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Neural Changes in Control Implementation of a

Continuous Task
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Itis commonly agreed that control implementation, being a resource-consuming endeavor, is not exerted continuously or in simple tasks.
However, most research in the field was done using tasks that varied the need for control on a trial-by-trial basis (e.g., Stroop, flanker) in
a discrete manner. In this case, the anterior cingulate cortex (ACC) was found to monitor the need for control, whereas regions in the
prefrontal cortex (PFC) were found to be involved in control implementation. Whether or not the same control mechanism would be used
in continuous tasks was an open question. In our study, we found that in a continuous task, the same neural substrate subserves control
monitoring (ACC) but that the neural substrate of control implementation changes over time. Early in the task, regions in the PFC were
involved in control implementation, whereas later the control was taken over by subcortical structures, specifically the caudate. Our
results suggest that humans possess a flexible control mechanism, with a specific structure dedicated to monitoring the need for control

and with multiple structures involved in control implementation.
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Introduction

Much research in cognitive control is focused on the recruitment
of task-relevant resources in response to sudden changes in the
environment (Garavan et al., 2002; Kerns et al., 2004b; Rid-
derinkhof et al., 2004). A prominent view of cognitive control is
the response—conflict theory (Botvinick et al., 1999; Carter et al.,
2000; MacDonald et al., 2000; Botvinick et al., 2001; Kerns et al.,
2004b). This theory asserts that the amount of conflict between
competing or concurrent cognitive processes is the basis of the
modulatory signal used to recruit task-relevant resources. The
theory also postulates that the control mechanism is based on two
distinct components: (1) evaluative, located in the anterior cin-
gulate cortex (ACC) that monitors conflict in the environment
and signals the need for control; and (2) executive, located in the
dorsolateral prefrontal cortex (DLPFC) that actually implements
the control (Carter et al., 2000; Botvinick et al., 2004; Kerns et al.,
2004b). Conflict situations are found in tasks that require over-
riding of prepotent responses, such as flanker or Stroop tasks
(Botvinick et al., 1999; Kerns et al., 2004b), selecting actions from
a set of equally permissible responses (Frith et al., 1991; Barch et
al.,, 2000), or performing tasks prone to error commission
(Braver et al., 2001; Menon et al., 2001). Most studies within
conflict-adaptation paradigms have looked at control implemen-
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tation during short-lasting discrete skills (Schmidt and Lee,
1999), such as reaction-time tasks, without addressing longer-
lasting continuous skills, such as tracking tasks. Indeed, Lee and
Genovese (1989) found differential effects for motor skill acqui-
sition for discrete versus continuous motor tasks. Thus, we ques-
tioned whether the same findings observed during discrete con-
flict tasks (Carter et al., 1998; Botvinick et al., 1999; Carter et al.,
2000; MacDonald et al., 2000) would also be obtained when the
conflict task was chronic and a continuous response was re-
quired. In the current study, we show that adaptation to chronic
conflict is based on the same neural substrate that subserves
short-lasting conflict trials (i.e., ACC and DLPFC) but only in the
early stages of the task when performance is suboptimal; once the
task is mastered, the control is implemented by basal ganglia.

Materials and Methods

Subjects. Twenty healthy subjects (11 females, 9 males), with a mean age
of 25.1 * 3.8 years, volunteered for this study. Inclusion criteria for
participation included being right handed (Oldfield, 1971), having satis-
factory vision or vision corrected with lenses, and having the full range of
motion of the right index finger (metacarpophalangeal joint). Exclusion
criteria included pregnancy, metals or implanted medical devices incom-
patible with magnetic resonance imaging (MRI), and claustrophobia. All
subjects gave informed consent, and the study was approved by the local
Institutional Review Board.

