditions; and (3) engaged preferentially by
the harder condition for both tasks. Unless otherwise
stated, the threshold used to extract the ROIs was
p < .001.
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Mean contrast values for each subject and condition
were extracted for each ROI and submitted to analyses
of variance (ANOVAs) and post hoc comparisons. Effects
were considered significant at p < .008, so as to correct
for multiple comparisons across six ROIs (a = .05). Al-
though the periods of greatest interest for the present in-
vestigation were the cue and delay periods, during which
participants retrieved and maintained relevant task rules,
we also examined activation levels in the probe period,
during which participants implemented the rules.

RESULTS
Behavioral Data

Accuracy and response times (RTs) were analyzed be-
haviorally to test whether each task manipulation was
effective. The RT measure consisted of median RTs for
correctly performed trials, measured from the onset of
the probe stimulus. Subjects were highly accurate across
all conditions (Figure 2A). As predicted, there was a main
effect of level of difficulty, such that subjects were sig-
nificantly more accurate on the low load and word con-
ditions than on the high load and ink conditions [F(1,
15) = 29.4, p < .001]. Post hoc ¢ tests revealed that
subjects were significantly more accurate on the ink
than the word condition [£(15) = 2.68, p < .05] and
on the high load than low load condition [£(15) = 3.47,
p < .005]. Additionally, accuracy was significantly higher
for the memory task than for the Stroop task [F(1, 15) =
17.4, p < .005]. However, there was no significant in-
teraction of Task x Level with respect to accuracy [F(1,
15) < 1], indicating that the two task manipulations af-
fected accuracy similarly.

RTs did not significantly differ between the memory
and Stroop tasks [Figure 2B; F(1, 15) = 1.5, p > .05].
There was an effect of level of difficulty on RTs [F(1,
15) = 50.8, p < .001], but this difference was driven

by the slower responses in the high load condition rela-
tive to low load, as confirmed by the significant Task x
Level interaction [F(1, 15) = 38.5, p < .001]. In summary,
the Stroop manipulation was effective in terms of accu-
racy (lower accuracy for ink than word), but not in terms
of RTs, whereas the memory manipulation was effective
both in terms of accuracy and RTs (slower and less ac-
curate performance on high load than low load trials).

Thus, these results suggest that the experiment suc-
cessfully manipulated level of difficulty in both the Stroop
task and the memory task. The differences in performance
between tasks (in particular, marginally lower accuracy
but faster RTs for high load than ink trials) are important
to keep in mind when interpreting the fMRI results. How-
ever, it is also important to note that the fMRI analyses
focused on the cue and delay periods, during which par-
ticipants represented rules in a way that could not be used
to plan a specific behavioral response. Thus, accuracy
and RTs with respect to the probe stimuli could not di-
rectly account for differences in activation between tasks
during the cue and delay periods. Indeed, if different
brain regions were recruited during the retrieval and
maintenance of Stroop and memory tasks, this would
suggest that inhibitory and noninhibitory rules are dif-
ferentially retrieved and maintained.

Regions Identified from a General Contrast

ROIs in the left anterior VLPFC (BA 45) and left pre-SMA/
SMA (BA 6; y coordinates in MNI space ranged from —7
to +14) were identified from an unbiased whole-brain
contrast (ink, word, high load, low load > fixation,
across cue and delay periods; p < .001 uncorrected;
Figure 3). A 2 x 2 ANOVA (Task x Level) was conducted
for each region and task period to determine whether
the left VLPFC (Figure 3A) and pre-SMA/SMA (Figure 3B)
were sensitive to the type of task being performed

Figure 2. Behavioral data.
For this and all subsequent A
figures, the high load and
ink tasks are classified as

% Correct

B Response
times (msec)

Level 2, and the low load and 100
word tasks are classified as W

Level 1. (A) Mean accuracy 95_/
on the four different trial
types. The within-subjects

standard error term (SEy,) 901
was 2.423. (B) Plot of

median reaction times 85
(msec) for correctly

performed trials. Average 801
RTs = standard deviation

for low load: 799.1 = 754
159.5 msec; high load:
1125.7 = 230.4 msec; word:
929.1 * 243.3 msec; ink:

Stroop
Task

Memory

1200 7

/

Level Level

Stroop
Task

Memory

927.5 * 186.6 msec. The SE,,
was 26.466.
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Figure 3. (Top) Whole-brain contrast of all correct conditions in the cue period and delay period versus fixation at p < .001. (A) ROI analysis
for the cue, delay, and probe periods for the left (anterior) VLPFC (—40 26 18) obtained from all cue + delay correct fixation. The pattern of
activation during the cue period showed a significant effect of condition [Memory > Stroop, F(1,15) = 7.0, p < .05] and within the Stroop
condition, the ink condition was significantly greater than the word condition [¢(15) = 2.262, p < .05]. Delay period activity showed the
greatest engagement for the high load condition. The within-subjects standard error (SEy,) was 0.147, 0.041, and 0.137 for the cue, delay, and
probe periods, respectively. (B) ROI analysis for the cue, delay, and probe periods for the left pre-SMA/SMA (—6 6 63) obtained from all cue + delay
correct fixation. The vertical cross-hair in the image of this region denotes ¥ = 0. This region did not significantly differ from the left VLPFC
during the cue and delay periods. The SE, was 0.159, 0.052, and 0.127 for the cue, delay, and probe periods, respectively. Note the difference
in scale for the cue, delay, and probe periods as activation was of different magnitudes across the different phases of the trial.

(Stroop vs. Memory), and/or the level of difficulty of one
or both tasks (Ink vs. Word, and/or High vs. Low
memory load). A 2 x 2 x 2 ANOVA (ROI x Task x
Level) run separately for the cue and delay periods
revealed no differences in the pattern of activation
between the two ROIs (all p values > .10) for interac-
tions involving ROI); therefore, we report the results for
both regions in parallel below.

During the cue period, the left VLPFC and pre-SMA/
SMA showed a marginally significant (VLPFC) and highly
significant (pre-SMA/SMA) effect of task, with greater ac-
tivation for the memory task than the Stroop task. Fur-
ther, these regions were differentially engaged by the

two Stroop conditions, exhibiting increased activity for
the ink condition relative to the word condition (Fig-
ure 3A and B, Table 1). During the delay period, by con-
trast, these regions were engaged more strongly for the
high load condition than the low load condition (Fig-
ure 3A and B). During the probe period, the left VLPFC
was significantly more engaged for the ink condition
than the word and low load conditions, with a trend to-
ward greater activation for ink than high (p = .04,
uncorrected for multiple comparisons). The pre-SMA/
SMA was more strongly engaged by the ink condition
than all other conditions. In summary, both the left
VLPFC and the pre-SMA/SMA were modulated by rule
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Table 1. Significant Activity for Six Frontal ROIs as a Function of Task, Level, and Period

Region x Y z Task x Level x Period p Values Period Task x Level p Values Activation Pattern
From All Cue Delay—TFixation
L VLPFC —41 22 18 Task Cue Task t Low, High > Word
Level * Level
Period b Task x Level
Task x Level Delay Task
Task x Period ok Level * High > Low
Level x Period Task x Level
Task x Level x Probe Task *k Ink > Word, Low
Period Level
Task x Level
L pre-SMA -6 6 63 Task Cue Task ok Low, High > Word
and SMA Level Level
Period R Task x Level
Task x Level Delay Task
Task x Period o Level * High > Low
Level x Period Task x Level
Task x Level x t Probe Task t Ink > Word, High
Period
Level
Task x Level t
From All Cue Delay High Load—Ink, Word, Low Load
L ant PFC —34 54 5 Task Cue Task
Level o Level t High > Word
Period e Task x Level
Task x Level Delay Task
Task x Period h Level o High > Ink,
Level x Period Task x Level Word, Low
Task x Level x Probe Task
Period Level
Task x Level
R DLPFC 34 26 35 Task Cue Task
Level * Level High > Word, Low
Period i Task x Level
Task x Level Delay Task
Task x Period o Level High > Low
Level x Period Task x Level *
Task x Level x o Probe Task
Period Level
Task Level
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Table 1. (continued)

