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Abstract

Functional imaging data were acquired during performance of a reward-contingency task in a
unique cohort of adolescents (ages 14-18 years) who were characterized since infancy on
measures of temperamental behavioral inhibition. Neural activation was examined in striatal
structures (nucleus accumbens, putamen, caudate) with a known role in facilitating response to
salient reward-related cues. Adolescents with a history of behavioral inhibition, relative to
noninhibited adolescents, showed increased activation in the nucleus accumbens when they
believed their selection of an action would affect reward outcome. Neural responses did not differ
between the two groups when participants made a prespecified response that they knew would
result in reward or when they produced random motor responses that they knew would not be
rewarded. These results link inhibited temperament and perturbed neural responses to reward-
contingency cues.

About 10 to 15% of healthy infants are highly apprehensive, vigilant, and fearful in the
presence of unfamiliar people, objects, and contexts (Kagan, 1994). This temperamental
quality, termed behavioral inhibition to the unfamiliar (Kagan, Reznick, Clarke, Snidman,
& Garcia-Coll, 1984), reflects increased salience of novel stimuli for this group of infants.
Signs of heightened reactivity to novelty can be detected reliably as early as 4 months of age
(Calkins, Fox, & Marshall, 1996; Kagan & Snidman, 1991) and tend to persist across
childhood. As these children mature, they display social reticence in the presence of peers
(Fox, Henderson, Rubin, Calkins, & Schmidt, 2001), are overly stressed in the face of mild
challenges (Fox, Henderson, Marshall, Nichols, & Ghera, 2005), and are at an elevated risk
for developing anxiety disorders (Biederman et al., 1993; Hirshfeld et al., 1992; Pine,
Helfenstein, Bar-Haim, Nelson, & Fox, 2009).

Inhibited children display distinct physiological patterns. Relative to noninhibited children,
they tend to have elevated baseline cortisol, higher baseline heart rate, lower heart rate
variability, and greater right frontal electroencephalograph asymmetry (Calkins et al., 1996;
Fox, 1991; Henderson, Marshall, Fox, & Rubin, 2004; Kagan, Reznick, & Snidman, 1987).
These patterns have been attributed to enhanced reactivity of the brain's fear circuitry,
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particularly the amygdala (Kagan et al., 1987; Kagan, Reznick, & Snidman, 1988; Perez-
Edgar et al., 2007; Schwartz, Wright, Shin, Kagan, & Rauch, 2003).

Research on behavioral inhibition has recently widened to include the study of striatal
response to appetitive cues (Guyer et al., 2006). This new area of investigation suggests that
behavioral inhibition is associated with potentiated responses to an array of motivationally
salient stimuli, including both rewards and threats. Two studies using the monetary incentive
delay (MID) task (Knutson, Adams, Fong, & Hommer, 2001) support this premise. The
MID task is a performance-based paradigm in which participants either obtain a reward or
avoid losses according to the speed with which they press a button. A behavioral study of
college students selected as high and low in self-reported shyness (Hardin et al., 2006)
revealed that the shy students had faster reaction times (RTs) to potential rewards on this
task, a result suggesting enhanced reward sensitivity in this group. A functional
neuroimaging study tested a group of adolescents who had been assessed for behavioral
inhibition in infancy and early childhood while they performed a version of this same MID
task (Guyer et al., 2006). Findings revealed greater striatal activation in response to
incentives in inhibited relative to noninhibited adolescents, and this was true regardless of
whether the incentive was an anticipated gain or an anticipated loss.

Given the nature of the MID task, one cannot tell whether the findings of Hardin et al.
(2006) and Guyer et al. (2006) were due to the specific kind of rewarding incentives used
(i.e., obtain a gain or avoid a loss) or to the inhibited group experiencing heightened concern
about performing poorly on the task. It is also unclear whether such concern about task
performance might generalize to simple motor responses that do not involve incentives (see
Bar-Haim & Bart, 2006). Prior work in behavioral inhibition suggests that enhanced
behavioral and neural responding on the MID task may indeed reflect enhanced sensitivity
to circumstances that elicit performance evaluation (McDermott, Perez-Edgar, Henderson,
Pine, & Fox, 2009). Nevertheless, this hypothesis remains speculative because of limitations
in this task.