Tracking procedure. Subjects were positioned supine inside a 3 tesla
magnet (Magnetom Trio; Siemens, Munich, Germany). The subjects’
right hands were placed palm down comfortably on their lower abdomen
using a foam wrist support to ensure that they had full index finger
flexion and extension range of motion. Ear plugs and headphones were
used to dampen the noise during the anatomical scan and to allow com-
munication between the subject and the examiners. A mirror on the head
coil allowed the subject to see the projection screen displaying the func-
tional task. Functional MRI (fMRI)-compatible finger electrogoniom-
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eters with potentiometers (ETI Systems, Carlsbad, CA) were attached to
the subject’s right and left index fingers. The purpose of the left electro-
goniometer was to verify that no motion occurred at the left index finger
while tracking with the right. The voltage signal representing joint mo-
tion was directed to a computer (Dell Computer Company, Round Rock,
TX) through an analog-to-digital converter that sampled the signal at 60
Hz.

The subject’s index finger range of motion in full flexion and extension
was measured to individualize the amplitude of the target waveform to be
tracked by each subject. The target waveform was a 0.4 Hz sine wave of
variable amplitude. The uppermost peak of the wave was set at 85% of the
subject’s range of motion (with 100% defined as full extension), and the
lower peak of the wave was set at 15% of the subject’s range of motion
(with 0% defined as full flexion). Thus, the upper and lower peaks of the
target were within each subject’s range of motion. Subjects were in-
structed in tracking with their right hand and were told not to move their
left hand.

Before entering the magnet, the subjects received ~30 s of practice to
become familiarized with the tracking tasks and sequence of conditions.
A blocked design was used to alternate three conditions during the track-
ing test. The conditions were rest (R), compatible tracking (C), and
incompatible tracking (I). These conditions were presented in one of the
following sequences of blocks: sequence 1: R, C;, R,, [}, R;, C,, Ry, I, Rs,
Cs, Rg, I3, Rjs sequence 2: Ry, [}, R, Cy, Ry, I, Ry, Gy, Ry, 15, R, G5, R

Subjects were randomly assigned to perform only one of these two
sequences. Each subject performed early (C, ), middle (C,), and late (C5)
blocks of the compatible tracking condition as well as early (I,), middle
(I1,), and late (I;) blocks of the incompatible condition. With each block
lasting 30 s and a 3 s lapse between blocks, the experiment lasted ~7 min.
During the rest condition (blocks R,_,), the screen displayed a variable-
amplitude sine wave with the word “rest” appearing at the bottom of the
screen. The subjects were instructed to follow the cursor with only their
eyes as it moved in a straight line horizontally across the screen. During
the compatible condition, the screen displayed a random sine wave with
the word “track” appearing at the bottom of the screen. The subjects used
flexion and extension of their right index finger to guide the cursor such
that upward finger extension guided the cursor upward and downward
finger flexion guided the cursor downward. During the incompatible
condition, the screen displayed the same target waveform but with the
word “reverse” appearing at the bottom of the screen. For the incompat-
ible condition, subjects again used finger flexion and extension to guide
the cursor, but now upward finger extension guided the cursor down-
ward, and downward finger flexion guided the cursor upward.

Tracking analysis. Tracking performance was quantified with an accu-
racy index (AI) (Carey, 1990) defined as follows:

! 100 X (P — E)
-—

where E is the root mean square (rms) error between the target line and
the response line and P is the magnitude of the subject’s target pattern,
calculated as the rms difference between the sine wave and the midline
separating the upper and lower halves of the target pattern. The maxi-
mum possible score is 100%.

Imaging. A high-resolution (1 mm?), T,-weighted, three-dimensional
(3D) anatomical image dataset [3D FLASH; repetition time (TR), 20 ms;
flip angle (FA), 30°; total acquisition time, 10.44 min] was acquired over
the entire brain to identify appropriate landmarks and serve as a template
on which functional images would be overlaid. T,-weighted fMRIs of the
blood oxygen level-dependent (BOLD) signal were taken in the trans-
verse plane with a gradient echo echo-planar imaging sequence (echo
time, 30 ms; TR, 3000 ms; FA, 80° field of view, 192 X 192 mm with a
matrix size of 64 X 64 leading to a resolution of 3 X 3 X 3 mm). Scans
were taken every 3 s during the 7 min tracking test. A total of 160 scans
were taken, and each slice was 3 mm thick.