Region X y z Task x Level x Period p Values Period Task x Level p Values Activation Pattern
From All Cue Delay Ink—High Load, Word, Low Load
R VLPFC 52 35 7 Task Cue Task
Level Level
Period ek Task x Level
Task x Level Delay Task o Ink > High;
Word > High
Task x Period Level
Level x Period Task x Level
Task x Level x Probe Task
Period
Level
Task x Level
R DLPFC 24 48 32 Task wk Cue Task t Ink > Low;
Ink > High
Level Level
Period ok Task x Level
Task x Level ok Delay Task ok Ink, Word > High;
Ink > Low
Task x Period Level
Level x Period Task x Level
Task x Level x *% Probe Task
Period
Level

Task x Level Ink, Low > High

Bold font indicates statistics that survived correction for multiple comparisons ( p < .008 for each of six regions of interest; a = .05).

#*» < .01
##p < .005.
s <001,

p = o1

type, but the patterns differed across the three phases of
the trial. No significant differences were observed during
any period of the task (all p > .1) between the left VLPFC
and a nearby region in the right VLPFC obtained from the
same contrast (MNI coordinates for the left and right
VLPFC: —41, 22, 18; 39, 27, 15). These analyses extend
prior findings implicating the VLPFC and the pre-SMA in
rule representation by showing that these regions repre-
sent several types of rules. Although these ROIs, and the
others described below, were engaged during the cue
and delay periods, it bears mention that they were most
strongly engaged during the probe period (i.e., at the
time of rule implementation).

ROIs Identified as Being Preferentially Engaged by
One Rule Type

To identify brain regions specifically engaged by either
inhibitory or noninhibitory rules, we additionally ob-
tained ROIs from a contrast identifying regions that were
most active for the ink condition during the cue and/or

delay periods, and from a similar contrast focusing on
regions most strongly engaged by the high load condi-
tion (Figure 4; Table 1). Unlike the left VLPFC, these
ROIs could not be identified from a general contrast
collapsing across conditions because they were not
consistently engaged across the different rule types.
The contrasts used were: Ink > Other conditions and
High load > Other conditions (p < .005, uncorrected).
Notably, this threshold was more liberal than that used
to identify the left VLPFC ROI, as activity for these
contrasts was neither as extensive nor as robust as it
was for the left VLPFC.

These specific contrasts yielded ROIs in several lateral
PFC subregions. For the contrast of High load > Other
conditions (Figure 4), ROIs were defined in the right
DLPFC (middle frontal gyrus, BA 9) and the left aPFC,
(BA 10, Figure 4A). For the contrast of Ink > Other
conditions (Figure 4), ROIs were defined in a region of
the right DLPFC (superior frontal gyrus, BA 9) and in the
right VLPFC (BA 45, Figure 4B). A 2 x 2 (Task x Level)
ANOVA was conducted on each of the identified regions
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Figure 4. (Top, left) Whole-brain contrast of Cue + Delay High > All other conditions at p < .001. (Top, right) Whole-brain contrast of

Cue + Delay High > All other conditions at p < .001. (A) ROI analysis for cue, delay and probe periods for the left aPFC obtained from

Cue + Delay High load > Other conditions (BA 10; —34, 54, 5) at p < .005. SE,, = 0.169, 0.057, and 0.188 for the cue, delay, and probe periods,
respectively. (B) The right VLPFC (52, 35, 7) obtained from Cue + Delay Ink > Other conditions. SE,, = 0.187, 0.045, and 0.167 for the cue,
delay, and probe periods, respectively. These regions were engaged by different conditions through different phases of the trial. Note the

difference in scale for the cue, delay, and probe periods.

separately for the cue, delay, and probe periods. Addi-
tional brain regions identified from these whole-brain
contrasts as being modulated by rule type are reported
in the Supplementary Table. Additional tables of activa-
tion are available upon request.