To clarify these issues, we relied conceptually on paradigms used previously to engage the
striatum in healthy adults, applying motor tasks in which rewards were contingent or
noncontingent on participants’ response (Tricomi, Delgado, & Fiez, 2004; Zink, Pagnoni,
Martin-Skurski, Chappelow, & Berns, 2004). Our paradigm contained two primary
conditions: one in which a prespecified motor response always produced a reward (the
noncontingent condition—i.e., reward was not contingent on participants’ selection of an
action because the action was prespecified) and another in which participants believed that
their selection of a particular motor response had an impact on monetary gain (the
contingent condition—i.e., participants believed that reward was contingent on their
selection of an action, although in fact rewards were awarded randomly). In a third, control,
condition, participants made simple motor responses that were not rewarded (the simple
motor condition). Groups of participants who were identified as behaviorally inhibited and
as noninhibited underwent functional magnetic resonance imaging (fMRI) while they
performed the task. If group differences in striatal activation were driven solely by the
presence of a reward, they would be manifested in both the noncontingent and the
contingent conditions, but if such differences required a perceived connection between
action and outcome, they would be manifested only in the contingent condition. The control
condition allowed us to evaluate the possibility that group differences in motor response per
se might account for group differences in neural activation patterns.

Thus, this research builds directly on prior fMRI findings in behaviorally inhibited
individuals and on previous studies documenting that stimulus salience and perceived
action-outcome associations influence striatal response to rewards (Tricomi et al., 2004;
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Zink, Pagnoni, Chappelow, Martin-Skurski, & Berns, 2006; Zink et al., 2004; Zink,
Pagnoni, Martin, Dhamala, & Berns, 2003). Specifically, we tested the hypothesis that
variation in early childhood temperament is related to variation in neural activation in three
a priori regions of interest (ROIs) within the striatum: caudate, nucleus accumbens, and
putamen. Because earlier reports suggested that individual differences in behavioral
inhibition may be rooted in variability in amygdalar response to novelty (Perez-Edgar et al.,
2007; Schwartz et al., 2003), we also tested for between-group differences in amygdala
activation. We predicted that relative to noninhibited adolescents, inhibited adolescents
would show greater striatal activation in the contingent condition, and not in the
noncontingent condition; this would indicate that temperamental differences in reward
processing are specific to motivated action in reward seeking and not to the simple presence
of reward or sensitivity to performance evaluation. This prediction is consistent with prior
findings implicating perturbed contingency monitoring in behavioral inhibition (McDermott
et al., 2009). Furthermore, we predicted that there would be no group differences in the
simple motor condition.

At 4 months of age, 433 participants were screened for motor and emotional reactivity to
novel visual and auditory stimuli (Calkins et al., 1996; Kagan & Snidman, 1991). Of these
433 infants, 153 with reactivity scores at the high and low extremes were selected for
inclusion in a longitudinal study. When the children were 14 and 24 months of age, maternal
reports of temperamental social fear (Goldsmith, 1996) and observations of children's
reactivity to novel social and nonsocial stimuli (Calkins et al., 1996) were recorded. When
the children were 48 months of age, maternal reports of temperamental shyness (Buss &
Plomin, 1984) and observations of children's responses to unfamiliar peers (Fox et al., 2001)
were recorded. Of these 153 children who were followed longitudinally, 35 were recruited in
adolescence to participate in the present study, and 32 (15 females and 17 males) provided
usable data (mean age at time of fMRI scan = 16.22 years, range = 14-18 years). Scale
scores (one behavioral measure and one maternal-report measure at each age point) were
standardized and averaged across the three ages. We selected participants who exhibited
sustained inhibition or noninhibition across the different times of observation because this
selection strategy ensured that we captured a stable trait, rather than a pattern of behavior
that was unusual and was exhibited at only a single testing session. Using the composite
scores, we classified 16 participants from the top end of the distribution as behaviorally
inhibited and 16 participants from the bottom end of the distribution as noninhibited.