Statistical analysis of the imaging data. Brain Voyager (Brain Innova-
tion, Maastricht, The Netherlands) software was used for fMRI data
preprocessing and analysis. The functional bidimensional images of ev-
ery subject were preprocessed to correct for motion artifacts (movements
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<3 mm in any plane), for differences in slice scan-time acquisition, and
to remove temporal linear trends. In addition to linear detrending, a
high-pass filter of three cycles per time course (frequency domain) was
applied. These functional images were then used to reconstruct the 3D
functional volume for every subject and every run. The 3D functional
volume was aligned with the corresponding 3D anatomical volume, and
both were normalized to standard Talairach space (Talairach and Tour-
noux, 1988). Spatial smoothing using a Gaussian kernel at 8 mm full-
width at half maximum was applied to the 3D functional data. A general
linear model (GLM) having six predictors corresponding to the six
blocks of activity (three for the compatible and three for the incompatible
condition) and a dependent variable, the BOLD signal, expressed as a
percentage in relation to the baseline (rest condition), was fitted for each
subject and each voxel. The parameters of this GLM model were subse-
quently entered into a second level of analysis corresponding to a
random-effect GLM model that was used for group analysis (Penny and
Holmes, 2003). Although the above-mentioned GLM model was fit for
each voxel in the entire brain and we did not use any mask, we focused
our analysis mainly on regions activated in the DLPFC and ACC. Statis-
tical parametric maps were created for preplanned contrasts, and clusters
of activation were displayed only when they contained =100 contiguous
voxels, the t values of which were =3.90 corresponding to a p value of
<0.001 (uncorrected).

Given the novelty of the task, one would expect that regions involved
in implementing movement control should be more active in the early
stage of the experiment (i.e., block 1) (Karni et al., 1998) and also more
active in the less intuitive condition (i.e., incompatible) (Botvinick et al.,
1999; Braver et al., 2001). Therefore, we focused on the following con-
trasts of interest: early versus late blocks, separately for each condition
(C, vs Cyand I, vs I;); and incompatible versus compatible, in early and
late blocks (I, vs C, and I vs C;).

In addition, to explore for possible effects coupled to learning in the
more demanding condition (incompatible blocks), we divided the sub-
jects, post hoc, into two halves on the basis of median: the top 10 subjects
showed the greatest gain in tracking performance during the incompat-
ible condition from periods 1 to 3 (“high improvers”), and the bottom 10
subjects showed the least gain (“low improvers”). We then ran the same
contrasts described above for each of these two groups.

Results

Behavioral results

The Al scores for all subjects across the early, middle, and late
blocks combined were 75.4 * 1.4% (mean and SEM) for the
compatible condition and 67.8 = 2.21% for the incompatible
condition. Given that the Al scores were normally distributed, we
used parametric tests in the analysis of the behavioral results.
Subjects’ performances in the compatible condition were signif-
icantly better than in the incompatible condition ( ,, = 2.963;
p = 0.007). However, we were interested in testing whether the
performance in the two conditions changed significantly from
the early (C, 1)) to the late (C; I5) part of the experiment, an
indicator that task was mastered and that motor control was
implemented. Figure 1 shows the behavioral results, for all sub-
jects, in early and late blocks and for compatible and incompati-
ble conditions.

