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Abstract

Bl Many complex tasks require us to flexibly switch between
behavioral rules, associations, and strategies. The prefrontal
cerebral cortex is thought to be critical to the performance of
such behaviors, although the relative contribution of different
components of this structure and associated subcortical re-
gions are not fully understood. We used functional magnetic
resonance imaging to measure brain activity during a simple
task which required repeated reversals of a rule linking a col-
ored cue and a left/right motor response. Each trial com-
prised three discrete events separated by variable delay
periods. A colored cue instructed which response was to be
executed, followed by a go signal which told the subject to
execute the response and a feedback instruction which
indicated whether to “hold” or “flip” the rule linking the
colored cue and response. The design allowed us to determine
which brain regions were recruited by the specific demands of

INTRODUCTION

In order for behavior to be adaptive across changing
motivational contexts, neural mappings between stimu-
lus and response must be flexible and responsive to
changing task demands/goals. Many theorists have sug-
gested that the prefrontal cerebral cortex is critical to
such adaptive control (Miller & Cohen, 2001; Duncan &
Owen, 2000; Duncan, 1999). More precisely, several
models postulate that the prefrontal cortex maintains
representations that define the appropriate stimulus—
response (SR) mappings to be used for decision making
in a given context (Shallice & Burgess, 1996; Cohen &
Servan-Schreiber, 1992; Baddeley, 1988). However, the
role played by different components of this prefrontal
network remains the topic of debate. Here we used
event-related functional magnetic resonance imaging
(fMRI) to examine activity within different prefrontal
regions during performance of a simple task, which re-
quired participants to repeatedly switch between SR
associations.
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preparing a rule contingent motor response, executing such a
response, evaluating the significance of the feedback, and
reconfiguring stimulus-response (SR) associations. The results
indicate that an increase in neural activity occurs within the
anterior cingulate gyrus under conditions in which SR associ-
ations are labile. In contrast, lateral frontal regions are acti-
vated by unlikely/unexpected perceptual events regardless of
their significance for behavior. A network of subcortical
structures, including the mediodorsal nucleus of the thalamus
and striatum were the only regions showing activity that was
exclusively correlated with the neurocognitive demands of
reversing SR associations. We conclude that lateral frontal
regions act to evaluate the behavioral significance of percep-
tual events, whereas medial frontal-thalamic circuits are in-
volved in monitoring and reconfiguring SR associations when
necessary. Hl

A number of previous imaging studies have examined
the brain regions engaged during rule/task switching
(Forstmann, Brass, Koch, & von Cramon, 2005; Derrfuss,
Brass, & von Cramon, 2004; Braver, Reynolds, &
Donaldson, 2003; , Konishi et al., 2002; Kimberg, Aguirre,
& D’Esposito, 2000; MacDonald, Cohen, Stenger, &
Carter, 2000; Carter, Botvinick, & Cohen, 1999; Konishi,
Nakajima, et al., 1999). Many studies report activity in
dorsolateral prefrontal regions coincident with the onset
of stimuli which instruct the subject which task is to
be executed on a given trial. This is consistent with a role
for this area in endogenous maintenance of task rules/
goals in advance of task execution (Sakai & Passingham,
2003; MacDonald et al., 2000; Konishi, Kawazua, et al.,
1999). Other studies have claimed a role for ventrolateral
frontal regions in the suppression of automatically cued
motor responses under conditions of task/rule conflict
(Aron, Monsell, Sahakian, & Robbins, 2004; Swainson
et al., 2003; Konishi, Nakajima, et al., 1999), as well as
the learning of arbitrary mappings between visual stimuli
and motor actions (Passingham, Toni, & Rushworth,
2000). All of these functions are compatible with a more
general role for the lateral prefrontal cortex as a working
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memory buffer, within which the neural representation of
current task rules are maintained and updated (Owen,
2000; D’Esposito et al., 1998)

Task switching studies typically also reveal activity in
areas of the medial prefrontal cortex, including the
anterior cingulate gyrus. One recent combined fMRI
and transcranial magnetic stimulation (TMS) study by
Rushworth, Hadland, Paus, and Sipila (2002) examined a
“motor” switching task, in which subjects switched be-
tween two conflicting rules linking two colored shapes
with either a left or a right button press. The event of
interest was the instruction given to either hold or
change rule following runs of correct trials of variable
length. Three regions within the medial prefrontal cor-
tex were activated by the instruction to ‘“switch” rules,
including the “rostral” and ““caudal” cingulate gyrus and
the more posterior presupplementary motor area (pre-
SMA). Repetitive TMS applied over the pre-SMA was
found to slow reaction times, but only when applied
following the signal which instructed a change in rules.
One interpretation of this result is that medial prefrontal
regions might be important in the process of reconfigur-
ing SR mappings when the task demands it.