High > Other Conditions

The region in the right DLPFC (BA 9) obtained from the
contrast of High load > Other conditions was found to
be differentially engaged across all three periods of the
trial (Table 1). During the cue period, this region was
marginally sensitive to the level of task difficulty (i.e.,
Ink > Word as well as High load > Low load; p = .009),
but not to the type of task. During the delay period, the
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right DLPFC was engaged only by the high load. For the
probe period, activation on the ink condition was nu-
merically stronger than on the other conditions, but no
significant effects were observed. In summary, the right
DLPFC was engaged by the more difficult conditions dur-
ing the cue and delay periods, without a clear effect of
rule type.

The ROI in the left aPFC (Figure 4A), identified from the
same contrast as the region in the right DLPFC, showed
similar effects to the right DLPFC (Table 1). However, the
left aPFC showed a more dramatic difference than the
right DLPFC in delay-period activation between high load
and the other conditions [ROI x Task: F(1, 15) = 6.71,
p < .05; ROI x Level: F(1, 15) = 6.00, p < .05; ROI X
Task x Level: F(1, 15) = 5.70, p < .05].
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Ink > Other Conditions

The ROI in the right VLPFC obtained from cue and delay
Ink > All conditions was analyzed across the different
phases of the trial (Figure 4B). This region was specif-
ically engaged by ink during the cue period (see Table 1).
In contrast, it was deactivated relative to fixation for all
conditions during the delay period, although less so for
the Stroop task than for the memory task. During the
probe period, there were no significant effects of task or
level. A similar pattern of activation was observed in the
right anterior DLPFC (BA 9; coordinates: 24, 48, 32), an
ROI identified from the same contrast (Table 1). Indeed,
an ANOVA comparing the right VLPFC ROI with this
right DLPFC ROI revealed no significant differences be-
tween these regions.

Identifying Common Areas: Conjunction Analysis

To identify regions that were engaged across two differ-
ent types of rules, we performed a conjunction analysis
of the two conditions that placed the greatest demands
on rule representation: ink and high load. A conjunction
analysis of Ink versus Fixation and High load versus Fix-
ation was performed separately for the cue (Figure 5)
and delay periods, again using a threshold of p < .005,
uncorrected. During the cue period, a number of areas
were active during both conditions, including the bilat-
eral anterior DLPFC (middle frontal gyrus; BA 9/10),
the SMA and pre-SMA (BA 6), the left dorsal premotor
cortex (BA 6), the bilateral superior and inferior parietal
lobules (BA 7, 40), the basal ganglia, and the right
superior and middle temporal gyrus (BA 22). At a more
liberal threshold, the left anterior VLPFC was also ob-
served in this cue-period contrast. During the delay
period, common activation was observed in the left
anterior VLPFC (frontal operculum and adjacent anterior
insula, BA 45/13), the posterior VLPFC and ventral
premotor cortex (BA 44/6), and the bilateral pre-SMA/
SMA (BA 6).

Anterior DLPFC ROIs Identified from a
Conjunction of the More Challenging Conditions

The regions in the anterior DLPFC (middle frontal gyrus;
BA 9/10) identified from the conjunction of Ink versus
Fixation and High load versus Fixation were submitted
to ROI analyses (Figure SA and B). The effects of level
were more robust in the right anterior DLPFC |[cue:
F(1, 15) = 10.95, p < .005; delay: F(1, 15) = 8.99, p <
.01] than in the left anterior DLPFC [cue: F(1, 15) =
5.12, p < .05; delay: F(1, 15) = 7.51, p < .05], although
the patterns in the two regions did not differ statisti-
cally from one another. No effect of task (Stroop vs.
Memory task) was observed in these regions during
either the cue or delay period. Thus, the left and right
anterior DLPFC were engaged preferentially for the

more demanding tasks, regardless of the specific task
demands.