A repeated-measures ANOVA model with block (early vs late)
and condition (compatible vs incompatible) as repeated factors
was used to analyze the data. The ANOVA showed that subjects’
performances were better in the late than early block (F, 4y =
20.649; p < 0.001), and it was better overall for the compatible
than incompatible condition (F, ;o) = 17.043; p = 0.001) (Fig.
1). In addition, there was a significant interaction effect between
the block and condition (F, ;o) = 17.081; p = 0.001). Sidak tests
(Sidak, 1967) adjusting for multiple comparisons showed that the
interaction effect is based on a significant change in performance
for the incompatible condition, from the early to late block,



3012 - J. Neurosci., March 14, 2007 - 27(11):3010-3016

s5C1)
3 8 8

g 3

mearly
miate

N ow &
S © ©

Accuracy index scare (mean, 95CH

s

L}

compatible

incompatible

Condition

Figure1. Thebehavioral performance of all subjects in early and late blocks during compat-
ible and incompatible conditions. Subjects’ performances improved significantly for the incom-
patible condition, from early to late blocks; also, in the early blocks, performance during the
compatible condition was better than that during the incompatible condition. Asterisks indicate
significant differences between blocks ( p << 0.05). 95CI, 95% confidence interval.

whereas such a significant change was not observed for the com-
patible condition.

Imaging results

Given the behavioral results, one would expect that regions in-
volved in implementing movement control should be more ac-
tive in the early stage of the experiment (i.e., block 1) and also
more active in the less intuitive condition (i.e., incompatible).
Therefore, we ran a contrast in all subjects examining for greater
BOLD signal in the early incompatible condition (I;) compared
with the early compatible condition (C,). The I, > C, contrast
revealed two prefrontal regions, one in the right inferior prefron-
tal gyrus [Brodmann’s area 45 (BA45); 717 voxels; Talairach co-
ordinates: +39, +19, +20; maximum ¢ value, 4.99] and another
one in the right middle frontal gyrus (BA9; 315 voxels; Talairach
coordinates: +22, +32, +38; maximum ¢ value, 4.88). Figure 2
shows the localization of these regions in sagittal and transverse
planes. In addition to these areas, the only other area showing
activation in these contrasts was the right middle temporal gyrus
(BA21; Talairach coordinates: +51, —19, —7).

Next, we looked at changes over time from the first to the third
blocks to detect learning/adaptation in each condition separately
(I, > I and C, > C;). The contrast C, > C; did not reveal any
differential activation to surpass our statistical threshold. For the
incompatible condition, I, > I, activation was revealed in two
prefrontal regions, one in the right medial prefrontal gyrus (BA9;
126 voxels; Talairach coordinates: +13, +50, +30; maximum ¢
value, 4.81) and another one in the right middle frontal gyrus
(BA9; 547 voxels; Talairach coordinates: +20, +32, +41; maxi-
mum ¢ value, 5.51). The second prefrontal area revealed by this
contrast is the same as one of the areas revealed by the previous
contrast. In addition, one region in the ACC gyrus was activated
by this contrast (BA24; 230 voxels; Talairach coordinates: 0, +17,
+23; maximum ¢ value, 4.61) (Fig. 3). This imaging result is
consistent with its behavioral counterpart, in which there was a
difference in performance from early to late blocks only for the
incompatible condition.

To tie the imaging results with the behavioral performance, we
decided to examine the correlation between the change in ACC
BOLD signal and the change in tracking accuracy between early
and late blocks in all subjects for both conditions. We chose the
difference scores in this analysis because the imaging results are
expressed as a difference (contrast between one condition and
another), on one hand, and because we found a significant dif-
ference, behaviorally, between early and late incompatible blocks,
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Figure 2.  Top, The contrast between early incompatible and compatible conditions (I, >
(, ) reveals prefrontal regions (areas BA9 and BA45) involved in movement control implemen-
tation. A, Anterior; P, posterior; R, right; L, left. Bottom, The graphs show the BOLD signal for
each region and each condition in all blocks of the experiment. Error bars indicate SEM. The
arrows point to the same activated cluster in different planes.

on the other hand. As a result of this analysis, we found a signif-
icant correlation between ACC difference in activation and
change in behavioral performance only for the incompatible (r =
—0.562; p < 0.01; n = 20) but not for the compatible (r = 0.215;
p = 0.36; n = 20) condition (Fig. 4).

