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The current study examined the development of cognitive and
neural systems involved in overriding a learned action in favor
of a new one using a stimulus–response compatibility task and
functional magnetic resonance imaging. Eight right-handed
adults (mean age, 22–30 years), and eight children (7–11 years)
were scanned while they performed a task. Both children and
adults were less accurate for incompatible stimulus–response
mappings than compatible ones; the children’s performance
was significantly worse. The comparison of the incompatible
and compatible conditions showed large volumes of activity in
the ventral prefrontal cortex, ventral caudate nucleus, thalamus,
and hippocampus. Striatal activity correlated with the percentage of errors in overriding the old stimulus–response association. The hippocampal activity correlated with the reaction time

to make a response to a new stimulus–response mapping that
required the reversal of a prior association between a stimulus
and a response location. Developmental differences were observed in the volume of striatal/pallidal and hippocampal/parahippocampal activity in that these regions were larger and
extended more ventrally in children relative to adults. These
results suggest that with maturation and learning, projections to
and from these regions may become more refined and focal.
Moreover, these findings are consistent with the role of ventral
frontostriatal circuitry in overriding habitual and well learned
actions and hippocampal systems in learning and reversing
associations between a given stimulus and spatial location.
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The ability to override competing actions is a key component of
cognitive functioning (Kahneman et al., 1983; Baddeley, 1986;
Shallice, 1988; Cohen and Servan-Schreiber, 1992; Desimone and
Duncan, 1995); it becomes more efficient with age (Harnishfeger
and Bjorkland, 1993). In other words, immature cognition is
characterized by greater susceptibility to interference from competing actions (Diamond, 1990; Brainerd and Reyna, 1993;
Dempster, 1993; Casey et al., 2001, 2002; Munakata and Yerys,
2001), as evidenced in children when performing Stroopinterference tasks (Tipper et al., 1989), card sorting (Zelazo et
al., 1996; Munakata and Yerys 2001), and go–no-go tasks (Luria,
1961; Casey et al., 1997a,b; Vaidya et al., 1998). In all cases,
children have more difficulty making the correct response when
there is interference from competing response alternatives.
Overriding well learned actions in favor of new ones and the
development of neural subsystems underlying this ability is the
focus of this paper. In essence, how does the less mature system
recruit brain regions when making a new response to a given
stimulus relative to making a well learned response to that same
stimulus (i.e., stimulus–response incompatibility)? This ability
involves both overriding an old association while simultaneously
learning a new one. The ability to shift between behavioral sets
has been linked to ventral frontostriatal circuitry (Alexander et
al., 1986). Lesions in this circuitry can result in difficulty shifting
out of a behavioral set (Iversen and Mishkin, 1970). Imaging

studies have implicated this circuitry in learning new sequences or
stimulus–response mappings relative to learned sequences (Taylor et al., 1993; Berns et al., 1997; Rauch et al., 1998). Finally,
clinical disorders characterized by difficulty shifting a behavioral
set [e.g., obsessive–compulsive disorder (OCD)] show abnormally high metabolism in this circuitry (Baxter et al., 1988; Swedo
et al., 1989) and appear to rely on alternative learning systems
involving the hippocampus rather than frontostriatal circuitry
when learning a sequenced response (Rauch et al., 2001).
A key question of this study is how an immature system recruits
brain regions when learning new stimulus–response associations.
First, based on the existing animal, clinical, and imaging literature, we hypothesized that children would have more difficulty
overriding an old stimulus–response mapping in favor of a new
one and that frontostriatal activity would correlate with development of this ability. Second, we hypothesized that frontohippocampal activity would be involved in learning a new set of
response locations. Finally, based on our own work and that of
others (Casey et al., 1997b; Hertz-Pannier et al., 1997), we hypothesized that activity associated with forming new associations
would be more diffuse and less focal for children in these respective frontostriatal and hippocampal circuits, but that similar brain
regions would be recruited across age groups. Thus, the current
study examines the development of neural circuitry involved in
overriding a stimulus–response mapping and learning a new one
using functional magnetic resonance imaging (fMRI) and a stimulus–response compatibility task.
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MATERIALS AND METHODS
Subjects. Eight right-handed adults (three female; mean age, 24.5 years,
range, 22–30) and eight right-handed children (four female; mean age,
8.8 years, range, 7–11) were scanned. All subjects were screened for a
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Table 1. Location, maximum F ratios, and volume for brain regions sorted by volume of activity
Talairach coordinates
Regions of interest
Activations
Right thalamus
Right basal ganglia
Right hippocampus
Right insula
Right prepostcentral gyrus (4/1)
Right inferior parietal (40)
Left fusiform gyrus
Left insula
Left lateral orbital/inferior frontal gyrus (47)
Right middle frontal gyrus (6)
Left cerebellum
Deactivations
Right cingulate gyrus (31)
Right superior temporal gyrus (22)

