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Abstract

This study examines the effect of contingency on reward function in anxiety. We define
contingency as the aspect of a situation in which the outcome is determined by one’s action—that
is, when there is a direct link between one’s action and the outcome of the action. Past findings in
adolescents with anxiety or at risk for anxiety have revealed hypersensitive behavioral and neural
responses to higher value rewards with correct performance. This hypersensitivity to highly valued
(salient) actions suggests that the value of actions is determined not only by outcome magnitude,
but also by the degree to which the outcome is contingent on correct performance. Thus,
contingency and incentive value might each modulate reward responses in unique ways in anxiety.
Using fMRI with a monetary reward task, striatal response to cue anticipation is compared in 18
clinically anxious and 20 healthy adolescents. This task manipulates orthogonally reward
contingency and incentive value. Findings suggest that contingency modulates the neural response
to incentive magnitude differently in the two groups. Specifically, during the contingent condition,
right-striatal response tracks incentive value in anxious, but not healthy, adolescents. During the
noncontingent condition, striatal response is bilaterally stronger to low than to high incentive in
anxious adolescents, while healthy adolescents exhibit the expected opposite pattern. Both
contingency and reward magnitude differentiate striatal activation in anxious versus healthy
adolescents. These findings may reflect exaggerated concern about performance and/or alterations
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of striatal coding of reward value in anxious adolescents. Abnormalities in reward function in
anxiety may have treatment implications.

Keywords
Anxiety; Self-control; Agency; Reward; Caudate

Introduction

Anxiety disorders typically emerge in adolescence (Kessler et al., 2005; Leonardo & Hen,
2008), which is an important developmental time window for the study of anxiety. A critical
and unique aspect of anxiety is a heightened concern for behavioral consequences. This
concern is particularly strong for actions that determine outcomes. These actions can consist
of decision making or performance to a criterion (Ernst, Daniele, & Frantz, 2011; Lorian &
Grisham, 2010; Mueller, Nguyen, Ray, & Borkovec, 2010; Richards, Plate, & Ernst, 2012).
We use the word contingentto describe events whose outcome depends on such actions and
the word noncontingentto describe events whose outcome is independent of individuals’
actions.

Contingency has been shown to enhance the salience of actions and potentiate associated
neural responses (Leotti & Delgado, 2011; Tricomi, Delgado, & Fiez, 2004; Zink, Pagnoni,
Martin, Dhamala, & Berns, 2003). Given their heightened concern about performance level,
anxious individuals are expected to impute even greater salience to contingent versus
noncontingent behavior, relative to nonanxious individuals. This anxiety-related effect would
be reflected as amplified striatal response. The striatum is at the core of motivational reward
circuits (e.g., Mogenson, Jones, & Yim, 1980). It processes information related to stimulus
valence and salience (e.g., Cooper & Knuston, 2008), and this information is, in turn,
conveyed to effector systems and translated into behavior (Haber & Knutson, 2010).
Although a number of studies have examined the modulation of reward function by anxiety
(Guyer et al., 2012; Guyer et al., 2006; Hardin et al., 2006; Helfinstein et al., 2011), none
have investigated the contribution of contingency to their findings. This is the first study to
address the role of contingency in reward-related striatal response in anxious adolescents.

Accordingly, the present work extends findings from prior studies that have revealed
perturbed reward processing in adolescents with anxiety or at risk for anxiety (Bar-Haim et
al., 2009; Guyer et al., 2012; Guyer et al., 2006; Hardin et al., 2006; Helfinstein et al.,
2011).These adolescents comprised those with elevated shyness (Hardin et al., 2006) and
anxiety disorders (Guyer et al., 2012) and adolescents at risk for anxiety by virtue of an
early life history of fearful temperament (i.e., behavioral inhibition [BI]; Bar-Haim et al.,
2009; Guyer et al., 2006; Helfinstein et al., 2011). Findings converged on a pattern of
behavioral (Hardin et al., 2006) and neural (Guyer et al., 2012; Guyer et al., 2006)
hypersensitivity to reward-related contingent cues. Specifically, hypersensitivity occurred in
response to cues signaling to subjects that receipt of reward would occur only if they
correctly performed a task (Guyer et al., 2006; Hardin et al., 2006). This general finding was
initially thought to reflect reward anticipation. However, on closer examination, this striatal
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hypersensitivity might underlie an anxiety-related exaggerated salience of contingency,
rather than reward anticipation per se. Indeed, the fMRI study with clinically anxious
adolescents (Guyer et al., 2012) employed the monetary incentive delay task (Knutson,
Westdorp, Kaiser, & Hommer, 2000). This task is an instrumental reward paradigm, which
requires subjects to press a button within a very short time frame in order to receive a reward
or avoid a loss. Consequently, all favorable outcomes are contingent on subjects’ correct
performance. Furthermore, incentive magnitude also enhances the salience of instrumental
actions (e.g., Knutson et al., 2000), and we might expect a potentiation of the effect of
contingency on salience by higher incentive magnitude. This interaction could also vary as a
function of individual characteristics, such as anxiety.

Reward contingency has been addressed in a neuroimaging study of adolescents with a
history of early childhood temperament of Bl (Bar-Haim et al., 2009), which has been
shown to confer risk for anxiety (Blackford & Pine, 2012; Chronis-Tuscano et al., 2009;
Fox, Henderson, Marshall, Nichols, & Ghera, 2005; Perez-Edgar & Fox, 2005). This study
implemented a reward-related task that directly contrasted two types of trials, contingent and
noncontingent. In line with expectation, findings revealed greater striatal response in the at-
risk adolescents than in the comparison group in the contingent condition and no group
differences in the noncontingent condition. The present study, using the same task, extends
this work to clinical anxiety.