Another way to confirm that activity in these regions (pre-
frontal and ACC) indeed subserves movement control is to group
the subjects based on their improvement in performance across
early and late incompatible blocks and examine the activation
within each group (e.g., high vs low improvers). To do this, we
computed the difference in accuracy between early and late in-
compatible blocks and split the subjects into two equal groups
based on the median of this behavioral variable. Next, we re-
peated this procedure for the compatible blocks. The analysis of
the behavioral results (Fig. 5, top) was performed separately for
each group using a GLM model with block (early vs late) and
condition (incompatible vs compatible) as independent factors
and accuracy as the dependent variable. This analysis showed that
subjects in the low improvers group did not change their perfor-
mance as a function of block [F(, 55y = 1.02; p = 0.31; mean
square error (MSE), 40.29], condition (F, 5 = 2.58; p = 0.11;
MSE, 40.29), or a combination of the two (F, 35, = 0.78; p =
0.38; MSE, 40.29). In contrast, behavioral performance of sub-
jects in the high improvers group did depend on block (F, 55, =
13.09; p < 0.001; MSE, 100.45), condition (F(, 55, = 16.72; p <
0.001; MSE, 100.45), and their interaction (F, 35y = 4.64; p <
0.04; MSE, 100.45). Specifically, these participants were worse
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Figure 4. The change in BOLD signal from early to late incompatible blocks in the ACC
correlated significantly (negatively) with behavioral improvements observed during the same
blocks (incompatible condition; left graph) but not during compatible condition (right graph).

during the incompatible than during the compatible condition in
the early blocks of the experiment, but they performed equally
well in these conditions in the later blocks. As for the correspond-
ing imaging results, when we ran the contrasts between early
incompatible and compatible conditions or between early and
late incompatible blocks again, we observed activation in the pre-
frontal cortex (PFC) and ACC only in the high improvers group.
Activity in the PFC reflected the difference in performance be-
tween early incompatible and compatible blocks, whereas the
activity in the ACC reflected the adaptation to the incompatible
condition over time (Fig. 5, bottom). We mention here that given
the reduced sample size for these analyses (1 = 10), we increased
our cutoffrvalue to t,,;,, = 4.80 to have the same statistical thresh-

BOLD signal change in ACC, BA24

O —

The areas activated by the contrast between early and late incompatible blocks (I, > 1;) in which subjects show
significant activation in the PFC and ACC. The corresponding contrast for compatible blocks (C; > (;) showed no significant
activation using the same statistical threshold. Error bars indicate SEM. The arrows point to the same activated cluster in different
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old as that used in previous analysis for the
entire group of subjects (p < 0.001, un-
corrected). The minimum cluster size was,
again, 100 contiguous voxels.

Given that subjects’ performances in
the incompatible condition improved
from block 1 to block 3, we explored for a
corresponding shift in neural substrate
with a contrast examining for greater
BOLD signal in block 3 compared with
block 1 (I > 1,) in all subjects. Four clus-
ters were thus identified: two in the basal
ganglia (bilateral caudate nucleus), one in
the medial PFC (BA10; 152 voxels; Ta-
lairach coordinates: +19, +65, +20), and
one in the middle occipital gyrus (BA19;
377 voxels; Talairach coordinates: —41,
—78, —4). Of these clusters, only the dif-
ference in activation in the left caudate
(364 voxels; Talairach coordinates: —12,
+18, +1) correlated significantly and
negatively with that of the prefrontal re-
gion found in the opposite contrast, I, >
I (BA9; Talairach coordinates: +20, +32,
+41). This correlation was significant in
the incompatible condition (r = —0.530;
p < 0.02; n = 20) but not the compatible
condition (r = 0.387; p = < 0.09; n = 20)
(Fig. 6), indicating a transfer of movement
control implementation from cortical to
subcortical levels as performance im-
proved. This finding was strengthened by
examining this correlation separately
within each group (Fig. 6). For the high
improvers, the negative correlation was greater and still signifi-
cant despite the reduced sample size (r = —0.713; p < 0.02; n =
10), whereas the correlation was not significant for the low im-
provers (r = —0.388; p = 0.26; n = 10).