The inhibited group had significantly higher scores on the behavioral-inhibition composite
(M =0.57, SD = 0.63) relative to the noninhibited group (M = -0.72, SD = 0.31), t(30) =
7.42, prep < .99, d = 2.71. The inhibited and noninhibited groups did not differ on age, 1Q, or
male-to-female ratio (all ps > .15). Furthermore, the groups did not differ on measures of
anxiety (State-Trait Anxiety Inventory—Spielberger, Gorsuch, Lushene, Vagg, & Jacobs,
1983; Screen for Child Anxiety Related Emotional Disorders, parent and child versions—
Birmaher et al., 1997), depression (The Children's Depression Inventory—Kovacs, 1985), or
psychiatric status (Schedule for Affective Disorders and Schizophrenia for School-Age
ChildreniPresent and Lifetime Version—Kaufman et al., 1997) at the time of scanning, all
ps > .40.

1\we examined whether the two behavioral-inhibition groups differed in the number of high-motor versus high-negative infants and
found that they did not.
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Experimental Task

Five stimulus types were used in the experimental task: neutral cues (purple squares), three
different experimental cues (circles) that were color-coded to the three experimental
conditions (noncontingent, contingent, and simple motor), and cues that provided feedback
on performance (green squares). The neutral cues were presented repeatedly, interrupted
infrequently with experimental cues that prompted a manual response from the participant
(Fig. 1a). Feedback was delivered following the contingent and noncontingent trials, which
were separated by a random number of neutral stimuli. The neutral stimuli provided a
baseline against which brain activation during presentation of experimental cues was
compared (see Tricomi et al., 2004, for a similar approach).

The three different experimental cues signaling the noncontingent, contingent, and simple
motor trials were randomly distributed throughout the task. Each condition was denoted by a
uniquely colored circle (orange, blue, or yellow). Color-to-condition mapping was
counterbalanced across participants. Each noncontingent cue consisted of a colored (e.g.,
orange) circle with “1” or “2” printed in its center. Participants were instructed to press the
button (“1” or “2”) that corresponded to the number shown in the circle. They were told that
these trials would always be followed by a monetary gain if they pressed the correct button.
Each contingent cue consisted of a circle of a different color (e.g., blue) with a question
mark printed in its center. Participants were instructed to select and press either button (“1”
or “2”) and were led to believe that a correct selection would yield a monetary gain and an
incorrect selection would result in no reward. In actuality, gains on these trials were
determined randomly. After a variable interval (filled with neutral cues) following each
noncontingent or contingent trial, feedback (gain or no gain) was provided, along with the
cumulative gain for the entire session. Potential gains were of two magnitudes (3 or 6 points,
each point equivalent to 10¢), denoted by the size of the experimental cue (small or large).
Finally, simple motor trials were signaled by a plain circle of yet another color (e.g.,
yellow). Again, participants were instructed to press either of the two available buttons (“1”
or “2”), but the instructions explicitly indicated that no reward would be distributed on such
trials.

Functional neuroimaging data were acquired during task performance using rapid, event-
related fMRI techniques. Immediately following the task, after being removed from the
scanner, participants completed a series of questionnaires about the task. These
questionnaires probed participants’ understanding of the task’'s parameters and the feelings
elicited during the task.

fMRI Data Acquisition

Scanning took place in a General Electric (Waukesha, WI) Signa 3-T magnet. The task
stimuli were displayed on a screen at the foot of the scanner bed via back-projection from a
head-coil-mounted mirror. Foam padding in the head coil was used to restrict head
movement. Participants responded to the stimuli using a handheld two-button response box
in their right hand (Cedrus Lumina, San Pedro, CA).

For functional time-series image acquisition, each brain volume contained 30 interleaved 4-
mme-thick sagittal slices with an isotropic in-plane voxel dimension of 3.75 mm. We used a
T2*-weighted single-shot echo-planar magnetic resonance sequence with a repetition time
(TR) of 2,500 ms, echo time (TE) of 23 ms, flip angle of 90°, field of view (FOV) of 24 cm,
and matrix size of 64 x 64. One hundred sixty-five volumes were collected per time series.