We test the hypothesis that adolescents with anxiety disorders differ from healthy
adolescents on the engagement of the reward circuitry—specifically, to cues signaling
contingent reward, relative to cues signaling noncontingent reward. With this premise in
mind, we expect greater striatal activation to contingent cues of higher magnitude than to
contingent cues of lower magnitude, and this effect should be stronger in anxious
adolescents than in healthy adolescents, due to their heightened focus on the outcome of
own behavior. We expect both healthy and anxious adolescents to respond similarly to
noncontingent cues, showing greater activation to high incentive than to low incentive. In
other words, we expect to observe higher sensitivity to reward magnitude during contingent
trials than during noncontingent trials in anxious, relative to healthy, adolescents.

Method

Subjects

Eighteen (8 males; mean age 12.1 years) adolescents diagnosed with an anxiety disorder
were compared with 20 healthy adolescents (9 males; mean age 13.2 years). This study was
approved by the National Institute of Mental Health Institutional Review Board. After
receiving a thorough explanation of the study, subjects signed an informed assent, and their
parents an informed consent. All subjects were assessed medically via a clinical interview
and physical exam and psychiatrically via the Schedule for Affective Disorders and
Schizophrenia for School-Age Children—Present and Lifetime version (Kaufman et al.,
1997), administered by experienced clinicians with strong interrater reliability (k > 0.75).
Inclusion criteria for all subjects were (1) age of 8-18 years, (2) 1Q > 70 (the lowest 1Q was
85), (3) absence of any psychoactive substance use, and (4) absence of acute or chronic
medical problems. Further inclusion criteria for healthy adolescents were the absence of any
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current or past psychiatric disorders and, for anxious patients, a primary diagnosis of an
anxiety disorder, a Children’s Global Assessment Scale’s score <60 (Shaffer et al., 1983), a
Pediatric Anxiety Rating Scale score > 9 (Birmaher et al., 1997), and a desire for outpatient
treatment. Exclusion criteria for this study were current Tourette’s syndrome, obsessive—
compulsive disorder, posttraumatic stress disorder, conduct disorder, exposure to extreme
trauma, major depression, suicidal ideation, and lifetime history of mania, psychosis, or
pervasive developmental disorder. The anxiety group comprised patients with various
anxiety disorders, including 14 with generalized anxiety disorder (GAD; 70%), 5 with social
phobia (SP; 25%), and 5 with separation anxiety (25%). All subjects were paid for their
participation.

IQ was measured using the vocabulary and matrix reasoning subscales of the Wechsler
Abbreviated Scale of Intelligence (Weschler, 1999). Socioeconomic status was obtained
through parental report and calculated on the basis of Hollingshead’s index of social position
for education and employment (Hollingshead, 1975).

Reward task

The reward task was identical to the one used in the study of fearful temperament (Bar-Haim
et al., 2009; Helfinstein et al., 2011) and was modeled after that in Tricomi et al. (2004).
This task was designed to examine striatal responses to reward anticipation that varied as a
function of contingent reward versus noncontingent reward and high versus low incentive
value (Fig. 1). Three types of cues signaled (1) a choice between two options to obtain a
potential reward (contingent: reward dependent on the individual’s correct choice; Subjects
received the instructions to “guess which button was the correct one, so that they could win
points”); (2) a prescribed response associated with 100% reward (noncontingent: reward
automatically associated with the cue, on completion of the directed action); or (3) a simple
motor response without reward (motor). Subjects were also told that they needed to press the
button in the noncontingent condition for the “computer to deliver the points.” This
instruction minimized the sense of self-agency on the noncontingent reward. Subjects were
thoroughly trained on the task in a mock scanner before scanning.

Each trial began with a cue presentation (1,500 ms), followed by a variable delay (1-5 s),
and ended with feedback (1,000 ms) indicating the trial’s outcome and cumulative points
(see Fig. 1). Subjects were instructed to respond to each cue with a buttonpress and were

told that they could accumulate up to $25, via points earned, which they received at study
completion.

Cues varied by color and text content to denote trial type (contingent, noncontingent, motor)
and by size to indicate incentive value (low, high). The three colors (yellow, blue, or orange)
remained consistent throughout the task for each condition; however, these pairings were
randomly assigned and counterbalanced across subjects. Contingent cues had a “?”
displayed in their center to indicate that subjects were to choose which button would lead to
a gain in points. Unbeknownst to the subjects, the likelihood of receiving points was set at
50%, but subjects were led to believe that one of the two buttons was the winning button,
and they had to guess which one it was. Noncontingent cues had a “1” or “2” displayed in
their center, to indicate that subjects were to press the corresponding button. The buttonpress
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had no bearing on the outcome of these noncontingent trials, which was a gain 100% of the
time. Both the contingent-reward and noncontingent-reward cues could be small or large to
signal a 3- or 6-point gain. Motor cues lacked text content, were only of the small size, and
directed subjects to press either of the two buttons with no prospect of gains. Neutral stimuli
(purple rectangles) were displayed between cue and outcome and required no response from
subjects.