DISCUSSION

The goal of this study was to determine whether differ-
ent types of task rules are differentially represented in
the brain, and in particular, in the PFC. To this end, fMRI
activation was measured while participants performed
an inhibitory task rule (Stroop ink condition), a non-
inhibitory rule (high load memory condition), and less
demanding versions of each of these tasks (Stroop word
and low load memory conditions, respectively). By isola-
ting cue-period and probe-period activity, and measur-
ing delay-related activation at the mid-point of the delay
period, it was possible to identify regions engaged during
rule retrieval and implementation, as well as maintenance.
As predicted, the left VLPFC was engaged during the
maintenance of all four rule types. Although it was most
strongly engaged by the high load condition, for which
the greatest amount of information had to be main-
tained, it did not show an overall effect of task. This re-
sult points to the general role of the left VLPFC in rule
maintenance. In effect, this region has been heavily im-
plicated in verbal working memory, and it is likely that
one tends to rely on verbal working memory to maintain
task rules that are to be implemented imminently
(Bunge et al., 2003). The fact that the VLPFC is strongly
implicated in rule representation in nonhuman primates
(Murray et al., 2000; Passingham et al., 2000), who lack
verbal abilities, suggests that this region plays a funda-
mental role in preparing for upcoming tasks. Our prior
work suggests that left VLPFC activation is largely pro-
spective when it is necessary to maintain task rules over
a delay period, that is, it is sensitive to the nature of the
upcoming task rather than to the characteristics of the
stimulus that cued the task (Bunge et al., 2003).
Additionally, the left pre-SMA/SMA was engaged dur-
ing the maintenance of all four rule types. Indeed, this
was the only region identified in the whole-brain con-
junction analysis of High load > Low load and Ink >
Word during the delay period. Consistent with these
findings, the pre-SMA/SMA has been previously implicat-
ed in general task maintenance (e.g., Dosenbach et al.,
2000) and in the anticipation of upcoming events (e.g.,
Ruff & Driver, 20006), potentially reflecting prospective
activity (Shima & Tanji 2000), like the left VLPFC.

Regions Engaged by the More Demanding Rules

During both the cue and delay periods, regions in the
bilateral anterior DLPFC (middle frontal gyrus; BA 9/10)
identified from a conjunction analysis were engaged
more strongly by ink and high load than by word and
low load. These data are consistent with MacDonald
et al. (2000), who showed stronger engagement of left
BA 9 during preparation to perform the Stroop ink
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Figure 5. Conjunction analyses. (Top) Common activations during the cue period for Ink > Fixation and High load > Fixation. (A) ROI

analysis for cue, delay, and probe periods for the left DLPFC (BA 9/10 coordinates: —39, 24, 33) obtained from the conjunction analysis shown
in A. SE,, = 0.125, 0.044, and 0.117 for the cue, delay, and probe periods, respectively. (B) ROI analysis for cue, delay, and probe periods for
the right DLPFC obtained from conjunction analysis shown in A (BA 9/10 coordinates: 33, 48, 33). SE,, = 0.02, 0.04, and 0.14 for the cue, delay,

and probe periods, respectively. Note the difference in scale for the cue, delay, and probe periods.

condition than the word condition. These and other
data suggest that the DLPFC assists in preparing to carry
out attention-demanding cognitive tasks.

Regions Engaged by Response Competition

During the cue period, both the right VLPFC and the
right DLPFC (in the superior frontal gyrus) were en-
gaged exclusively by the ink condition. This activity is
likely to be related to retrieval of the inhibitory rule
rather than task preparation per se, as the activation did
not persist into the delay period. There is strong evidence
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that the right VLPFC plays a critical role in response in-
hibition (Aron, Robbins, & Poldrack, 2004); the present
finding indicates that this region is involved not only in
inhibiting responses but also in formulating a plan to
inhibit a response. The preferential response to the ink
condition in the right VLPFC and DLPFC did not persist
into the delay period, which may detract from the inter-
pretation that these regions are involved in preparing to
inhibit a prepotent response tendency. However, as noted
in the Introduction, adjacent neurons in the PFC often
represent different rules during performance of a task. It
is possible that during the presentation of the cue, we were
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able to detect differences in activation between the ink rule
type and others with fMRI because of increased demands
placed on the neurons representing the ink rule at that
time. However, by the delay period, the demands placed
on these neurons may have been no greater than those
placed on the neurons representing other rules. Further
electrophysiological research is needed to examine the
neuronal representation of inhibitory task rules.