— —
g 8- Compustia

Pariods of experimant

Discussion

The analysis of the behavioral results suggests that the incompat-
ible condition was the more difficult and showed the biggest
improvement in performance. Similar to discrete performance
tasks (e.g., Stroop), our results show that the control mechanisms
for a continuous task are more likely to be triggered and imple-
mented during incompatible conditions resulting in a beneficial
effect on performance.

Our imaging data showed that the neural substrate of cogni-
tive control during a continuous task is similar to that found in
discrete tasks, namely the ACC and PFC (Carter et al., 2000;
MacDonald et al., 2000; Botvinick et al., 2001). Given the contin-
uous nature of the task and the temporal resolution of fMRI
acquisition, we could not directly distinguish between the mon-
itoring and the implementation components of cognitive con-
trol. Although there are studies suggesting that ACC might be
involved in control implementation itself (Posner and Rothbart,
1998; Markela-Lerenc et al., 2004; Roelofs et al., 2006), a large
body of evidence in the cognitive control framework indicates
that ACC is the monitoring component (Carter et al., 1998, 2000;
Garavan et al., 2002; Botvinick et al., 2004; Kerns et al., 2004b;
Brown and Braver, 2005), whereas the prefrontal substrate actu-
ally implements the task control (Carter et al., 2000; Dove et al.,
2000; Kerns et al., 2004a,b; Egner and Hirsch, 2005a,b). In our
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Behavioral results for high and low 'improvers’
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Figure 5.  Top, Mean tracking accuracy of high and low improvers during early and late
compatible and incompatible blocks. Poor improvers did not change their performance over
time or across conditions. High improvers had low performance in the incompatible compared
with the compatible condition only early in the experiment, but they improved significantly late
in the experiment. Bottom, The regions activated by the contrasts |, > C, (left) and I, > I,
(right) in the high-improvers group. No regions were activated by the same contrastsin the low-
improvers group. The arrows point to the same activated cluster in different planes. 95%Cl, 95%
confidence interval; A, anterior; P, posterior.

study, we found that the PFC was more active in the incompatible
versus the compatible condition but only in the early stage of the
experiment when the task was less skillful. Furthermore, the PFC
was more active in the early stage versus late stage but only for the
more difficult incompatible condition. The ACC activity was also
more active in the early stage versus late stage of the incompatible
condition and, in addition, was correlated negatively with behav-
ioral improvement. This result, interpreted in the conflict-
monitoring framework, suggests that as the need to monitor the
conflict decreased (i.e., subjects were getting better at the task), so
did the activity in the ACC. We point out that given the contin-
uous nature of the task, one cannot differentiate between error
rate (deviation from the tracked trajectory) and level of conflict,
which were both higher during incompatible blocks. Therefore,
the reduction in ACC activity over time may also reflect a re-
sponse to reduction in error, because previous studies showed
that this structure is sensitive to error (Carter et al., 1998; Kiehl et
al., 2000) or to predicting the error likelihood (Brown and Braver,
2005).

The imaging analysis performed for the high improvers group
revealed a functional specialization of the ACC and PFC (Fig. 5)
given that the two contrasts targeted different questions. Contrast
I, > C, addressed the question of which regions were involved in
the initial adaptation to the novel demands of the task (i.e., re-
verse tracking), whereas contrast I, > I; was designed to show
which regions changed their activation over time, as these sub-
jects adapted to these novel demands and mastered the task. We
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Figure6. A, Tworegionsin the caudate nucleus, bilaterally, were activated significantly by

the contrast; > |,. A, Anterior; P, posterior. B, C, The activation in the left caudate correlated
significantly negatively with the activation in the PFConly during the incompatible but not the
compatible condition (B) and only for subjects in the high improvers group (C).

found, for the high improvers group, that the medial PFC seemed
to be especially involved in the initial implementation of task
control, whereas ACC activity changed over time, as subjects
mastered the incompatible condition. Of course, because perfor-
mance was measured as tracking accuracy, the reduction in ACC
activity over time may reflect the reduction in tracking error,
given the sensitivity of this region to error (Carter et al., 1998;
Kiehl et al., 2000).