The task comprised three “runs,” each of 40 trials (16 contingent, 16 noncontingent, and 8
motor), yielding 120 trials in total (48 contingent, 48 noncontingent, and 24 motor). Trials
included a variable length of intertrial intervals (0—2,000 ms) providing jitter into the
stimulus timing. E-Prime (Version1.1; Psychology Software Tools, Inc.) software controlled
stimulus presentation, which was delivered to the subjects via front-projection to a screen at
the foot of the scanner bed.

Task performance and self-report measures

Performance measures included response accuracy and reaction time (RT). The
noncontingent condition provided the response accuracy measure (i.e., correct when press
the button indicated in the cue). For all responses, valid performance included buttonpresses
made at least 150 ms after cue onset (within physiologic limits of motor response) and
within 2.5 standard deviations of the RT mean for the whole session (outlier boundary,
calculated for each subject). Trials with incorrect or invalid responses were omitted from the
behavioral and neuroimaging analyses, and 20% or more loss of data excluded the subject
from analysis.

To assess overall anxiety and depression levels, subjects completed the Screen for Child
Anxiety Related Emotional Disorder (SCARED, child version; Birmaher et al., 1997), the
Spielberger state and trait questionnaire (STAIC; Spielberger, Gorsuch, & Lushene, 1970),
and the Child Depression Inventory (CDI; converted to CDI-ts; Kovacs, 1992). In addition,
parents rated their child’s anxiety (SCARED, parent version). SCARED ratings for child
and parent (SCAREDcp) were averaged, akin to previous work (Guyer et al., 2008). These
averaged scores were used for correlational analyses described below.

Upon completion of scanning, subjects rated on a Likert scale (1—10: not-very true) whether
the game was “rigged”—that is, controlled by the experimenter—and whether they used a
strategy in their contingent selection. These ratings indicated the subjects’ perception of
their own control over the outcome of their responses. Subjects also rated their liking of the
incentive cues (1-10: dislike— like). SPSS was used to conduct three-factor repeated
measures ANOVAs (rANOVA: group x condition X magnitude) on accuracy, RT, and
postscan measures.

fMRI data acquisition and analysis

fMRI data acquisition—Scanning parameters and acquisition were identical to those used
in our previous study of fearful temperament (Bar-Haim et al., 2009; Helfinstein et al.,
2011). Foam padding was used to limit head movement. Images were front-projected onto a
screen viewable by head-coil mounted mirrors. Subjects held a response device (Cedrus
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Lumina; San Pedro, CA) with two buttons in their right hand. Time series of T2*-weighted
echo planar pulse sequence were acquired with a Signa 3 Tesla magnet (General Electric,
Waukesha, WI) using a bird cage coil with whole-body RF excitation. Thirty interleaved
slices 4 mm apart in the sagittal plane with an isotropic in-plane voxel dimension of 3.75
mm were reconstructed into whole-brain volumes (495, 165 per run) with the following
parameters: repetition time (TR) = 2,500 ms, echo time (TE) = 23 ms, flip angle = 90°, and
field of view (FOV) = 24 cm per time series. During the same scanning session, a structural
image was acquired using T1-weighted standardized magnetization prepared rapid gradient
echo sequence (MPRAGE) with the following parameters: 124 sagittal slices (1.2 mm thick)
with an in-plane resolution of 0.86 mm isotropic (matrix size of 256 x 256 x 124); TR =
8,100 ms; TE = 32 ms; flip angle = 15°; and FOV =24 cm.

fMRI data analysis—Data analysis and image presentation was conducted using Analysis
of Functional and Neural Images (AFNI) software (Cox, 1996). Visual inspection of the
echo-planar images (EPIs) confirmed good image quality. Exclusionary criteria were
movements greater than £3mm or 3° in any of the six planes. The two groups did not differ
on maximum motion displacement (healthy [H] = 3.5 = 1.5; anxious [A] = 3.6 + 2.0; ¢=
-0.11, df = 36, p=n..s.), average motion per TR (H =0.08 £ 0.05; A=0.10£0.04; /=
-0.91, df= 36, p=n.s.), or the number of TRs censored (H=49+7.9;A=46+7.1;t=
-0.12, df= 36, p=n..s.). Each subject’s time series was corrected for slice timing and
motion, spatially smoothed to 4 mm (FWHM), statistically normalized to percent signal
change from the mean blood oxygen level dependent (BOLD) activity of the entire time
series on a voxel-wise basis, and stereotactically normalized to the Talairach and Tourneaux
(1988) atlas.

Statistical analyses were focused on the reward anticipation phase during cue presentation.
They were whole-brain analyses, which consisted of two levels of random effects modeling.
First, at the subject level, all the events defined from the experimental design, six residual
motion parameters, and baseline drift were regressed (Neter, Kutner, Machtsheim, &
Wasserman, 1996) on the processed time series. The events were coded by onset time and
the gamma variate function that defined the duration of the event in the modeling.
Regressors of interest included four cue events (high-magnitude/contingent, low-magnitude/
contingent, high-magnitude/noncontingent, and low-magnitude/noncontingent). Motor cues
and feedback events were also modeled. Because feedback events were not central to this
article, we only briefly report their analysis and results, which are fully displayed in the
supple-mental material. The motion parameters were modeled as nuisance variables and
consisted of three rotational (roll, yaw, pitch) and three translational (x, y; 2) variables. Two
regressors modeled baseline and linear trends for each run. After convolving these regressors
with the EPI time series using a gamma variate function to model the hemodynamic
response (Cohen, 1997), whole-brain statistical #maps based on contrasts of interest were
generated individually.