It has also been suggested that activity in the medial
prefrontal cortex is correlated with generalized arousal
during situations of high task demand. Paus (2001) has
pointed out that the medial prefrontal cortex receives
extensive input from limbic structures such as the
amygdala (Kunishi & Haber, 1994; Barbas & De Olmos,
1990). It also receives connections from the medio-
dorsal and midline thalamic nuclei (Shyu, Lin, Sun,
Chen, & Chang, 2004; Morecraft & Van Hoesen, 1998;
Barbas, Henion, & Dermon, 1991), which have been
implicated in modulating general levels of cortical
arousal (Montaron & Buser, 1988). These inputs may
provide an important “alerting” signal, which activates
the medial prefrontal cortex in order to monitor and
resolve conflict in motor output channels (Braver,
Barch, Gray, Molfese, & Snyder, 2001).

The process via which lateral and medial prefrontal
regions interact during cognitive tasks is a major un-
answered question. Coactivation of the two regions is ob-
served in most cognitively demanding situations (Paus,
2001) and the existence of strong anatomical connec-
tions between the anterior cingulate and the dorso-
lateral prefrontal cortex is well established (Barbas &
Pandya, 1989). One recent study highlighted the impor-
tance of interactions between the lateral and medial
prefrontal cortex in evaluating the significance of task-
relevant feedback. Gehring and Knight (2000) used
event-related potentials (ERPs) to examine how the
medially localized error-related negativity component
of ERPs is modulated by damage to lateral prefrontal
regions in humans. Interestingly, a strong medial nega-
tivity was observed following a motor response in pa-
tients. However, unlike healthy individuals, the size of
this potential was not modulated by whether or not the
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response was correct or incorrect. The authors pro-
posed, on the basis of this finding, that the lateral
prefrontal cortex and the anterior cingulate act together
to evaluate the significance of feedback (e.g., correct/
incorrect) for future behavior. Lateral prefrontal regions
modulate activity within the anterior cingulate when
errors are detected. The medial prefrontal cortex then
makes compensatory adjustments to SR mappings via its
interactions with subcortical structures and posterior
cortical regions (Gehring & Knight, 2000).

We carried out an event-related fMRI study to examine
the contribution of prefrontal cortical regions and asso-
ciated subcortical structures to adaptive behavioral con-
trol. We used a simple rule switching task similar to one
which we have previously examined in patients with
lateral prefrontal and medial prefrontal cortex damage
(Hodgson & Golding, 2003; Husain, Parton, Hodgson,
Mort, & Rees, 2003). Neurophysiological studies using
a very similar task have also revealed the existence of
neurons in the lateral prefrontal cortex of monkeys that
show activity tuned to particular SR associations (Asaad,
Rainer, & Miller, 1998). In our version of the task, each
trial included three discrete events: a colored cue, which
instructed which response was to be executed; a go
signal, which told the subject to execute the instructed
response; and a feedback event, which indicated to the
subject whether to “hold” or “flip” the association
between the colored cue and response. This allowed
us to determine which brain regions were recruited by
the instructions to change SR associations, as distinct to
those involved in preparing and executing motor be-
havior in the task. A follow-up experiment addressed the
question of whether differences in the pattern of neural
activity observed for “flip” relative to “hold” rule trials
could be due in part to the perceptual characteristics of
the stimuli used to instruct rule changes, rather than the
demand to reverse SR mappings per se.

EXPERIMENT 1
Methods

Participants

Twenty-two right-handed volunteers, ranging in age
from 21 to 52 years (mean age = 25 years), gave in-
formed consent to participate in the experiment, which
was approved by the School of Psychology Ethics Com-
mittee. Thirteen of the participants were women and
nine were men.

JMRI Data Acquisition

Scanning was performed on a 1.5-T Philips Gyroscan
magnet at the Peninsula MRI research centre, University
of Exeter, UK. A T2*-weighted echo-planar sequence was
used (TR = 3000 msec, TE = 50 msec, flip angle 90°,
32 transverse slices, 3.6 x 3.6 x 4 mm®, ascending ac-
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quisition). A total of 125 volumes were acquired in each
of the four runs per subject. An additional five “dummy”
scans were performed at the start of each block prior to
the start of the stimulus sequence.