Regions Engaged by the Memory Task

These data indicate that the right DLPFC supports the
maintenance of a large, structured set of information
(the high load condition) over a delay, consistent with
prior research on structured working memory repre-
sentations (Wendelken, Bunge, & Carter, 2005; Bor,
Duncan, Wiseman, & Owen, 2003). Right DLPFC activa-
tion is also observed during the maintenance of large
sets of information (Volle et al., 2005; Wendelken et al.,
2005; Rypma, Prabhakaran, Desmond, Glover, & Gabrieli,
1999), and it is thought to be related to the need to
organize or chunk information in such a way that it can
be remembered.

Like the right DLPFC, the left aPFC (BA 10) was
strongly engaged by the high load condition during
the delay period—again, consistent with our study of
structured working memory representations (Wendelken
et al., 2005). In this prior study, we had found that this
region was insensitive to a load manipulation, but
sensitive to whether the items to be remembered were
organized in a specific way. These results suggest that
the aPFC maintains structured mental representations—
a function that can be called upon to represent a set of
task contingencies (Sakai & Passingham, 2003, 2006;
Crone et al., 2006; Boettiger & D’Esposito, 2005; Bunge
et al., 2003).

One potential caveat in the analysis and interpretation
of the data is that it is a challenge to isolate activation
associated with specific phases of a trial. In an attempt
to measure relatively uncontaminated cue and delay
period activation, we modeled the delay period onset
at 4 sec following the cue onset, and the probe period
onset at 5 sec following the onset of the delay period
regressor. In a previous study, we had used variable-
duration intertrial interval to identify regions involved in
rule retrieval versus maintenance (Bunge et al., 2003). In
the present study, our primary goal was to dissociate
distinct rule types, rather than to cleanly distinguish
between cue-period and delay-period activation. In fu-
ture studies, it would be interesting to examine the time
courses of the representation of these different types of
rules.

Conclusion

The main goals of the present study were to determine
whether the VLPFC and the DLPFC contribute differen-

tially to rule representation, and—more generally—
whether different types of task rules are represented
differentially in the brain. As predicted, we found that
the left VLPFC was generally involved in rule maintenance
across all four conditions, in a manner that was load-
dependent. In contrast, the right VLPFC, bilateral DLPFC,
and left aPFC were preferentially engaged by one or more
specific rule types. These results suggest that rules of
different types have partially overlapping neural under-
pinnings. For the purposes of this investigation, we have
examined only inhibitory and noninhibitory rules, in the
context of a visual task with closely matched conditions.
Future studies should consider whether the brain honors
other distinctions between rule types, and whether the
roles of the various lateral PFC subregions in rule repre-
sentation generalize to other stimulus modalities. In this
study, we have focused primarily on cue- and delay-
period activation associated with task preparation. How-
ever, prefrontal activation at the probe was as much as 10-
fold higher than at the cue and delay periods. This
observation underscores the point that the PFC is geared
toward the control of action (Fuster, 2007).

Acknowledgments

This research was funded by a grant from the National Science
Foundation (00448844). We thank Michael Souza and Linda
van Leijenhorst for their assistance with data acquisition, Pedro
Paz-Alonso for his assistance with data analysis, and the re-
viewers for their helpful comments on this manuscript.

Reprint requests should be sent to Silvia A. Bunge, Department
of Psychology and Helen Wills Neuroscience Institute, Uni-
versity of California at Berkeley, 210L Barker Hall, Berkeley, CA
94720, or via e-mail: sbunge@berkeley.edu.

REFERENCES

Amiez, C., Kostopoulos, P., Champod, A. S., & Petrides, M.
(2006). Local morphology predicts functional organization of
the dorsal premotor region in the human brain. jeiicad
Ansssssissss 20, 2724-2731.

Aron, A. R., Robbins, T. W., & Poldrack, R. A. (2004). Inhibition
and the right inferior frontal cortex. | ENEGCGGEG
sedgiees S 170-177.