Next, group-level analyses, using the AFNI program GroupAna, tested the interaction
between group (anxious vs. healthy), condition (contingent vs. noncontingent), and
magnitude (low vs. high) during the reward anticipation signaled by the cue onset. At the
whole-brain level, significant results were identified using a combination of voxel-wise and
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cluster-size thresholds. The alpha level for individual voxels was set at p < .005 uncorrected.
Correction for multiple comparisons was accomplished by establishing an appropriate
cluster extent threshold using Monte Carlo simulations to achieve a corrected alpha level of
p<.05. An intersection mask of all subjects was submitted to 3dClustSim (blur estimate =
6.3 mm; 1,000 iterations) with a threshold of voxel of p<.005 and cluster-size correction of
p = .05, setting a whole-brain cluster-size correction of 484 uL. We only report the striatal
results that surpassed these thresholds.

Feedback events were analyzed following the same strategy as the cue events, except that the
events were defined at the start of the feedback screen. The analysis focused on two
contrasts: (1) gain trials for the group x condition x magnitude trials and (2) group x valence
(gain, no gain) x magnitude for the contingent trials.

For both cue anticipation and feedback analyses, regional clusters significantly activated by
the three-way interaction (group x condition x magnitude) were further examined by
extracting each individual mean regional activity (beta values) of 3-mm spheres around the
cluster activation peaks. These individual values were entered into SPSS to decompose these
three-way interactions. Therefore, the results below include the functional clusters
significantly activated by the three-way interaction conducted in AFNI and the
decomposition of these results using SPSS.

Sample characteristics

The anxious and healthy groups did not differ on age, sex distribution, 1Q, or SES (Table 1).
Significant elevations in the Spielberger STAIC, SCARED (parent and child), and CDI
scores in the anxious, as compared with healthy, subjects confirmed the patients’
psychopathology.

Task performance

Self-report

The rANOVAs performed on accuracy and RT revealed no main or interaction effects as a
function of group (see Fig. 1). However, the condition x magnitude interaction, A1, 36) =
5.72, p=.02, indicated that the task worked as expected. In the contingent condition, RT
was longer in the high- than in the low-incentive magnitude, reflecting the fact that subjects
took longer to select the more salient response on the contingent trials. In contrast, in the
noncontingent condition, RT did not differ between incentive magnitudes. Taken together,
these results indicate that high magnitudes of reward were associated with more difficult
choice making.

Posttask debriefing reflected that subjects believed that their actions determined the outcome
of the contingent trials. In addition, groups did not differ on this factor; that is, both groups
perceived that outcomes were dependent on their selecting the correct button (“How much
do you think the task was rigged?”: from 0, not at all, to 10, totally, mean + SD: anxious, 1.9
+ 1.4; controls, 2.1 + 1.8; p=n.s.).
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Analysis of the posttask liking ratings of the cues revealed a group x condition x magnitude
interaction, F(1, 28) = 4.29, p <.05. The anxious group rated the high-incentive cues as
more likable than the low-incentive cues (p < .003) across contingent (p < .018) and
noncontingent (p < .004) conditions. This was not observed in the healthy group. Thus,
liking ratings were sensitive to incentive magnitude in anxious, but not healthy, adolescents.

Neuroimaging
Cue anticipation

Significant three-way group x condition x magnitude interactions: In striatal regions, a
significant three-way group x condition x magnitude interaction emerged in the left and
right striatum (see Table 2 and Fig. 2). The right-striatal finding consisted of a single, large
cluster (5,879 uL), A1, 36) = 16.13, p <.0001, which encompassed the caudate and
putamen and extended into the globus pallidus. On the left, two distinct striatal clusters were
found, one in the caudate, A1, 36) = 17.53, p <.0002, and the other in the putamen, A1, 36)
=16.56, p < .0003.

These three-way interactions were decomposed in SPSS, using the extracted mean beta
values of the significant clusters. Distinct patterns of striatal activity in function of reward
condition and incentive magnitude were found in the anxious and healthy group (see Fig.
2b). These patterns were similar for all striatal clusters. Because of our interest in how
groups differ in each reward condition, we examined group x magnitude interactions,
separately in the noncontingent and the contingent conditions.

In the noncontingent condition, The group x magnitude interactions were significant for all
clusters [right caudate/ putamen, A1, 36) = 18.63, p < .0001; left putamen, A1, 36) = 14.66,
p<.0001; left caudate, A1, 36) = 12.56, p < .001]. Each group was then examined
separately for the effect of magnitude. Healthy subjects exhibited the expected magnitude-
related increase in striatal activation from low to high incentive (right caudate/putamen, p <.
0003; left puta-men, p <.002; left caudate, p < .0005). However, the anxious adolescents
showed the opposite pattern—that is, increased activation from high- to low-incentive cues
(right caudate/ putamen, p < .05; left putamen, p <.05). Thus, in the noncontingent
condition, anxious adolescents showed an unexpected magnitude-related striatal response of
a stronger response to the low- than to the high-incentive cue (see Fig. 2b).

In the contingent condition, the group x magnitude interactions were not significant for any
of the clusters, although the group x magnitude interaction reached a trend significance level
for the right caudate/putamen cluster, A1, 36) = 3.61, p=.065. Because of our strong a
priori hypotheses, this trend was explored further. Healthy adolescents showed no effects of
magnitude on the right-striatal cluster. However, anxious adolescents manifested significant
magnitude effects, indicating increased right-striatal activation from low to high incentive (p
=.027). Taken together, in the contingent condition, the anxious group showed, at a trend
level, greater striatal sensitivity to high magnitude incentive than did the comparison group.