Task and Procedure

Visual stimuli were presented on a back-projection screen
positioned at the foot end of the MRI scanner and viewed
via a mirror mounted on the head coil. The screen sub-
tended 16° of visual arc. Button-press responses and
reaction times were measured using two fiber-optic but-
ton boxes held in the participants’ right and left hands.
Each trial in the experiment began with the presenta-
tion of a blue or yellow colored circle (cue event) in the
center of the projection screen. Participants were in-
structed to refrain from making a motor response until
the cue dimmed (go event), at which point they pressed
either the left or the right hand response key depending
upon the current rule mapping (participants were in-
structed with the initial rule: blue = left, yellow = right).
Following another variable delay period, an instruction
was presented which indicated to the subject whether to
hold or reverse the rule on the following trial ( feedback
event) (Figure 1). Feedback events were either words
(“hold”/“flip”") or symbolic instructions (happy/sad
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Figure 1. Schematic of experimental task. In Experiment 1, subjects
associated a colored cue with a left/right button press. Dimming of
the cue acted as a go signal. Following each response, a feedback/
instruction was presented instructing the subjects to “hold” or “flip”
the rule on the following trial. Rule “flip” instructions occurred after
runs of between three and six consecutive correct response trials.
Variable interevent intervals ensured that unique regressors could

be generated based on the predicted BOLD response to each event
type. Experiment 2 was identical in all respects except that the subjects
were instructed to maintain the same rule throughout the task
regardless of the feedback.

faces: ©/®), with half the subjects receiving words and
the other half faces. Previous work had shown differ-
ences in the characteristics of behavioral switch costs
using the two types of stimuli (Hodgson, Golding,
Molyva, Rosenthal, & Kennard, 2004). Other work has
also suggested the existence of a gradient of processing
within the medial frontal cortex, with processing of
emotional/affective information taking place in more
anterior regions (Bush, Luu, & Posner, 2000). However,
between-subject group ¢ tests for the event-related ac-
tivity evoked for two types of feedback stimulus revealed
no significantly activated voxels and the two groups
were collapsed in the main fMRI analysis reported
below. Both types of hold and flip rule feedbacks were
accompanied by a high and low pitched tone, respec-
tively. If the subject’s response was incorrect, the word
“error” would appear instead of the feedback.

Rule reversals occurred following runs of correct re-
sponses of between three and six trials in length. The
period between each event was variable and was equally
likely to be either 2200, 4400, or 10,200 msec. These
periods were chosen to optimize the efficiency of the
event-related design according to the theoretical princi-
ples outlined elsewhere (Josephs & Henson, 1999; Dale
& Buckner, 1997). This allowed a true multievent-related
design to be implemented in which activity evoked by
each discrete event within a trial could be visualized. All
subjects performed 105 trials in five equal runs with the
first 21 trials serving as the practice trials (for which
scans were not acquired).

Data Analysis

Data were analyzed using SPM2 software (www.fil.ion.
ucl.ac.uk/spm). The images were realigned, unwarped
to remove variance caused by movement-by-field—
inhomogeneity interactions, normalized to a standard
EPI template, and smoothed with a Gaussian kernel of
6 mm full width at half maximum. Interevent periods
were selected such that the cue, go-signal, and feed-
back event sequences were temporally de-correlated
within a block (see Task and Procedure above), allowing
unique regressors to be derived for each event type by
convolving the event onset times with a canonical
hemodynamic response function. The different event
types modeled were: feedback hold, feedback [lip, cue
bold, cue flip, go hold, and go flip (for cue and go
events, “flip” trials correspond to events immediately
following presentation of a flip feedback). A general
linear model approach was used to estimate parameter
values for each regressor and a series of one-sample
¢ tests were carried out to determine whether the fitted
parameter values at each voxel for each subject were
significantly greater than zero for each modeled event.
This generated a series of “‘/ contrast images” for each
effect and subject, which were entered into a second-
level (“random effects”) analysis to test which voxels
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showed consistent ‘‘activation” across subjects. This
analysis used one-sample ¢ tests (for the main effect
of each event type) and two-sample repeated-measures
¢ tests (for contrasts between event types) with a false
discovery rate (FDR) corrected statistical threshold of
p < .05 and a voxel cluster size threshold of 12. Fi-
nally, for the between-subject groups comparison of
Experiments 1 and 2 (see below), two-sample unrelated
¢t tests were used, uncorrected for multiple compari-
sons. The x, y, z coordinates of all activation clusters
were transformed from normalized MNI space (i.e., SPM
coordinates) to Talairach space (www.mrc-cbu.cam.ac.
uk/Imaging/mnispace.html) in order to ascertain the
site of activation relative to the atlas of Talairach and
Tournoux (1998).