During the same scanning session, we used a T1-weighted standardized, magnetization-
prepared, spoiled gradient-recalled echo sequence to acquire a high-resolution structural
image to aid in spatial normalization. The parameters for the structural image were as
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follows: 124 sagittal slices (1.2 mm thick) with an in-plane resolution of 0.86 mm, TR =
8,100 ms, TE = 32 ms, flip angle = 15°, number of excitations (NEX) = 1, bandwidth = 31.2
kHz, FOV = 24 cm, and matrix size = 256 x 256.

fMRI Data Analysis

For data analysis and image presentation, we used Analysis of Functional and Neural
Images (AFNI) software, Version 2.56b (Cox, 1996). Visual inspection of the echo-planar
images confirmed good image quality and minimal movement. Subjects with movement
greater than 3 mm in any plane were excluded (n = 3). Standard preprocessing of the echo-
planar-imaging data included the following steps. Each subject's time series was corrected
for slice timing and motion, spatially smoothed to a 4-mm full-width/half-maximum
Gaussian kernel, and transformed to percentage signal change from the mean blood-
oxygenation-level-dependent (BOLD) activity of the entire time series on a voxel-wise
basis.

Events defined from the experimental design and residual-motion parameters were regressed
on each subject's processed time series using multiple regression (Neter, Kutner,
Machtsheim, & Wasserman, 1996). The statistical regression model used was a gamma
variate basis function, set to the onset of each event type, convolved with the hemodynamic
response function provided in AFNI. This model included regressors for five event classes
corresponding to the two levels of the contingent and noncontingent conditions, as well as
the simple motor condition (i.e., large-reward, contingent condition; small-reward,
contingent condition; large-reward, noncontingent condition; small-reward, noncontingent
condition; and simple motor condition). We also included regressors for six residual-motion
parameters: three rotational dimensions (roll, yaw, and pitch) and three translational
dimensions (x, y, and z). After convolving the 11 regressors to model the hemodynamic
response (Cohen, 1997), we generated whole-brain statistical t maps for each subject to
determine the beta value and t statistic for each event type at each voxel. This procedure was
followed by group-level, random-effects analyses of individual contrast values.

Given past data (Guyer et al., 2006; Monk et al., 2006; Perez-Edgar et al., 2007; Tricomi et
al., 2004) and our a priori hypothesis, we took two approaches in the group-level analyses of
the beta coefficients. First, because previous work from our lab (Guyer et al., 2006) showed
increased BOLD signal with increased incentive level in regions of the striatum, we sought
to determine if contingency of the outcome on the action selected influenced activity in
these primary ROIs related to reward-driven behavior. We created standard masks of the
right and left side of each region—the nucleus accumbens, ventral and dorsal caudate, and
putamen—using anatomical boundaries from the atlas of Talairach and Tournoux (1988).
The left and right amygdala were also tested. Between-group differences in these regions
were assessed on a voxel-wise basis using the AFNI 3dttest procedure; contrasts of
contingent versus noncontingent trials, contingent versus baseline trials, and noncontingent
versus baseline trials were used to decompose a significant interaction of condition and
group. Within each condition, we collapsed across size of the incentive (large, small) to
increase statistical power. The contrast of simple motor versus baseline trials was also
examined for group differences in order to assess potential between-group effects due to
variations in motor preparation and response. Criteria for statistical significance included
thresholds for both height intensity (p < .005) and spatial extent (k > 200 voxels) within
ROIls. The AFNI 3dmaskave function was used to compute per-subject average activation of
all voxels within each ROI for each contrast. Mean activation values within each ROl were
then imported into SPSS for further analyses, and for illustrative purposes.