For completeness, all regions activated by the three-way group x condition x magnitude
interaction are reported in Table 2. In nonstriatal regions, five separate clusters were found to
have significant interactions. The first three clusters consisted of regions in the left
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dorsolateral (BA9, BA10) and medial (BA6) prefrontal cortex (PFC). The remaining two
clusters involved the left cerebellum and right inferior temporal cortex. When decomposed,
these three-way interactions followed the same overall pattern as that shown by the striatal
clusters (see example BA9, Fig. S1).

Significant two-way interactions and main effects: We also investigated two-way effects
(group x condition collapsed across magnitude and group x magnitude collapsed across
contingency). These results are summarized in Table 2. Most notably, no cluster was
significantly activated by the interaction of group and condition. Of note, two clusters in the
right putamen (36 cc; x= 28, y=3, z= —4) and the left globus pallidum (212 cc; x=-20, y
=-15, z=-1) were significant at the voxel level, but not at the cluster size level. The
activation pattern was the same for both clusters. When examining each group separately,
the healthy group showed greater activation to the noncontingent than to the contingent
condition (p < .001), whereas the anxious group showed no difference. In the contingent
condition, both cluster activations were greater in the anxious than in the healthy group, but
this difference was significant only for the globus pallidum cluster (p = .05) (see Fig. S2).

In addition, significant group x magnitude interactions occurred in primary motor and
visual/somatosensory cortical regions (precentral, occipital, precuneus). These interactions
showed that, across both contingency and noncontingent conditions, these regions were
more activated by high-incentive than by low-incentive magnitude in the healthy group,
while the opposite (low magnitude > high magnitude) was found in the anxious group.

Finally, all three main effects revealed significant clusters. The main effect of group revealed
significance of a single cluster in the primary motor cortex (left precentral gyrus), which was
activated more strongly in the anxious than in the healthy group. Multiple brain regions
displayed a significant main effect of condition in large clusters. First, regions more strongly
activated by the noncontingent than by the contingent condition included the putamen,
posterior cortical regions (posterior cingulate cortex, parietal cortex), medial PFC, motor
cortex, and parahippocampal gyrus. Second, regions more activated by the contingent than
by the noncontingent condition included areas of the prefrontal cortex—that is the lateral
dorsal PFC and ventral PFC and the medial dorsal PFC, consistent with the more cognitively
demanding nature of the contingent condition. Finally, the main effect of magnitude
reflected only greater activation to high- than to low-magnitude incentive. No regions
showed greater activation to low- than to high-magnitude incentive. Regions activated by
high versus low magnitude included the PFC (dorsal PFC, both medial and lateral regions,
anterior cingulate cortex), posterior cingulate cortex, occipital cortex, and cerebellum.

To summarize the main effects, the PFC (except for the frontal pole) was more strongly
recruited by the contingent (vs. noncontingent) and the high-magnitude (vs. low) aspects of
the trials during cue anticipation, reflecting its involvement in decision making and stimulus
salience. In contrast, the posterior cingulate cortex was recruited to a greater extent by high-
magnitude (vs. low) condition, but also by the non-contingent (vs. contingent) condition,
reflecting its close association with magnitude and probability per se. Finally, the striatum
(putamen) was only involved in the main effect of condition, exhibiting higher response to
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noncontingent than to contingent cues, evidence of its overall involvement with tracking
expected values.

Feedback—Two main contrasts were examined—that is, [gain/contingent vs. gain/
noncontingent] and [gain/contingent vs. no-gain/contingent]. The contrast comparing the
gain trials in the contingent and noncontingent conditions was analyzed using a three-way
rANOVA with the factors group, condition, and magnitude, and the contrast comparing gain
versus no gain in the contingent condition was analyzed using a three-way rANOVA with
the factors group, valence (gain vs. no gain), and magnitude. These results are summarized
in Tables 3 and 4.

Feedback after contingent and non-contingent gain: With regard to significant three-way
group x condition x magnitude interactions, an analysis of feedback after gains in contingent
and noncontingent trials revealed a three -way group x condition x magnitude interaction in
the right putamen and left occipital cortex (Table 3). This three-way interaction in the
putamen showed a pattern of activation that resembled the striatal response to cue
anticipation, particularly for the anxious group (Fig. 3). In the anxious group, putamen
activation was greater to low-magnitude than to high-magnitude gain in the noncontingent
trials (p=.02) and tended to be greater to high-magnitude than in the low-magnitude gain in
the contingent trials (p = .10). In contrast, in the healthy group, putamen activation did not
differ between high and low gain in either condition (p = .20).

With regard to significant two-way interactions and main effects, the three-way rANOVA
also revealed three significant group x condition interactions within the parahippocampal
gyrus, precuneus, and left lateral temporal cortex (Table 3). Most interesting, the
parahippocampal gyrus did not activate differentially across the two contingencies in the
anxious group but showed greater activation to the contingent than to the noncontingent
trials in healthy subjects. Across both groups, condition x magnitude interactions were
observed in the right caudate/putamen and the left hippocampus, precuneus, and occipital
regions. No group x magnitude interactions were observed. Finally, condition significantly
modulated BOLD activity in nine clusters. The bilateral insula and right lateral and medial
dorsal PFC showed greater activation in the contingent than in the noncontingent condition.
However, the posterior cingulate and inferior parietal cortices revealed the opposite—that is,
greater activation in the non-contingent than in the contingent condition. None of the other
contrasts (group x magnitude, group, magnitude) had any effects on brain activation.