Changes in ACC activation over time have previously been
shown as a function of task practice (Milham et al., 2003), exper-
iment duration (Erickson et al., 2004), or focus of attention
(Mars et al., 2005). However they were either unrelated to the
behavioral index measuring conflict (Milham et al., 2003; Erick-
son et al., 2004) or they were related to attentional shifts regard-
ing the source of error information (Mars et al., 2005). These
findings suggest that there could be changes in the neural activity
without corresponding changes in behavioral measures, thus
questioning the role of the ACC in conflict monitoring and sub-
sequent control implementation. In our study, however, changes
in tracking performance in the incompatible condition corre-
lated with changes in ACC activation in support of the conflict-
monitoring theory. There are several issues that may explain the
difference between our results and these studies. First, there is a
difference in the nature of the tasks, discrete versus continuous.
Second, we used correlation between pairs of behavioral and im-
aging measures (score differences) computed for each subject,
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whereas Erickson et al. (2004) used differences in means com-
puted for the entire subject sample. Third, we compared first and
last thirds of the time period of the experiment, instead of just
first and last halves. If changes are gradual, a comparison between
halves may not be as sensitive in revealing significant differences
as first and last thirds. Although one cannot exclude the possibil-
ity that both behavioral and imaging changes in our results may
be produced by additional factors (e.g., changes in focus of atten-
tion or a change in strategy used in the task), we consider the
correlation between ACC activity and tracking performance as an
indication of control implementation.

Notably absent from our imaging results was the activation of
posterior parietal regions, which were previously shown to be
involved in tracking errors (Krigolson and Holroyd, 2006) or
making on-line corrections (Desmurget et al., 1999, 2004a,b)
during continuous motor tasks. Given that in these studies the
posterior parietal cortex was said to be implicated in a “low-level”
type of control, the lack of activation in our case may indicate that
subjects used a higher-level type of control based on prefrontal
regions. It may be, therefore, that subjects in our study applied a
higher-order cognitive rule (e.g., move finger in opposite direc-
tions), whereas if cursor deviations were to be at random or as
part of areaching move, alow-level type of control may have been
in place, involving the parietal regions and possibly the cerebel-
lum (Doyon et al., 2003). Also, these previous tasks were mostly
reaching movements (Desmurget et al., 1999, 2004b) or main-
taining a cursor in a region between two moving barriers (Krigol-
son and Holroyd, 2006). Therefore, the cognitive processes in our
task compared with these previous studies may be very different,
because the subjects’ goals were different. This can also explain
the lack of parietal activation in our study.

The other important finding in our experiment expands the
cognitive control theory by identifying the neural substrate of the
executive component of control in familiar settings (i.e., after a
difficult task has been mastered). It is commonly agreed that
control implementation, being a resource-consuming endeavor,
is not exerted continuously, nor is it exerted in simple tasks.
Rather, it is exerted in extraordinary situations (i.e., in novel or
difficult tasks) (Miller and Cohen, 2001; Botvinick et al., 2004).
However, people accommodate and usually learn difficult tasks
or adapt to new situations, reflecting a better implementation of
control. For instance, as learning to drive a car progresses and
control is better exerted, the driver can effortlessly perform con-
current tasks while driving (e.g., maintaining a conversation). We
showed in our experiment that once the more difficult task (in-
compatible condition) was mastered by the initially less-skillful
subjects, the control implementation was transferred from pre-
frontal to subcortical regions, specifically to the basal ganglia. The
activity in the left caudate nucleus displayed the opposite pattern
as that in the PFC, and it correlated negatively with the PFC
during the incompatible condition. The fact that this correlation
was significant only for the subjects who improved the most (high
improvers), and only for the incompatible condition, strengthens
the argument that the caudate nucleus is the locus of control
implementation once a task is well performed. We must empha-
size here that the low improvers, who actually did not need addi-
tional control in the task because they managed to perform better
from the beginning, did not show a difference in caudate activa-
tion from early to late periods. This does not mean that they did
not use the caudate in their control implementation of the task
but rather that this region was not differentially activated across
time.