X

Y

Z

Maximum F ratio

Volume, mm3

14
10
21
40
30
28
⫺49
⫺38
⫺38
44
⫺18

⫺17
3
⫺33
12
⫺19
⫺48
⫺47
6
17
4
⫺50

6
8
⫺7
4
34
32
⫺17
3
⫺3
50
⫺46

54.08
33.81
30.55
41.81
54.08
42.45
24.60
18.35
22.91
18.69
17.43

3320
1953
1807
1758
1123
830
732
586
488
488
439

5
54

⫺52
⫺38

37
14

13.36
14.03

244
195

history of any contraindication for MRI. Written informed consent was
obtained from subjects before the scans were performed.
Behavioral paradigm. Subjects were shown a single centrally presented
digit on each trial (1, 2, or 3). The stimulus duration was 500 msec, with
an interstimulus interval of 1500 msec. The subject’s task was to press
one of three buttons that corresponded to the presented digit. In the
stimulus–response-compatible condition, subjects pressed the first button
for a 1, the second button for a 2, and the third button for a 3 (i.e., 1–2-3
mapping). In the incompatible mapping condition, subjects had to shift
and maintain a new behavioral set, either 3–1-2 or 2–3-1. For example, in
the 3–1-2 mapping, subjects pressed the first button for a 3, the second
button for a 1, and the third button for a 2. In a simple rest condition,
subjects passively watched as the digit 1, 2, or 3 appeared on the screen,
but pressed no button. Each condition (compatible, incompatible, and
rest) was presented in 60 sec blocks with 30 trials per block in an
ABCCBA design run four times. Because of technical problems behavioral data were unavailable for five subjects (two adults and three
children).
Image acquisition. Subjects were first acclimated to the MRI environment in a simulator. Next, T1-weighted images [spin echo, echo time
(TE) minimum, repetition time (TR) 500, 256 ⫻ 256, 5 mm whole brain]
were acquired in the same location as the echo planar images for
localization purposes. Echo planar images (echo planar gradient echo
sequence, TE 40, TR 6000, flip 90°, acquisition matrix 128 ⫻ 64, 26
coronal slices) were acquired in twenty-six 5 mm contiguous coronal slice
locations using a GE 1.5 T scanner (General Electric, Wilmington, M A)
with 66 images per slice across four runs of the experimental conditions
in an ABCCBA ordering. Each 6000 msec whole-brain image acquisition
corresponded to three 2000 msec behavioral trials
Image processing and anal ysis. All scans were corrected for motion
using three-dimensional motion correction automated image registration
(Woods et al., 1992) and cross-registered to a representative male child
subject’s anatomical scan. Because variance maps did not differ between
groups, voxelwise ANOVAs were performed on the pooled data comparing the eight adults with the eight children to examine the effects of
age group and mapping condition. Significant regions were identified by
F ratios with p ⬍ 0.001 and a minimum cluster size of 5 voxels in the
scanned plane (coronal).

RESULTS
Behavioral results
Overall, children had more difficulty with the incompatible stimulus–response mappings than adults, as evidenced by poorer mean
accuracy (99 vs 78%; t ⫽ 5.75; p ⬍ 0.0001). Children and adults
were slower to respond during incompatible mappings of 3–1-2 or

2–3-1 than during the compatible mapping of 1–2-3, but not
significantly so (741 and 890 msec; t ⫽ 1.38; p ⬍ 0.17). Calculations of percent differences in reaction time and simple difference
scores between these conditions showed similar costs associated
with the incompatible mapping relative to the compatible one for
both children and adults (20 and 20%, t ⫽ 0.01, p ⬍ 0.99; 193 and
111 msec, t ⫽ 1.53, p ⬍ 0.16).