Results
Behavioral Data

Reaction time and error rates were analyzed relative to
the occurrence of rule reversals. A significant reduction
in mean reaction time to the go signal (dimming of the
cue) was observed following a reversal in SR mappings

(Trial 1 after rule reversal: 505 = 128 msec; Trial 2: 545 =
134 msec). Error rates were very low (averaging 3%
across all subjects/trials) and did not vary significantly
relative to the occurrence of rule reversals.

JMRI Data

Feedback Onset Events. A one-sample ¢ test (random
effects, FDR correction, p < .05) for “flip” feedback
events (i.e., all activity correlated with event onset
relative to null) revealed widespread activity in lateral
and medial prefrontal regions. Areas showing a blood
oxygen level dependent (BOLD) signal, which signifi-
cantly correlated with “flip” feedbacks, included areas
of the ventral (BA 37) and dorsal (BA 46) lateral frontal
cortex as well as the anterior cingulate gyrus (BA 32)
(Talairach coordinates: —2, 19, 38). The equivalent
analysis for “hold” events revealed no significant activity
in prefrontal regions (Figure 2).

The repeated-measures contrast between “hold” and
“flip” feedback events also showed significantly in-
creased activity for “flip” relative to “hold” feedbacks
in a number of regions of the prefrontal cortex, in-
cluding the anterior cingulate, as well as dorsolateral
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Figure 2. Event-related activations for the three discrete events types ( feedback, cue, and go) for “hold” and “flip” trials in Experiments 1
and 2 (for cue and go events, “flip” trials correspond to events immediately following a flip feedback). Main effects (relative to null) are shown
in the glass brain views (random effects analysis, one-sample # tests, FDR correction, p < .05).
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and ventrolateral regions. A strong subcortical locus of
activation was also seen in the mediodorsal nucleus
of the thalamus. Other regions outside the prefrontal
cortex were also found to be significantly more active
for “flip” relative to “hold” feedbacks. These included
the inferior parietal lobule and the lateral cerebellum
(Table 1).

Cue Onset Events. One-sample ¢ tests for cue events
immediately following either “flip” or “hold” feedbacks
revealed activity in the medial prefrontal cortex and the
lateral cerebellum for both cue event types (Figure 2).
However, the locus of medial activation was more
posterior than that observed for feedback events (see
above), corresponding to activity in BA 24 (Talairach
coordinates: —2, 2, 42). A significant cluster of activation
was also present in the left dorsolateral prefrontal cortex
(BA 46) (—41, 28, 22) for cue onsets on “flip” but not
“hold” trials.

Go Signal Events. One-sample ¢ tests (FDR corrected,
p < .05) were also carried out to examine activity in
response to go-signal events that followed the presen-
tation of either “flip” or “hold” feedbacks. Activity
was observed in the medial frontal cortex, including
a locus within BA 24 on “flip” trials and regions of
both BA 24 and BA 6 on ‘“hold” trials. Significant activity
was observed in the lateral cerebellum under both
conditions, and bilateral activity in inferior parietal
and superior temporal lobe regions was also present
(Figure 2).

Discussion

Experiment 1 revealed a number of brain regions that
showed an increased BOLD signal for “flip” compared
with “hold” trials. The most marked difference between
the two trial types was for activity synchronized to the
feedback events, which instructed the maintenance or

Table 1. “Flip” Minus “Hold” Feedback Event, Repeated Measures Contrast for Experiment 1

Left Hemisphere Right Hemisphere
Clusters 7 Talairach Anatomy Clusters  Z Talairach Anatomy
Frontal
427 502 -2 19 37 Anterior cingulate (BA 32)

13 385 —30 26 —4 Inferior frontal gyrus (BA 47)

143 4.07 —42 20 21 Middle frontal gyrus (BA 46)
33 440 —-26 -2 41

11 389 —38 30 20

Occipital, Temporal, Parietal

67 428 —56 10 —8 Superior temporal gyrus (BA 22)

29 422 —34 —50 36 Inferior parietal lobe (BA 40)

15 388 —2-78 4 Lingual gyrus (BA 18)