Asaad, W. F., Rainer, G., & Miller, E. K. (2000). Task-specific
neural activity in the primate prefrontal cortex. Journal of
Neurophysiology, 84, 451-459.

Boettiger, C. A., & D’Esposito, M. (2005). Frontal networks for

learning and executing arbitrary stimulus-response
associations.* 25, 2723-2732.

Bor, D., Duncan, J., Wiseman, R. J., & Owen, A. M. (2003).
Encoding strategies dissociate prefrontal activity from
working memory demand. Mg 37, 361-367.

Brett, M., Anton, J.-L., Valabregue, R., & Poline, J. B. (2002).
Region of interest analysis using an SPM toolbox. Paper
presented at the 8th International Conference on Functional
Mapping of the Human Brain, Sendai, Japan.

Bunge, S. A. (2004). How we use rules to select actions: A
review of evidence from cognitive neuroscience. Cognitive,
Affective & Bebavioral Neuroscience, 4, 564-579.

Bunge, S. A., Kahn, L, Wallis, J. D., Miller, E. K., & Wagner,

A. D. (2003). Neural circuits subserving the retrieval and

Donohue, Wendelken, and Bunge 705



maintenance of abstract rules._
90, 3419-3428.

Bunge, S. A., Wallis, J. D., Parker, A., Brass, M., Crone, E. A,,
Hoshi, E., et al. (2005). Neural circuitry underlying rule use
in humans and nonhuman primates. i
Ansssssisess 25, 10347-10350.

Bunge, S. A., & Zelazo, P. D. (2006). A brain-based account of

the development of rule use in childhood. (it
[ ety

Bussey, T. J., Wise, S. P., & Murray, E. A. (2002). Interaction of
ventral and orbital prefrontal cortex with inferotemporal
cortex in conditional visuomotor learning. Seisiiadsd
amesssissms /76, 703-715.

Cocosco, C. A, Kollokian, V., Kwan, R. K.-S., & Evans, A. C.
(1997). BrainWeb: Online interface to a 3D MRI simulated
brain database. Neuroimage, 5, S425.

Crone, E. A., Wendelken, C., Donohue, S. E., & Bunge, S. A.
(2006). Neural evidence for dissociable components of
task-switching. NS 76, 475-486.

Dale, A. M. (1999). Optimal experimental design for event-
reied ik . 5 1o 114,

Dosenbach, N. U., Visscher, K. M., Palmer, E. D., Miezin, F. M.,
Wenger, K. K., Kang, H. C., et al. (2000). A core system for
the implementation of task sets. Mgz 50, 799-812.

Fuster. J. M. (2007). Jackson and the frontal executive hierarchy.

64, 106-107.

Grol, M. J., de Lange, F. P., Verstraten, F. A., Passingham, R. E.,
& Toni, I. (2006). Cerebral changes during performance of
overlearned arbitrary visuomotor associations. ki
Ainmssssissss 26, 117-125.

Hester, R. L., Murphy, K., Foxe, J. J., Foxe, D. M., Javitt, D. C,, &
Garavan, H. (2004). Predicting success: Patterns of cortical

activation and deactivation prior to response inhibition.
[ ey
MacDonald, A. W., Cohen, ]J. D., Stenger, V. A., & Carter, C. S.
(2000). Dissociating the role of the dorsolateral prefrontal
and anterior cingulate cortex in cognitive control. Seigiee
288, 1835-1838.
Mansouri, F. A., Matsumoto, K., & Tanaka, K. (2006). Prefrontal
cell activities related to monkeys’ success and failure in
adapting to rule changes in a Wisconsin Card Sorting Test
analog. 26, 2745-2750.

Miller, E. K. (2000). The prefrontal cortex and cognitive
coniro. I | 5> >

Murray, E. A., Bussey, T. J., & Wise, S. P. (2000). Role of
prefrontal cortex in a network for arbitrary visuomotor
mapping. 133, 114-129.

Nichols, T., Brett, M., Andersson, J., Wager, T., & Poline, J. B.
(2005). Valid conjunction inference with the minimum
statistic. pintindietgs 25 053—660.