In addition to the basal ganglia, we found more activation in

J. Neurosci., March 14, 2007 - 27(11):3010-3016 * 3015

the medial frontal (BA10) and middle occipital (BA19) gyri as the
incompatible tracking task was mastered. We believe that this
frontal activation may be indicative of prospective memory func-
tions that help subjects anticipate the correct position of the cur-
sor, given their current movement (Adam et al., 2003; Okuda et
al., 2006), whereas the occipital activation may subserve selective
attention and increase efficiency of visuomotor transformations
(Frutiger et al., 2000; Bundesen et al., 2002; Brown et al., 2004).

Our results suggest that although there is a single locus for
monitoring the need for control (ACC), there may be multiple
loci involved in control implementation, the executive compo-
nent of the control mechanism. It is conceivable that the need for
control should be restricted to a single region, to avoid possible
confusion when it comes to estimate the necessity for control
recruitment. Not only was the same locus in the rostral ACC
(BA24, BA32) consistently found to be involved in control mon-
itoring (Botvinick et al., 1999, 2004; Carter et al., 2000; Kerns et
al., 2004b), but it was also found to be processing a variety of
modulatory signals, such as errors (Kiehl et al., 2000; Braver et al.,
2001; Garavan et al., 2003; Magno et al., 2006), level of conflict
(Botvinick et al., 1999; Garavan et al., 2003; Milham and Banich,
2005), and action consequences (Ridderinkhof et al., 2004; Rush-
worth et al., 2004). In contrast, the executive component of con-
trol was not always restricted to the same locus within the PFC,
even when the locus of evaluative component in the ACC was
similar (Carter et al., 2000; Kerns et al., 2004b). This is consistent
with the neural inhomogeneity of the PFC and with its variety of
functions (Miller and Cohen, 2001; Koechlin et al., 2003; Rid-
derinkhof et al., 2004). Having one locus monitoring the need for
control and multiple loci responsible for control implementation
underlie the flexibility and plasticity of control mechanisms.

Recent studies on patient populations suggest that error pro-
cessing is primarily dependent on intact connectivity between
frontal and striatal circuits (Hogan et al., 2006; Ullsperger and
von Cramon, 2006). Although we did not investigate the connec-
tivity between our regions of interest, the correlation between
prefrontal regions and the caudate nucleus may be indicative of
such circuitry subserving cognitive control in our task. Our re-
sults show, in addition, that these frontostriatal circuits may have
different functions depending on the learning stage, with frontal
areas playing a bigger role in the beginning and the striatum
taking the lead once enough experience is acquired in the motor
task. Perhaps cognitive control should be viewed from a learning
perspective: every novel or difficult task elicits adaptation and,
ultimately, learning. Our results regarding the role of the caudate
in cognitive control, once the task was mastered, are consistent
with a large body of evidence suggesting that corticostriatal cir-
cuits underlie motor learning, especially during the late, slow
learning phase, when motor skills became automatic (Doyon et
al., 2003; Doyon and Benali, 2005; Lehericy et al., 2005).

Having identified that the caudate, in particular, becomes ac-
tive with such an incompatible behavioral task, a logical next
question is whether repeated tracking training in the incompati-
ble and other cognitively challenging tasks could forestall the
progression of degenerative diseases affecting the caudate and
other basal ganglia.
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