63 458 —1—32 22 Posterior cingulate gyrus (BA 23)
Subcortical
275 571 —34 —52 —42 Cerebellum, posterior lobe

39 393 —32 —69 —25

15 376 —10—18 10 Mediodorsal thalamus

104 444 44 18 —10 Inferior frontal gyrus (BA 47)
16 406 53 18 14 (BA 45)
40 396 34 27 -8 (BA 47)

178 4.62 38 =50 —31 Cerebellum, posterior lobe

48 4.88 12 10 0
9 4.06 16 19 1
87 554 —16 12 —4

Right head of caudate
Right head of caudate
Right putamen

125 4.42 2 —8 8 Mediodorsal thalamus

Peak activations for clusters greater than 500 mm?, 2 x 2 x 2 FDR corrected, p < .05.
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reversal of the current SR association (Figure 2; Table 1).
Significantly increased prefrontal activity was observed
during presentation of “flip” relative to “hold” feed-
backs. This included significant loci within the bilateral
dorsal and ventrolateral prefrontal cortex, as well as a
strong signal within the anterior cingulate and the
mediodorsal nucleus of the thalamus.

The presence of activity in the anterior cingulate gyrus
following “flip” feedbacks is consistent with previous
studies which have implicated this region in the control
of rule/task switching (Bush, et al., 2002; Rushworth
et al.,, 2002). In the present study, we also found that the
anterior cingulate activation was accompanied by a
strong subcortical signal within the mediodorsal nucleus
of the thalamus. This part of the thalamus is known to
send extensive connections to medial prefrontal regions.
For example, one recent study has shown that direct
electrical stimulation of this structure in the rat causes
an increase in BOLD response within the ipsilateral
anterior cingulate (Shyu et al., 2004). The mediodorsal
thalamus also receives input from the anterior cingulate,
as well as the lateral prefrontal cortex and amygdala, and
forms part of the fronto-striatal system of reciprocal
cortical-subcortical loops (Alexander, DeLong, & Strick,
1996). Consistent with coherent activation of cortico-
striatal loops during rule changes, we also observed
activity within the striatum (head of caudate/putamen)
following “flip” feedbacks.

The medial prefrontal cortex comprises multiple ana-
tomical regions of which the anterior cingulate region is
just one. The organizational principles underlying this
network of areas has been of considerable interest to
researchers over recent years. In the present study,
medial frontal activity was observed for cue, go, and
Jfeedback events. However, the locus of this activity
shifted during the course of the trial, with “flip” feed-
backs activating the most anterior regions, followed by
cue events (pre-SMA) and go-signal onsets (SMA proper).

In order to examine the statistical significance of these
shifts in activity between the different event types, we
performed a post hoc analysis of peak activity in the
medial frontal cortex for individual subjects for each
event type. The coordinates of peak activation clusters

lying within the medial frontal cortex were noted for
each event type and individual subject. The x, y,
z coordinates of these activation loci were entered into
repeated-measures ¢ tests to determine whether there
was a consistent shift in the locus of medial prefrontal
activity between event types across subjects.

This analysis supported the findings of the random
effects analysis and confirmed that there was a consist-
ent organization within medial prefrontal cortical areas
across subjects. The mean locus of activity evoked by
Sfeedback events was found to shift anteriorly (i.e., along
the y-axis) relative to cue and go event activations
(t = 258, p < .025). Cue event activity was, in turn,
more anterior compared to that evoked by the go-signal
( = 3.05,p < .005) (Figure 3). This analysis is consistent
with the existence of a functional gradient within the
frontal medial wall moving from more cognitive func-
tions anteriorly, through motor preparatory to motor
output generation within posterior regions.

Activation was also observed in ventral and dorsal re-
gions of the lateral prefrontal cortex. Activity in these
areas following the “flip” feedback/instruction can be
interpreted as reflecting a number of possible neuro-
cognitive operations. For example, it may represent the
updating of task rules within working memory or the im-
position of enhanced top-down control in readiness for
increased response conflict (Aron et al., 2004; Swainson
et al., 2003; MacDonald et al., 2001; Konishi, Kawazua,
et al.,, 1999). However, a potential confound in the design
of Experiment 1 makes it difficult to interpret prefrontal
activity following “flip” events as being exclusively re-
lated to the demands of reversing SR associations. Rule
changes only occurred after three to six consecutive cor-
rect responses. Because of this, there were a greater num-
ber of “hold” trials relative to “flip” trials (by a ratio of
approximately 3:1). Activity correlated with “flip” feed-
backs may therefore reflect the occurrence of an “odd-
ball” stimulus, regardless of its behavioral significance.
Indeed, such an explanation for the observed lateral
frontal activation in our study would be consistent with
previous work that has shown activity in this region
during the processing of “surprising” and infrequent
events (Braver et al., 2001; Fletcher et al., 2001).