Taken together, these feedback results showed similarities with cue anticipation with regard
to the contingency effect on the dorsal PFC and posterior cingulate region. Feedback also
showed dissimilarities from cue anticipation with regard to magnitude, which affected large
brain regions during cue anticipation but had no effect during the feedback period.

Feedback with and without contingent gain: When contingent trials with and without gain
were compared, a significant three-way group x valence x magnitude interaction emerged in
a cluster within the right posterior cingulate cortex (Table 4). This interaction was driven by
the differential effect of magnitude, which was significant in the healthy group but not in the
anxious group. The healthy group responded more strongly to high- than to low-magnitude
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gain and to low-than to high-magnitude gain omission. The anxious group showed no
modulation by magnitude in either feedback condition.

There were no significant group x valence (GxV) or group x magnitude (GxM)interactions.
However, across both groups, valence x magnitude interactions occurred in six posterior
regions, including the posterior cingulate cortex, left superior temporal, right inferior
parietal, and bilateral occipital cortices. A region in the left dorsal lateral PFC reached
significance for the main effect of valence, with higher activation to no gain versus gain. The
other finding of interest was the main effect of group on a cluster in the left precuneus,
showing greater activation in anxious than in healthy subjects.

Discussion

This work compared clinically anxious with nonanxious adolescents on the neural correlates
of two key components of motivated behavior, contingency, and incentive magnitude. Two
main findings emerged. First, as was predicted, in the contingent condition, striatal activity
was more sensitive to incentive magnitude in anxious than in nonanxious adolescents.
Second, in the noncontingent condition, anxious adolescents failed to show the expected
magnitude-related striatal response to reward and displayed greater activation to low than to
high incentives. These findings extend results from two past studies. One of these studies
examined anxious adolescents recruited with similar methods as here (Guyer et al., 2012)
but used the monetary incentive delay (MID) task (Knutson et al., 2000). The other study
examined adolescents at risk for anxiety by virtue of an early history of fearful temperament
(BI) and used the identical task as the one employed here (Bar-Haim et al., 2009). The
present findings confirm the enhanced striatal sensitivity to reward anticipation reported in
adolescents with anxiety disorders or at risk for anxiety and, most important, clarify the role
of contingency and reward magnitude on striatal perturbations in adolescent anxiety.

The first main finding concerns the contingent condition. In this condition, the anxious
adolescents expressed, within a caudate/putamen cluster, a pattern of hypersensitivity to re-
ward magnitude not observed in the healthy group (Fig. 2). Greater striatal activation
occurred in response to anticipation of high versus low reward magnitude in the anxious
group, but not in the healthy group, who showed similar activation to both magnitudes.

Taken together, these findings are consistent with the notion of heightened striatal sensitivity
to incentive cues in anxious adolescents (Guyer et al., 2012). Specifically, it is akin to the
greater striatal activation to the cue anticipation of gain versus loss in anxious adolescents
relative to healthy comparisons, when performing the MID task (Guyer et al., 2012). In the
MID task, as in the contingent condition of the present task, the anticipation cue signaled
that subjects needed to execute a correct action to receive the reward. We speculated that this
striatal hyperactivity may be linked to an action-preparatory response in anxious individuals.
The present results are consistent with this interpretation: Not only was striatal
hypersensitivity observed in anxious subjects during trials that were action contingent, but,
critically, this striatal hypersensitivity was not present in the noncontingent condition when
reward receipt was not dependent on behavioral performance. This statement needs to be
qualified by the fact that, in the noncontingent condition, subjects had to press a button to
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ensure that the computer would deliver the gain. However, the outcome of these
noncontingent trials did not depend on any decision from the subject. Thus, in a sense, the
noncontingent condition also contained a level of contingency (press a button). However, as
was supported by ratings on debriefing, the contingent trials were experienced as reflecting a
higher degree of personal control over outcome, as compared with the noncontingent trials.

The anxiety-related striatal hypersensitivity on behaviorally contingent trials may result
from an enhancement in cue salience afforded by a feeling of self-agency. This proposition
fits well with the hallmark symptom of generalized anxiety, defined as “excessive worry
about competence or quality of performance” (DSM-1V, p. 433, American Psychiatric
Association). Although the neurocircuitry underlying the coding of salience and valence
continues to be refined, the striatum is clearly a central component of the salience circuitry
(Hardin, Pine, & Ernst, 2009; Tricomi et al., 2004; Zink, Pagnoni, Martin-Skurski,
Chappelow, & Berns, 2004; Zink et al., 2003). This interpretation is also supported by the
feedback analysis (Fig. 3). This analysis (group x condition x magnitude) revealed that in
the contingent condition, the right puta-men tended to be more activated by the receipt of
high than by the receipt of low gain in the anxious group, but not in the healthy group,
suggesting that anxious adolescents were more sensitive to the magnitude value of gain than
were healthy adolescents in the contingent condition. However, in the non-contingent
condition, the anxious group showed greater puta-men activation to low-magnitude than to
high-magnitude gain, while, here again, healthy adolescents showed no differences between
magnitude levels. Therefore, the present work suggests that, when self-agency is involved,
anxiety in adolescents may lead to amplified salience of incentive stimuli, rather than
exaggerated appetitive value of the monetary incentive itself.