The second approach involved conducting exploratory whole-brain analyses to examine the
degree to which between-group differences occurred more generally throughout the brain.
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AFNI AlphaSim (1,000 Monte Carlo simulations) was used to correct for multiple
comparisons. With this algorithm, significant voxels had to exceed a criterion of p < .001,
whole-brain-uncorrected, and had to be in a cluster of at least 1,173 voxels, which
corresponded to a whole-brain-corrected value of p < .01. Using this threshold and the AFNI
3dttest procedure, we tested for between-group differences for the same contrasts as in the
ROI analyses.

Behavioral Data

RTs were examined in an analysis of variance (ANOVA) with condition (noncontingent,
contingent, simple motor) as a within-subjects factor and group (inhibited, noninhibited) as a
between-subjects factor. This analysis revealed a main effect of condition, F(2, 60) = 14.19,
Prep < -99 (Fig. 1b). Follow-up contrasts indicated that mean RTon the noncontingent trials
was faster than mean RT on the simple motor trials, t(31) = 2.49, prep < .93, d = 0.89, which
in turn was faster than mean RT on the contingent trials, t(31) = 2.90, prep < .96, d = 1.04.
Neither the main effect of group nor the Condition x Group interaction approached
statistical significance, Fs < 1.

To assess the potential effect of incentive size on RT, we conducted an additional ANOVA
with condition (noncontingent, contingent) and incentive size (large, small) as within-
subjects factors and group (inhibited, noninhibited) as a between-subjects factor (size of the
cue circle did not vary on the simple motor trials, and these trials were therefore not
included in this analysis). The results again revealed that the contingent condition elicited
slower RTs than did the noncontingent condition, F(1, 30) = 30.13, prep < .99. In addition,
large incentives elicited faster RTs than did small incentives (Fig. 1c), F(1, 30) = 4.29, prep
< .88. There were no differences in task performance between the inhibited and noninhibited
groups, and none of the interactions approached statistical significance (all Fs < 1).

The postscan questionnaires included a series of yes/no questions and a series of ratings on
10-point scales. Responses to these items provided information about how subjects
understood the task and how they felt during scanning. No group differences were detected
on the following key questions: “I could tell when | was going to win,” “I had a hard time
deciding which button to press,” and “I had a strategy to decide which button to choose,” all
ts < 1.45. In addition, participants were queried on the meaning of each of the cues, and
responses indicated that all participants had a good understanding of what the cues signified.

Functional Imaging Data

ROI Analyses—Based on our a priori hypotheses, our main analysis focused on whether
the groups differed in change in activation within the three a priori striatal ROIs (nucleus
accumbens, caudate, and putamen) during the contingent relative to the noncontingent trials.
A significant Group (inhibited, noninhibited) x Condition (noncontingent, contingent)
interaction revealed greater activation in the left nucleus accumbens in the inhibited group
than in the noninhibited group, t(30) = 3.34, prep < .98, d = 1.22 (Fig. 2a). Post hoc between-
group contrasts for activation in each condition relative to the baseline (neutral) condition
indicated that the inhibited group showed significantly greater left nucleus accumbens
activation than the noninhibited group only when participants believed that the action they
selected determined reward outcome (contingent trials), t(30) = 2.74, prep < .95, d = 1.00
(Fig. 2b). The groups did not differ in their activation in the noncontingent condition, t(30) <
1. An additional between-group contrast for the motor-only trials was nonsignificant, t(30) =
1.58, prep < .79, d = 0.58, as were the contrasts related to the other preselected ROIs (Table
1).
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Exploratory Whole-Brain Analyses—Exploratory whole-brain analyses were
conducted for the Condition (noncontingent, contingent) x Group (inhibited, noninhibited)
interaction to examine the degree to which between-group differences occurred more
generally throughout the brain. The nonstriatal brain activations that emerged from these
analyses are reported for completeness only and are not a focus of discussion. Brain areas
with activation patterns that survived a Monte Carlo simulation correcting for multiple
comparisons are summarized in Table 2 and Figure 3.

These analyses indicate that relative to the noninhibited group, adolescents who were
temperamentally inhibited in early childhood showed lower activation in the precuneus, left
thalamus, and left posterior cingulate during contingent trials (i.e., when they believed that
their choice of an action would affect reward outcome), and greater activation during
noncontingent trials (i.e., when the action was prespecified and rewards were administered
on all trials).