Figure 3. The coordinates of peak activation clusters lying within the medial frontal cortex for individual subjects in Experiment 1. A consistent
anterior to posterior shift in activity was observed from feedback, cue through to go events (see Discussion Experiment 1 for details).
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In order to assess whether activity associated with rule
change instructions was due to the distinct perceptual
characteristics of “flip” events rather than the demands
of reconfiguring SR mappings, we carried out a second
experiment using almost exactly the same stimulus and
procedure with a new group of subjects. However, in
this version of the task, participants were instructed to
hold the same SR mappings throughout the experiment
regardless of the feedback given after each response.
The ratio of “hold” to “flip” feedbacks was kept the
same, all that was modified was the instructions given
to the subject, such that in Experiment 2 “flip” feed-
backs did not have any task significance. Matching the
design in this manner allowed a direct comparison to
be made between the pattern of brain activity in Ex-
periments 1 and 2.

EXPERIMENT 2
Methods

Twenty-two right-handed volunteers participated in Ex-
periment 2, ranging in age from 18 to 39 years (mean
age = 25 years). Five were men and 17 were women,
and none had taken part in Experiment 1. Methods were
identical in all respect relative to Experiment 1, except
that the rules linking stimulus and response remained
constant throughout. “Flip” feedback events occurred
with the same likelihood and frequency as in Experi-
ment 1, but participants were told that the feedback was
irrelevant to the response to be made and the rule
linking color with response would remain constant
throughout.

Results
Bebavioral Data

Mean reaction times did not vary significantly with the
relative position of the trial after the occurrence of a
“flip”” cue (Trial 1 after rule reversal: 504 = 124 msec;
Trial 2: 518 = 161 msec). Similarly, error rates did not
vary systematically across trials (averaging 1% of all
subjects/trials).

JMRI Data

Feedback, Cue, and Go Signal Events. Using the same
analysis procedure as Experiment 1, one-sample # tests
examined which areas showed a BOLD response that was
significantly correlated with the occurrence of feedback,
cue, and go events for “flip” and “hold” rule trials (we
refer to these event types as “flip” and ‘“hold” for
convenience even though they were not associated with
rule changes in this experiment) (see Figure 2).
Surprisingly, the distribution of activity for feedback
events was very similar to that observed in Experiment 1.

Regions activated by so-called flip feedbacks in Ex-
periment 2 included the right dorsolateral prefrontal
cortex, BA 9/46 (Talairach coordinates of peak activa-
tion clusters: 52, 19, 25 and 46, 25, 19); the left ventro-
lateral prefrontal cortex, BA 13 (—44, 20, 8); and the
medial frontal cortex, BA 6 (0, 14, 47). This was des-
pite the fact that these stimulus events had no bear-
ing on task performance. In contrast to Experiment 1,
none of the repeated measures comparisons revealed
any voxels which were significantly more active for
“flip” relative to “hold” trial events in Experiment 2.

Comparison with Experiment 1. In order to test which
of the areas activated by feedback events in Experiment 1
were related to the requirement to reverse rules, rather
than reflecting the perceptual characteristics of the
“flip” feedbacks, a direct comparison was carried out
between activity for “flip” feedbacks in Experiment 1
versus Experiment 2. This revealed three significant
loci of activation: the mediodorsal nucleus of the thala-
mus, the anterior cingulate gyrus, and the left lateral
cerebellum (unrelated two-sample ¢ test, uncorrected
for multiple comparisons, p < .001, cluster threshold =
12) (Figure 4A). Importantly, regions of the ventrolateral
and dorsolateral frontal cortex failed to show any sig-
nificant increase in activity for Experiment 1 relative to
Experiment 2. Full details of this contrast are given in
Table 2. The equivalent between-groups comparison for
“hold” feedback events showed only a single cluster of
voxels in the anterior cingulate gyrus that was signifi-
cantly more active in Experiment 1 relative to Experi-
ment 2 (BA 32: 0, 9, 35) (Figure 4B).

For completeness, we also carried out the reverse
comparison to determine whether any regions showed
increased activity for “flip” and “hold” events in Exper-
iment 2 relative to Experiment 1. This analysis revealed
no significant changes in activity in the medial/lateral
frontal regions or the dorsomedial thalamus.