Imaging results
A voxelwise 16 (subjects) ⫻ 2 (condition) ANOVA comparing the
compatible and rest conditions was performed to determine sensorimotor systems involved in performing the task without the
manipulation of stimulus–response incompatibility. This analysis
showed two regions of significant activity. Across all subjects the
compatible mapping condition produced significant activity in left
primary motor cortex (BA 4) and the right cerebellum related to
a right-hand button press during the task.
The main effect of condition was tested with a voxelwise
16 ⫻ 2 ANOVA comparing the incompatible and compatible
stimulus–response mappings. The main effects of condition are
shown in Table 1. The largest volumes of signal change were
shown in the basal ganglia, inferior frontal /insula cortex, and
thalamus, as well as the hippocampus (Fig. 1). A separate time
(four runs) ⫻ condition ANOVA showed no changes in these
regions as a f unction of time on task or activity in other
prefrontal regions.
The interaction of group ⫻ condition was tested with a third
voxelwise ANOVA. This analysis showed a significant interaction in the extent of activity in the basal ganglia, hippocampal
region, and premotor cortex. First, children showed larger
volumes of activity than adults in hippocampal and parahippocampal regions as well as the basal ganglia during the
incompatible mapping condition. These regions extended more
ventrally in children. Second, adults showed an increased signal change in premotor cortex for the incompatible mappings
that was not shown in the children (Table 2, Fig. 2). Third, the
children showed activation in right precentral /postcentral gyri
not seen in the adults.
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Figure 1. Loalization of regions of significant activity during the incompatible mapping condition relative to the compatible mapping condition across
all subjects is presented in the top half. The graphs from left to right show (1) percent change in MR signal intensity in the inferior frontal cortex/insula
cortex as a function of percent change in accuracy for incompatible relative to compatible trials, (2) percent change in MR signal intensity in the caudate
nucleus as a function of accuracy, (3) percent change in MR signal intensity in the thalamus for incompatible trials as a function of the child’s age, (4)
percent change in MR signal intensity in the hippocampus as a function of percent change in reaction time for incompatible relative to compatible trials.
Closed circles are data from children, and open circles are data from adults.

Table 2. Location, maximum F ratios, and volume for regions showing a significant interaction of group (children and adults) ⴛ condition
(incompatible and compatible) by magnitude in volume of activity
Talairach coordinates
Regions of interest
Children ⬎ adults
Right parahippocampal gyrus (22/23)
Right basal ganglia
Right postcentral gyrus (1/2)
Left fusiform (37)
Left cerebellum
Right inferior parietal lobule (40)
Adults ⬎ children
Left middle frontal gyrus (6)
Right middle frontal gyrus (6)

X

Y

Z

Maximum F ratio

Volume, mm3

26
10
33
⫺28
⫺14
38

⫺22
5
⫺23
⫺45
⫺43
⫺30

⫺17
⫺2
42
⫺19
⫺43
21

29.31
20.92
45.39
21.26
18.68
21.30

2831
1514
1025
537
391
244

⫺37
40

⫺5
⫺4

32
44

22.30
27.08

683
488

Correlations with performance across ages
Reaction times (RT) and accuracies were converted to percent
difference scores to relate them to the MR signal [e.g., (RT for
incompatible mapping ⫺ RT for compatible mapping)/RT for
compatible mapping]. Two percent difference scores were calculated per subject for each incompatible mapping of 3–1-2 and
2–3-1 for both reaction time and accuracy. A correlational analysis was performed on these percent difference scores for accu-

racy and reaction times with percent differences in MR signal for
regions identified as significant for the main effect of condition
(Table 1, Fig. 1). To minimize the number of correlations, only
regions with the most robust signal change for the main effect
(i.e., F ratio ⬎25.00) were included (Table 1).
Reaction time percent difference scores were positively correlated with percent difference in the MR signal in the hippocampus (r ⫽ ⫺0.57; p ⬍ 0.003; n ⫽ 22), with a greater signal change
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Figure 2. Localization of brain regions
showing a robust MR signal change for the
interaction of group (children, adults) ⫻
condition (incompatible, compatible) interaction. R, Right; L, left.

in this region for individuals with the least increase in latency for
the incompatible trials (Fig. 1). This correlation remained significant after excluding poor performers (r ⫽ ⫺0.62; p ⬍ 0.004; n ⫽
16) and children (r ⫽ ⫺0.77; p ⬍ 0.0005; n ⫽ 12), thus eliminating
potential spurious correlations related to speed–accuracy tradeoffs and/or age-dependent change.
Although less compelling, percent differences in accuracy were
correlated with MR signal changes in the striatum (r ⫽ 0.41; p ⬍
0.04; n ⫽ 22) and insula (r ⫽ 0.50; p ⬍ 0.01; n ⫽ 22). Given that
accuracy was correlated with age (r ⫽ 0.50; p ⬍ 0.02; n ⫽ 18) and
adults were near ceiling performance (98.8%), correlations were
performed separately for children. These correlations are plotted
in Figure 1 for the striatum and ventral prefrontal cortex relative
to the mean MR signal change for adults.