Owen, A. M., Herrod, N. J., Menon, D. K., Clark, J. C., Downey,
S. P., Carpenter, T. A, et al. (1999). Redefining the functional
organization of working memory processes within human
lateral prefrontal cortex. | NNRNRNRNMINENEGEEGEGE
esesieeme /7, S567-574.

Pandya, D. N., & Yeterian, E. H. (1998). Comparison of
prefrontal architecture and connections. In A. C. Roberts,
T. W. Robbins, & L. Weiskrantz (Eds.), The prefrontal cortex
(pp. 51-66). Oxford: Oxford University Press.

Parker, A., & Gaffan, D. (1998). Memory after frontal/temporal
disconnection in monkeys: Conditional and non-conditional

706 Journal of Cognitive Neuroscience

tasks, unilateral and bilateral frontal lesions.
I 36, 259-271.

Passingham, R. E., Toni, L., & Rushworth, M. F. (2000).
Specialisation within the prefrontal cortex: The ventral
prefrontal cortex and associative learning. jinsinssssid
emm— /33, 103-113.

Petrides, M. (1985). Deficits on conditional associative-learning
tasks after frontal- and temporal-lobe lesions in man.

20, 249-262.

Petrides, M. (1997). Visuo-motor conditional associative
learning after frontal and temporal lesions in the human
brain. I 55 939-997.

Postle, B. R., Zarahn, E., & D’Esposito, M. (2000). Using
event-related fMRI to assess delay-period activity during

performance of spatial and nonspatial working memory
tasks. Brain Research, ﬂ 5,
57-66.

Ruff, C. C., & Driver, J. (20006). Attentional preparation for a

lateralized visual distractor: Behavioral and fMRI evidence.
18, 522-538.

Rypma, B., Prabhakaran, V., Desmond, J. E., Glover, G. H., &
Gabrieli, J. D. (1999). Load-dependent roles of frontal brain
regions in the maintenance of working memory.
Ditkliadisgs 0 210-220.

Sakai, K., & Passingham, R. E. (2003). Prefrontal interactions
reflect future task operations. | ENGNGTNGTGE 6,
75-81.

Sakai, K., & Passingham, R. E. (2006). Prefrontal set activity

predicts rule-specific neural processing during subsequent
cognitive performance.ﬂ 26,
1211-1218.

Shallice, T. (1982). Specific impairments of planning.
Philosophical Transactions of the Royal Society of
London, Series B, NG 295 199-209.

Shima, K., & Tanji, J. (2000). Neuronal activity in the
supplementary and presupplementary motor areas for
temporal organization of multiple movements. Journal of
Neurophysiology, 84, 2148-2160.

Stuss, D. T., & Alexander, M. P. (2000). Executive functions and
the frontal lobes: A conceptual view. Sausinstatsd
Resegiel 03, 289-298.

Talairach, J., & Tournoux, P. (1988). Co-planar stereotaxic
atlas of the human brain. New York: Thieme.

The Merriaim-Webster Dictionary. (1974). New York: Pocket Books.

Volle, E., Pochon, J. B., Lehericy, S., Pillon, B., Dubois, B., &
Levy, R. (2005). Specific cerebral networks for maintenance
and response organization within working memory as
evidenced by the “double delay/double response’
paradigm. NS /5 10064-1074.

Wallis, J. D., Anderson, K. C., & Miller, E. K. (2001). Single
neurons in prefrontal cortex encode abstract rules. Naige,
411, 953-956.

Wendelken, C., Bunge, S. A., & Carter, C. S. (2005). Working
memory for structured representations. Paper presented at
the Cognitive Neuroscience Society, New York.

Yoon, J. H., Curtis, C. E., & D’Esposito, M. (2006). Differential
effects of distraction during working memory on delay-
period activity in the prefrontal cortex and the visual
association cortex. pifiiniiitsas 29, 1117-1126.

Zarahn, E., Aguirre, G., & D’Esposito, M. (1997). A trial-based
experimental design for fMRI. Misiiisdidisss 0 122-138.

Volume 20, Number 4