GENERAL DISCUSSION

The only difference between Experiments 1 and 2 was
the instructions given to subjects. Participants were
instructed to periodically reverse SR associations in
response to the “flip” instruction in Experiment 1, but
to maintain the same SR associations regardless of the
feedbacks in Experiment 2. We assume therefore that
brain regions showing significant changes in activity
between the two experiments are recruited by the
demands of maintaining and manipulating arbitrary rules
and SR mappings.

When a direct statistical comparison was made to
test which brain regions showed increased activity for
“flip” feedback events in Experiment 1 relative to
Experiment 2, activation clusters were only present in
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Figure 4. Glass brain and sectional view of areas showing increased activity in Experiment 1 relative to Experiment 2 for (A) “flip” feedback
events and (B) “hold” feedback events (two-sample between-groups ¢ test, p < .001, uncorrected for multiple comparisons, intensity plot
on sectional view indicate ¢ scores).

the anterior cingulate, mediodorsal thalamus, putamen, sponse to “flip” feedbacks regardless of the demand
and left cerebellum (Table 2; Figure 4A). Other regions, to change rules.

including the dorsolateral and ventrolateral prefrontal This result is important because it implies a dissocia-
cortex, showed no significant difference in their re-  tion of function between lateral and medial prefrontal

Table 2. Voxels Showing Greater Activity for “Flip” Feedback Events in Experiment 1 Relative to Experiment 2

Left Hemisphere Right Hemisphere
Clusters 4 Talairach Anatomy Clusters V4 Talairach Anatomy
41 4.01 —-10 4 -2 Putamen 41 4.30 2-138 Mediodorsal thalamus
47 3.93 —34 —55 =31 Cerebellum, posterior lobe 20 4.37 16 80 Putamen
14 3.48 -2 18 40 Anterior cingulate (BA 32)

Between-subject groups, two-sample ¢ test (uncorrected, p < .001). Peak activations for clusters greater than 500 mm®.
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regions during rule reversals. Lateral frontal areas are
activated by the occurrence of attentionally salient or
surprising events, in this case, the “flip” feedback.
However, these areas do not show significantly in-
creased activity when this feedback indicates that SR
associations need to be reversed. In contrast, activity in
the anterior cingulate gyrus and associated subcortical
structures was found to be increased when the feedback
indicated that action needed to be taken.

Interestingly, the relative increase in anterior cingulate
activity for Experiment 1 compared to Experiment 2 was
not confined to “flip” feedback events but was also ap-
parent on ‘“hold” trials (Figure 4B). Superficially, this
result is hard to reconcile with the analysis of the event-
locked activity for “hold” feedbacks in Experiment 1 (rel-
ative to null), which produced no significant activation
(Figure 2). However, this pattern of significant activity in
the blockwise contrast (between experiments), in the ab-
sence of transient event-locked activity in Experiment 1,
suggests that as well as a phasic increase in activity when
SR associations have to be modified, the anterior cingu-
late also shows a fonic increase in activity under con-
ditions where SR associations are labile.

In contrast, some areas did show activity which was
exclusively correlated with instructions to reverse SR
mappings. However, all of these clusters were located
within subcortical structures. These included the medio-
dorsal thalamus and other components of corticostriatal
loops (i.e., the striatum and basal ganglia) as well as
the lateral cerebellum (Table 2; Figure 4A). It has been
proposed that the neural representation of task sche-
ma may be instantiated within the matrix of synaptic
weightings in subcortical and posterior brain struc-
tures, whereas frontal regions play a role in monitoring
and updating these mappings (e.g., Miller & Cohen,
2001). The finding that only subcortical structures are
exclusively activated by SR reversals is consistent with
this hypothesis.

Taken together, the results can also be seen as
consistent with a functional neuroanatomical prefrontal
model similar to that proposed by Gehring and Knight
(2000). We suggest that lateral prefrontal regions re-
spond to attentionally salient/surprising sensory events
and evaluate whether such events indicate that modifica-
tion to current behavioral rules is required. When such
an event signals that a change in SR mappings is re-
quired, the anterior cingulate and subcortical areas, such
as the mediodorsal thalamus and striatum, show an in-
crease in activity correlated with the actual modification
of SR mappings. Under conditions for which frequent
changes occur in transformations between stimulus and
response, tonic activity in the anterior cingulate gyrus is
observed, perhaps reflecting sustained control/monitor-
ing of SR associations.