Correlations specific to age
Within children, there was a positive correlation between age and
MR signal change in the thalamus (r ⫽ 0.60; p ⬍ 0.03; n ⫽ 8), but
no other region correlated with age for either or both age groups.
These data are plotted in Figure 1 relative to the mean MR signal
change for adults, showing a change that mimics that of the adults
with increasing age.

DISCUSSION
This study examined the neural circuitry involved in overriding a
well learned stimulus–response mapping in favor of a new one.
The largest volumes of activity were in the ventral prefrontal
cortex, ventral caudate nucleus, thalamus, and hippocampus.
There were specific developmental and performance effects
shown in these common regions of activity for children and adults
as well as disparate regions of activation between age groups.

Developmental differences
The ability to override a well learned response in favor of a new
one is not fully developed in school-aged children. The evidence
for continued development of this ability is indexed both behaviorally and physiologically in the current study. Behavioral performance in mean accuracy for adults was superior to that in
children, and there was differential recruitment of brain regions
between the age groups. However, there were also similarities.
First, children and adults showed almost identical costs in reaction time for the incompatible relative to the compatible mapping
condition, and children and adults activated similar brain regions.

Common task-specific brain regions
Common brain regions recruited by both children and adults
when performing the stimulus–response compatibility task were

the right ventral prefrontal cortex, the ventral caudate nucleus,
and portions of the thalamus. These brain regions represent the
projection zones within a previously described ventral prefrontal
basal ganglia thalamocortical circuit that has been linked to
flexibility in shifting a behavioral set (Alexander and Crutcher,
1990). That the activity in frontostriatal regions was lateralized to
the right is consistent with both the imaging (Luna et al., 2001)
and clinical literature (Castellanos et al., 1996; Casey et al.,
1997a), implicating this circuitry in behavioral inhibition. Frontostriatal activity has also been shown in studies that compare
novel actions relative to a repeated series of actions in serial
reaction-time tasks (Grafton et al., 1995; Berns et al., 1997; Rauch
et al., 1998). In the current study, activity in these regions correlated with behavioral performance with greater activity in individuals who had more difficulty in accurately overriding the well
learned stimulus–response association. These findings may reflect
stronger interference from the old stimulus–response mapping
and are consistent with immature cognition being characterized
by susceptibility to interference because these correlations were
primarily driven by the children (adults were near ceiling in performance). The findings are also consistent with the clinical literature, which shows increased activity in this circuitry in OCD, in
which the individual has difficulty shifting out of a specific behavioral or thought pattern (Baxter et al., 1988; Swedo et al., 1989).
Another common brain region recruited by both age groups
was the hippocampus. Hippocampal activity correlated with the
efficiency in making a novel mapping, as evidenced by shorter
percent differences in reaction time for the incompatible relative
to compatible mapping condition. There was no difference in this
measure as a function of age, reflecting individual rather than
developmental variability in this measure. The hippocampal activity during performance of this task is consistent with literature
implicating hippocampus-related circuitry in the explicit learning
of new associations (Squire, 1992; Gabrieli et al., 1994), particularly in the context of reversing an association between a stimulus
and a spatial location (Murray et al., 1998). The right lateralization of hippocampal activity may be associated with spatial characteristics of the task, given that responses were remapped to new
spatial locations. Such an interpretation would be consistent with
the role of the right hippocampus in spatial memory and retrieval
(Maguire et al., 1996; Tulving et al., 1996)
Taking these results together, one can dissociate the contributions of striatum- and hippocampus-related circuitry in the performance of a simple stimulus–response compatibility task. Accordingly, striatal circuitry appears to be involved in indexing the
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extent of interference from the habitual or well learned stimulus–
response association (Grafton et al., 1995; Berns et al., 1997;
Rauch et al., 1998). Hippocampal circuitry, on the other hand,
appears to be involved in the explicit learning and retrieval of
associations between a stimulus and spatial response mapping.