It is noteworthy that striatal activation in healthy adolescents did not differentiate between
high- and low-magnitude incentive on contingent trials. In the context of the whole task, the
contingent trials were half the expected value of the noncontingent trials. Conceivably,
healthy subjects might have experienced both expected values of the contingent condition
too low to differentiate between one another, relative to the noncontingent trials.
Alternatively, perhaps the contingent aspect of these trials minimizes the effect of
magnitude. This possibility could be tested by parameterizing the magnitude and
contingency factors.

The results from the contingent condition are also partly consistent with the work conducted
in adolescents at risk for anxiety using the same task as here (Bar-Haim et al., 2009). In this
previous study, striatal activation to the contingent cue was greater in adolescents with a
history of fearful temperament (i.e., BI), as compared with adolescents without such a
history. We noted a similar finding of striatal activation to contingent trials that was greater
in anxious than in healthy adolescents (Fig. S2). This finding involved the left putamen and
globus pallidum. In addition, we showed that anxious adolescents exhibited, in the
contingent condition, greater striatal discriminative sensitivity to cue magnitude, as
compared with healthy adolescents (Fig. 2). In contrast to this finding, Bar-Haim et al found
only an absolute greater sensitivity to reward cues in Bl versus non-Bl adolescents (Bar-
Haim et al., 2009). Finally, while we showed this greater discriminative magnitude
sensitivity in the dorsal striatum (caudate/putamen), Bar-Haim et al. had their finding in the
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nucleus accumbens. The involvement of the dorsal striatum in the present study is consistent
with the prominent role of this region in action—outcome contingencies (e.g., Bjork &
Hommer, 2007; O’Doherty, 2004; Tricomi et al., 2004). The finding within the ventral
striatum in Bar-Haim et al.’s study might reflect a specific role of this striatal component in
BI. A direct comparison of anxious patients and at-risk individuals with a history of fearful
temperament (Blackford & Pine, 2012; Chronis-Tuscano et al., 2009; Fox et al., 2005;
Perez-Edgar & Fox, 2005) would clarify the full nature of similarities and discrepancies
between these two phenotypes, generating insights on the differences between risk for and
expression of adolescent anxiety.

Another interesting comparison of our data relates to the work of Tricomi et al. (2004), who
designed the original task and used it in healthy adults. The original task featured two cues.
The contingent cue signaled the prospect of a reward or loss, depending of the subject’s
choice (“guess the correct button by pressing either the index button or the middle-finger
button”). The other cue signaled subjects to press a third button with their thumb, and they
were told that the outcome (reward or loss) was independent of this action. Thus, a major
difference between Tricomi et al.”s paper and this study was that the probability of receiving
a reward/loss was 50% on both contingent and noncontingent trials. Finally, only one
incentive magnitude was used in the Tricomi et al. task. The analysis, which modeled the
whole trial (cue, delay, and feedback) revealed overall greater striatal activation to the
contingent than to the noncontingent trials. In the present work, the reward probability on
the noncontingent trials was set to 100%. This design herein was selected to avoid the
possibility that subjects might experience a probabilistic out-come to be under their control,
despite instructions. For these reasons, it is difficult to directly compare contingent and
noncontingent conditions in our present task. Furthermore, the increased salience purported
to be associated with contingency might be mitigated by the lower expected value on the
contingent trials than on the noncontingent trials. Indeed, we found that overall across
groups and magnitude levels, the right putamen showed higher activation to the
noncontingent (high EV) than to the contingent trials (low EV) (Table 2).

The second main finding concerned the noncontingent condition. A distinct striatal
activation pattern emerged in the noncontingent condition, when reward delivery was
independent of the subject’s performance. The anxious group presented greater striatal
activation to the low- than to the high-incentive magnitude, while the healthy group showed
the expected greater striatal activation to high- than to low-incentive magnitude. This finding
might suggest that adolescent anxiety involves perturbed coding of reward values perse,
independent of any association with performance concerns, since performance was not
influencing the outcome of the trial (noncontingent). This finding could also be interpreted
from the perspective of the attention bias theory of anxiety (MacLeod et al., 1986; Mogg &
Bradley, 1998; Shechner et al., 2012). This theory proposes that anxiety is associated with an
attention bias toward negative or unfavorable stimuli. Accordingly, a low incentive value can
be experienced as an unfavorable or negative condition, relative to a high incentive value,
and, in turn, be allocated more attention and more salience in the context of anxiety. In
addition, we report in our feedback analysis a similar activation pattern in the right putamen
(see Fig. 3), showing greater activation to low- than to high-magnitude incentive in the
anxious group and no difference between these trials in the healthy group.
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Lastly, exploratory analyses of nonstriatal clusters revealed interesting PFC findings that
could be followed in future studies. The left dorsal PFC, including medial and lateral areas,
showed a similar pattern of activation to cue anticipation as the striatal regions activated by
the three-way group x condition x magnitude interaction. This is consistent with the
segregated striatal-cortical loops that reciprocally connect the dorsal striatum to the dorsal
PFC (Alexander, DeLong, & Strick, 1986; Haber, 2003). It would be important in future
studies to try to dissociate the role of bottom-up (striatal- cortical) from top-down (cortical-
striatal) information processing in the effects of anxiety on reward-related behavior. In
addition, it seems clear that the main effect of contingency engages different regions of the
PFC than do those interacting with anxiety or incentive magnitude (see Table 2). These
contingency-related PFC regions are predominately right-sided and involve both the medial
and lateral ventral and dorsal PFC. Their greater activation to contingent than to
noncontingent cue anticipation, despite the lower expected value of the contingent versus
noncontingent cues, emphasize their role in decision making and motivated behavior, which
typically implicates the more “limbic,” emotion-related regions of the PFC (ventral PFC).