In order to test this account further, we examined
whether activity evoked by flip feedback events varied
between individual subjects dependent upon the accu-

racy with which they performed the task in Experiment 1
(Figure 5). This analysis revealed strong positive corre-
lations between the peak event-related response (i.e.,
the magnitude of the fitted hemodynamic response
function) and the rate of response errors within the left
dorsolateral, right ventrolateral, and dorsal anterior
cingulate regions. Interestingly, however, no significant
correlation was found within the mediodorsal nucleus of
the thalamus. Furthermore, direct statistical contrasts
between the group mean activity in these regions for
subjects who either made at least one response error
compared with those who performed the task error-
free, revealed a significant reduction in the magnitude
of the event-related response within the mediodorsal
thalamus for error-prone subjects (Wilcoxon W = 59.0,
p < .025), with a trend towards an increase in activity in
other regions.

This pattern of variation in activity with error rates can
be viewed as lending support to the model of frontal
organization outlined above. Both lateral and medial
frontal activity appears to be related to general atten-
tional demands imposed upon subjects by the task
(increased activity being apparent in subjects that find
the task more demanding). In contrast, only activity in
subcortical structures (i.e., the mediodorsal thalamus)
was correlated with efficient updating of SR associations
(reduced activity being associated with failures to update
these mappings).

It is important to note that a number of previous
studies of task/rule switching have reported lateral
frontal activity correlated with task changes, even when
the ratio between switch and nonswitch trials is 50%
compared to the 33% likelihood used in the present
research (Brass et al., 2003; Braver et al., 2003; Swainson
et al., 2003; Luks, Simpson, FeiWell, & Miller, 2002). Only
one previous study to our knowledge has systematically
examined how frontal activity varies with stimulus fre-
quency. Braver et al. (2001) found that bilateral ventral
and dorsal prefrontal regions were indeed selectively
activated by oddball perceptual events. However, the de-
mand to inhibit motor responding recruited additional
activity with ventral and dorsolateral frontal regions
within the right (but not left) hemisphere.

In future work, we plan to systematically vary the
proportion of flip to hold rule trials. A particularly
interesting test for the perceptual novelty explanation
of lateral frontal activations would be the case for which
flip trials occur more frequently than hold trials. Under
these conditions, our account makes a specific and
surprising prediction: Medial frontal and subcortical
structures, such as the dorsomedial thalamus, should
still be selectively activated by changes in SR mappings
(i.e., switch trials). However, the left dorsolateral pre-
frontal cortex should actually show a stronger response
for hold rule trials.

In addition to its application to the simple task studied
here, the model of the prefrontal cortex emerging from
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Figure 5. Relationship between individual subject performance and peak event-related response to “flip” feedback events in Experiment 1

(Talairach coordinates for locations tested were derived from the coordinates of peak activations shown in Table 1). Scatterplots show correlation
between activation in each region and the occurrence of response errors on trials immediately following presentation of a flip feedback instruction.
Bar plots show mean event-related response for subjects who made either no response errors (error-free subjects) compared with those who made

at least one such error (error makers).

this and other studies of task switching is applicable to a
range of superficially diverse tasks (Duncan & Owen,
2000). All these tasks require the active monitoring and
evaluation of sensory events for the purpose of optimiz-
ing nonstandard transformations between sensory input
and motor output. Efficient implementation of these
control operations essentially requires the temporal
integration of sensory and motor signals across delays.
The neural architecture of prefrontal regions provides a
suitable substrate for such a working memory system in
the form of sustained neural activity within reciprocal
cortico-cortical and cortical-subcortical loops (Fuster,
2000; Goldman Rakic, 1995). Failure to maintain a trace
of past actions and their associated sensory context
would lead to deficits in updating and maintaining SR
associations, similar to the type of deficit seen following
frontal lobe damage in humans and animals.

Conclusions

We have used a very simple model task to investigate the
contributions of various prefrontal regions to the adapt-
ive control of behavior. The results clarify the relative
specializations of the medial and lateral prefrontal cortex
during switching between arbitrary task rules. Ventral
and dorsal lateral prefrontal areas are recruited by

22 Journal of Cognitive Neuroscience

behaviorally salient/surprising sensory events regardless
of their behavioral implications. When such events signal
the necessity to modify current behavior, the anterior
cingulate cortex and associated subcortical structures,
including the mediodorsal thalamus, are recruited to
monitor and adjust SR mappings.
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