DISCUSSION

In this study, adolescents characterized by an enduring pattern of behavioral inhibition
(documented at three time points from infancy up to age 4 years) demonstrated enhanced
sensitivity of the reward-related neural system, relative to adolescents not classified as
behaviorally inhibited. This sensitivity was specific to the experimental condition in which
participants believed that their choice of an action determined reward acquisition. Between-
group differences in neural activation did not occur in the case of systematically rewarded
stimuli or simple motor responses. Taken together, these findings suggest that active agency
is needed to bring to light temperament-related individual differences in striatal response.
Indeed, as hypothesized, enhanced sensitivity in the inhibited group was manifest as greater
nucleus accumbens activation. This group difference emerged even though behavioral
performance, as indexed by RT, was comparable in the two groups.

Note that responses to the follow-up debriefing questionnaire (“Describe what each of the
three different circles means”) indicated that, as intended, the participants perceived reward
on the contingent trials as being affected by their choice of response. Furthermore, responses
to questions assessing how subjects experienced the task did not differ between groups.
These data suggest that between-group differences in subjective-emotional responses or in
reward expectancy, elicited by contingent-reward cues, may not completely explain the
observed between-group differences in striatal responding. However, it should be noted that
our postscan measures of reward expectancy were unlikely to comprehensively capture
psychological processes that occurred immediately upon presentation of the contingent-
reward cues. The experimental design allowed us to probe a limited set of behaviors during
the task, and future studies should examine between-group differences in the relations
between reward expectancy and striatal responding, perhaps by employing alternative
designs that probe more comprehensively levels of reward expectancy engaged by
presentation of contingent-reward cues.

Regardless of this limitation, the behavioral data showed that the task did engage relevant
psychological processes across participants. For example, the differences in RTs to the
noncontingent, contingent, and motor cues, in both groups considered together, indicate that
these cues were perceived and processed differently, providing further support to the
efficacy of the experimental manipulation. Particularly noteworthy is the finding that RTs
were longer for contingent cues than for noncontingent cues, which suggests that extra time
was needed to execute a selection in the contingent condition.

Psychol Sci. Author manuscript; available in PMC 2009 December 2.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bar-Haim et al.

Page 8

When combined with prior findings, these new results provide an important framework for
understanding the neural correlates of temperamental behavioral inhibition. Although theory
and research on behavioral inhibition have typically focused on threat processing and the
amygdala (Monk et al., 2006; Pine, 2007; Schwartz et al., 2003), the present study indicates
that behaviorally inhibited individuals may also show perturbations in response to positive
stimuli and in reward-related neural circuitry. In particular, the nucleus accumbens
subserves numerous adaptive and goal-directed behaviors, such as feeding, drinking, sex,
and exploration (Kelley, 1999; Meredith & Totterdell, 1999). The present findings suggest
that inhibited temperament is related to increased brain activation when active agency is at
play in the context of reward processing. This is not surprising considering that inhibited
temperament is typically most apparent when active participation is required (Coplan,
Rubin, Fox, Calkins, & Stewart, 1994).

Finally, hypersensitivity to contingency-related reward delivery is only one parsimonious,
theoretically plausible explanation for these findings. Our findings could also be
conceptualized as reflecting exaggerated concerns about performance in the inhibited group,
relative to the noninhibited group. A comprehensive evaluation of these alternatives would
require more in-depth investigation of relations among perceived action-reward contingency
and performance-related concerns in behaviorally inhibited subjects. In this regard, it is
noteworthy that levels of anxiety and depression, and psychiatric status, did not differ
between the groups in our study.

The exploratory whole-brain analyses revealed between-group differences in activation in
additional regions (precuneus, left thalamus, and left posterior cingulate). The activation
patterns in these regions, however, were opposite to those for the nucleus accumbens, and
possibly reflected additional and complementary processing required by the experimental
conditions in our task. Additional work on the functional relatedness of these brain regions
to reward processing is needed in order to clarify the full meaning of these preliminary
findings.