Several limitations need to be mentioned. First, our sample size was relatively small, leaving
open the possibilities for type Il errors. Although we were able to detect group differences,
suggesting that these differences might be quite robust, it is also true that small samples can
lead to spurious results. As with all new findings, replication is warranted. Second, the
patient sample presented some diagnostic heterogeneity. Al-though most patients (70%)
carried a primary diagnosis of GAD, a few of them were diagnosed with SP and separation
anxiety disorder. In addition, comorbidity among anxiety disorders was frequent. Such
comorbidity reflects the most common presentation of anxiety disorders (Pine, Helfinstein,
Bar-Haim, Nelson, & Fox, 2009; Verduin & Kendall, 2003), which characterizes the
majority of studies of clinical anxiety (e.g., McClure et al., 2007; Monk et al., 2006).
Comorbidity may have added noise to the data, but at the same time, findings might reflect a
core deficit common to the diathesis of anxiety. Accordingly, it would be important to
compare groups of patients with SP or GAD on this task, particularly since striatal responses
during reward anticipation using the MID task partly differed in SP and GAD (Guyer et al.,
2012). Finally, although our goal was to contrast contingent versus noncontingent reward
anticipation and, by doing so, to examine the effect of personal control, the design of the
task did not permit to separate the effect of outcome certainty (certain reward vs. potential
reward) from the effect of contingency (noncontingent vs. contingent). Indeed, the
noncontingent condition represented a 100% likelihood of reward receipt, whereas the
contingent condition was a 50% likelihood of reward receipt. Given the notion of intolerance
to uncertainty described in anxiety disorders (Dugas, Buhr, & Ladouceur, 2004), variation in
outcome uncertainty is a potential con-found that would need to be examined separately.
Although the coding of probabilistic outcome involves striatal function (Berns & Bell, 2012;
Dreher, Kohn, & Berman, 2006), and in contrast to previous work showing striatal
involvement in reward contingency (Roy et al., 2011; Tricomi et al., 2004; Zink et al., 2004),
the modulation of striatal activation has not been demonstrated with behavioral elevated
sensitivity to uncertainty (intolerance of uncertainty), neither in healthy (Krain et al., 2006)
nor in anxious (Krain et al., 2008) individuals. This suggests that our between-group
findings might be specific to the contingency manipulation rather than influenced by
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outcome uncertainty. Nevertheless, future work should use a task in which contingency and
uncertainty levels are orthogonalized to be able to dissociate their respective effects.

In conclusion, collectively, studies in pediatric clinical anxiety and vulnerability to anxiety
converge on the notion of striatal dysfunction in the form of hypersensitivity to contingent
incentives, when self-agency is at play. Additional striatal perturbations may also affect the
coding of reward value in anxiety, particularly elevated striatal response to relatively small
reward values. Overall, while these results should be considered preliminary, they open new
avenues for research in anxiety and expand knowledge of the striatum’s role in the
neurobiology of anxiety disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Task design and performance. a Schematic of stimulus presentation. Arrows indicate
responses expected from onset of cue. Cues indicate three conditions: noncontingent (orange
here), contingent (blue here), or motor (yellow here); purple squares are habitual repeated
stimuli used to vary the timing of cue presentation. The feedback (FB, green here), displayed
the outcome—gain or no gain and cumulative gain. b The graphs show the mean + SEM
response time (in milliseconds) as a function of reward condition and magnitude
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Fig. 2.

Ri%ht caudate/putamen cluster (5,879 cc) significantly activated by group x condition x
magnitude during cue anticipation. a Group x condition x magnitude three-way interaction
F-map (p < .005) depicting bilateral activation in the caudate (left, x=-10, y=13, z=13,
Fmax = 17.53, k=618; right: x =14,y =9, 2 = 13, Anax = 18.77, k = 5,879) on a coronal
slice (y = 13; left is left). b Group mean activation in the left and right caudate (3 estimates
+ SEM) plotted for contingent and noncontingent trials as a function of magnitude: 3 mm
sphere extraction around the peak activation (x= 14, y=9, z=13), F=21.59, df=1, 36
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Fig. 3.
Significant group x condition x magnitude interaction in the right putamen (2389 cc) during

feedback presentation associated with gain (contingent and noncontingent): 3 mm sphere
extraction around the peak activation (x= 24, y=8, z=3), F=25.45, df=1, 36
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Table 1

Demographic and clinical characteristics (means, with standard deviations in parentheses)

Demographic Patients (n = 20) 9M/11F  Controls (n = 18) 8M/10F
Age 12.13 (2.4) 13.24 (2.3)

SES 37.33(16.62) 39.53 (15.90)

1Q 110 (13) 114 (10)

Clinical Ratings *

STAIC State 34.9(6.5) 28.0 (6.1)
STAIC Trait 39.8(8.6) 27.5 (5.4)
SCARED (child)  31.3(14.4) 11.6 (9.1)
SCARED (parent)  28.3(13.9) 5.5(6.4)

CDI-TS 50.0(11.0) 39.6 (5.0)

Note. CDI-TS, Child Depression Inventory T-scores (mean = 50, standard deviation = 10); SCARED, Screen for Child Anxiety Related Emotional
Disorder; STAIC, Spielberger state and trait questionnaire for children

*
All ratings, patients versus controls: p <.001
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