Developmental differences within common
brain regions
We observed varying degrees of activity in both magnitude and
volume within both the ventral frontostriatal circuitry and the
hippocampal region, depending on the age and performance of
the subject. For instance, the magnitude of the MR signal change
appeared to increase from 7 to 11 years in the thalamus, becoming
more adultlike with age. This was similar for the ventral prefrontal cortex and striatum in that activity in these regions decreased,
with increasing accuracy, as seen in adults.
For the basal ganglia and hippocampal regions we showed
extensions in the volume of activity ventrally in children relative
to adults. Thus, regional activity is larger and less focal in the
immature brain relative to the adult brain. This pattern is consistent with previous studies, which reported more diffuse regions
of activity (Casey et al., 1997b; Hertz-Pannier et al., 1997) and
greater subcortical activity in children (Luna et al., 2001), suggesting an immaturity in the refinement and organization of
frontostriatal circuitry.

Developmental differences within disparate
brain regions
When directly comparing children with adults, we showed that
adults activated portions of the premotor cortex during new
stimulus–response mappings not shown in the children. The
adults may have activated the premotor cortex during the incompatible trials to help them maintain the representation of the new
stimulus–response mapping. Thomas et al. (1999) and others
(Braver et al., 1997) have shown activity in this region in working
memory tasks that require the representation of similar task
demands. Interestingly, similar regions have been reported by
Petersen et al. (1998) to come on-line after extensive practice on
tasks.
Children activated subcortical regions more than adults did,
with the activity extending more ventrally in portions of the basal
ganglia, thalamus, and parahippocampus. These results are similar to a previous developmental neuroimaging study by Luna et
al. (2001). There are a number of possible interpretations for this
finding. For example, it is well known that iron concentrations,
which can affect MR signal intensity, increase with age and are
most prominent in the basal ganglia (Schenker et al., 1993;
Vymazal et al., 1995). Thus, greater iron deposition could result
in less activity in this region for adults. However, there is less iron
accumulation in portions of the hippocampus and thalamus; yet
these regions show striking developmental differences as well. So
this explanation would not be sufficient to account for all the
observed developmental differences. Another possibility is that
developmental differences in morphometry could explain the
functional differences. Although MRI-based morphometry studies show no differences in overall cerebral cortex or total brain
volume across the ages tested (7–30 years) (Jernigan and Tallal,
1990; Jernigan et al., 1991; Caviness et al., 1996; Giedd et al.,
1996a,b; Reiss et al., 1996), there are regional differences in the
basal ganglia (Jernigan et al., 1991; Giedd et al., 1996a; Thompson et al., 2000) and hippocampus (Giedd et al., 1996b; Pfluger et
al., 1999; Szabo et al., 1999; Utsunomiya et al., 1999). These
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morphometric changes are not sufficient to account for the current findings of greater activity for children relative to adults
because hippocampal volume increases over these age ranges
rather than decreases. An interpretation perhaps more consistent
with previous work is that the larger subcortical regions of activity
reflect a delay in maturity of this circuitry, with less diffuse and
more focal patterns of activity in these regions in the mature
system, similar to previous imaging studies of development (Casey, 1997b; Hertz-Pannier et al., 1997; Luna et al., 2001) and
learning (Karni et al., 1995).
Another example of disparate brain regions between children
and adults was shown in portions of the right precentral and
postcentral gyrus for children, but not adults. One interpretation
for this activity is that the children activated the sensorimotor
cortex bilaterally when learning the new stimulus–response mapping, whereas adults predominantly activated left sensorimotor
regions that subtracted out when compared with the compatible
mapping. Such bilateral activity is consistent with refined organization of right motor responses in right-handed adults to the
contralateral sensorimotor cortex, but less discretely organized
representations in the child. This interpretation is consistent with
other reports of more bilateral activity in children than in adults
in visuospatial tasks (Moses et al., 2002).

Conclusions
Our findings as a whole are consistent with much of the imaging
literature on stimulus–response compatibility (Taylor et al., 1993;
Iacoboni et al., 1996; Dassonville et al., 2001) and also the animal
literature of neuronal recordings in the dorsal premotor cortex of
nonhuman primates (Crammond and Kalaska, 1994; Riehle et al.,
1994). We show evidence for the maturation and recruitment of
common and disparate brain regions in children and adults during
the suppression of overlearned stimulus–response mappings in
favor of new ones. Furthermore, our findings are consistent with
the involvement of ventral prefrontal basal ganglia thalamocortical circuitry in the maintenance of a behavioral set (Alexander et
al., 1986; Casey et al., 2001, 2002). Finally, we provide an example
of how developing systems can inform and help dissociate differential contributions of different learning systems. Using this approach we dissociated the contributions of striatal and hippocampal regions in the explicit learning of a new stimulus–response
association.
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