In conclusion, the present findings extend understanding of behavioral inhibition by more
precisely characterizing the neurocognitive processes associated with alterations in
responses to reward. Our previous work demonstrated that behavioral inhibition is
associated with perturbations in the appetitive-motivational system (Guyer et al., 2006;
Hardin et al., 2006). In this study, we found that these perturbations were specific to the
condition in which participants believed that choice of self-executed responses determined
outcomes, and did not extend to the condition in which outcomes were independent of
subjects’ agency. Indeed, a sense of “responsibility,” or self-agency, in a context of
uncertainty (probabilistic outcomes) drives the neural system underlying appetitive
motivation (i.e., nucleus accumbens) more strongly in temperamentally inhibited than
noninhibited adolescents. One important next step will be to determine how the reward
system interacts with fear circuitry among subjects characterized by behavioral inhibition
and elevated anxiety (Frenkel, Lamy, Algom, & Bar-Haim, 2008). A further goal will be to
examine behavioral inhibition and its underlying neural circuitry across development.
Finally, a better understanding of factors that contribute to individual differences in reward-
related processes may eventually generate insights relevant for therapeutic interventions in
anxiety, a diathesis closely related to shyness and behavioral inhibition.
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Fig. 1.

Experimental design and task performance. In the reward-contingency task (a), a series of
neutral stimuli (purple squares, displayed for 1,000 ms each) was interrupted randomly with
infrequent experimental cues (large or small colored circles, displayed for 1,500 ms each).
On noncontingent trials, the number “1” or the number “2” was presented in the center of
the cue (shown here in orange), and subjects were instructed to press the button (“1” or “2”)
that corresponded to the number in the circle. A correct response resulted in a small or large
reward (denoted by the circle's size). On contingent trials, a question mark was presented in
the center of the cue (shown here in blue), and subjects were instructed to press either button
(*1” or “2™). They were led to believe that if their selected response was correct, they would
receive a small or large reward (denoted by the circle's size), but in actuality, the reward was
predetermined to be awarded on half the trials. On simple motor trials, the cue was always a
small colored circle (shown here in yellow), and subjects were instructed to press either
button (“1” or “2”). It was made explicit that no reward would be delivered on these trials.
Assignment of cue colors to conditions was random across subjects. Feedback (FB; gain or
no gain) and cumulative gain were provided (green box) at a variable interval following
noncontingent and contingent trials. The graphs show mean response time (with standard
errors of the mean) as a function of condition (b) and size of the reward (c).
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Fig. 2.

Results from the region-of-interest analysis of activation in the nucleus accumbens. The
graph in (a) shows the average percentage of blood-oxygenation-level-dependent (BOLD)
signal change (with standard errors of the mean) in 253 voxels of the nucleus accumbens
cluster that surpassed the threshold of p < .05 in the analysis of the Condition (contingent vs.
noncontingent) x Group (inhibited vs. noninhibited) interaction. Percentage signal change is
shown in separate bars for the inhibited and noninhibited groups. The inset depicts a coronal
slice at y = 8 mm, showing in yellow the location of this cluster (maxima of the Talairach
coordinates: x = -7,y =8, z=-9). The graph in (b) presents the mean percentage signal
change (with standard errors of the mean) in the three experimental conditions relative to the
baseline (neutral) condition, separately for the two groups.
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Results from the whole-brain analyses. The illustration at the top depicts a sagittal slice
showing, in blue, areas of significant activation in the precuneus, left thalamus, and left
posterior cingulate, as revealed in the analysis of the Condition (contingent vs.

noncontingent) x Group (inhibited vs. noninhibited) interaction. For each region, the graph
on the left shows the average percentage of blood-oxygenation-level-dependent (BOLD)

signal change in voxels that surpassed a threshold of p < .05 in the interaction analysis, and
the graph on the right presents the percentage signal change in each experimental condition

relative to the baseline (neutral) condition; results are shown separately for the two groups.
Error bars represent standard errors of the mean.
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