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Abstract

The ventral striatum (VS) is a critical brain region for reinforcement learning and motivation.
Intrinsically motivated subjects performing challenging cognitive tasks engage reinforcement
circuitry including VS even in the absence of external feedback or incentives. However, little is
known about how such VS responses develop with age, relate to task performance, and are
influenced by task difficulty. Here we used fMRI to examine VS activation to correct and
incorrect responses during a standard n-back working memory task in a large sample (n= 304) of
healthy children, adolescents and young adults aged 8-22. We found that bilateral VS activates
more strongly to correct than incorrect responses, and that the VS response scales with the
difficulty of the working memory task. Furthermore, VS response was correlated with
discrimination performance during the task, and the magnitude of VS response peaked in mid-
adolescence. These findings provide evidence for scalable intrinsic reinforcement signals during
standard cognitive tasks, and suggest a novel link between motivation and cognition during
adolescent development.
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INTRODUCTION

Intrinsic motivation is critical for cognitive performance and achievement across domains
(Nicholls, 1984). Intrinsic motivation is also impaired in neuropsychiatric disorders
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including addiction, mood disorders, and the negative symptoms of schizophrenia (Barch,
2005). As disorders of motivation often begin in adolescence, understanding how the
neurobiological substrates of motivation develop during this period is of particular
importance (Insel, 2009). Adolescence is a critical period for reward system development
(Ernst et al., 2005; Ernst and Fudge, 2009; Bjork et al., 2004; Bjork et al., 2007), where
increased risk taking results in substantial morbidity and mortality (Steinberg, 2008). One
notable recent study has demonstrated that prediction errors in an explicit reward task
peaked during mid-adolescence (Cohen et al., 2010). However, intrinsic (as opposed to
explicit) reinforcement responses have not previously been evaluated in children and
adolescents.

A growing literature has delineated a neural circuit centered on the ventral striatum (VS)
that responds to a wide range of explicit rewards and is tightly tied to motivated behavior
(Knutson and Cooper, 2005). Extending this literature, other reports have detailed VS
responses to correct>incorrect performance feedback (Ullsperger and von Cramon 2003;
Tricomi and Fiez 2008). More recently, Han et al. (2010) described VS activation to correct
responses in cognitive tasks in the absence of explicit rewards or even performance
feedback; we have subsequently reported similar effects (Wolf et al., 2011). However, most
studies of cognition do not typically report VS activation, perhaps due to relatively small
sample sizes and modulation of VS activity by specific parameters such as task difficulty. In
non-human primates, the responses of midbrain dopaminergic neurons projecting to VS are
governed in part by reward prediction errors (Hollerman and Schultz, 1998). Prediction
errors have provided a critical theoretical framework for understanding reward system
responses, and effectively index the difference between expected and received rewards
(Schultz, 1998). Thus, studies in both primates (Fiorillo et al., 2003) and humans (Dreher et
al., 2005) have shown that unexpected rewards generate a greater reward response.
Analogously, during difficult trials in a cognitive task, correct responses are less expected,
suggesting that differential VS responses may scale with task demand. This may relate in
part to variation in response confidence, as responses in a difficult task are likely to be less
certain; Daniel and Pollmann (2012) recently demonstrated that response confidence
modulates VS responses in a manner consistent with prediction errors. Additionally,
difficulty impacts intrinsic motivation: correct responses are reported as more satisfying
during a challenging compared to an easy task (Shalley and Oldham, 1985). However, no
prior research has directly investigated the link between task difficulty and VS
reinforcement responses, nor related such VS responses to task performance accuracy.

We investigated VS responses during the n-back working memory task in a large sample of
children, adolescents and young adults. We selected the n-back task as it parametrically
varies working memory load and therefore task difficulty. In addition, the n-back paradigm
provides neither performance feedback nor explicit rewards, allowing investigation of
intrinsic reinforcement responses outside of the context of a classic reward paradigm. We
hypothesized that even without any feedback, VS would respond more to correct trials than
incorrect trials, and that these responses would scale with task difficulty. Additionally, we
examined whether VS response magnitude is positively associated with task performance,
consistent with a measure of intrinsic motivation and task engagement. Finally, we
investigated how such VS responses evolve with age during adolescence.

MATERIALS AND METHODS

Participants

The present study is a collaboration between the Center for Applied Genomics (CAG) at
Children’s Hospital of Philadelphia (CHOP) and the Brain Behavior Laboratory at the
University of Pennsylvania (Penn). Study procedures were reviewed and approved by the
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Institutional Review Board of both CHOP and Penn. The target population-based sample is
of 10,000 youths who presented to the CHOP network for a pediatric visit and volunteered
to participate in genomic studies of complex pediatric disorders (Gur et al., 2011). A
subsample of 1,000 subjects, stratified by age and gender, were randomly selected for
neuroimaging. This report represents an interim analysis of the first 346 consecutively
imaged participants who completed the n-back task and did not have either a)a history of a
medical disorder that might affect brain function or 4) a psychiatric disorder that required
current psychotropic medication or previous inpatient psychiatric hospitalization. All
subjects or their parent or guardian provided informed consent and minors provided assent.
Of these 346 subjects, 42 subjects were excluded from the present analysis: nine subjects
due to a failure to perform the task at a minimum level of performance (>15 non-responses,
equivalent to >3 S.D.), one for perfect performance (precluding analysis of error trials), 29
for excessive in-scanner motion (either relative mean displacement >0.5mm or relative
maximum displacement >6mm), two for poor registration quality, and one for incomplete
image coverage. This resulted in a final sample of 304 subjects aged 8-22 (mean age 15.7
years, S.D. 3.3 years; 131 males).

Task paradigm

The n-back task (Figure 1) was adapted from prior studies where it has been described in
detail (Ragland et al., 2002). Briefly, it involved presentation of complex geometric figures
(fractals) for 500ms, followed by an interstimulus interval of 2500ms. This occurred under
three conditions: 0-back, 1-back, and 2-back. In the 0-back condition, participants responded
with a button press to a specified target fractal. For the 1-back condition, participants
responded if the current fractal was identical to the previous one; in the 2-back condition,
participants responded if the current fractal was identical to the item presented two trials
previously. Each condition consisted of a 20-trial block (60 s); each level was repeated over
three blocks. A target-foil ratio of 1:3 was maintained in all blocks; overall there were 45
targets and 135 foils. Visual instructions (9 s) preceded each block, informing the participant
of the upcoming condition. The task included a total of 72 s of rest while a fixation crosshair
was displayed. Total task duration was 693 s. Subjects did not receive any feedback about
performance at any point.

Behavioral data analysis

Subject performance during trials was evaluated using a measure of discrimination index, P,
and a measure of response bias, B, (Snodgrass and Corwin, 1988). These variables were
computed with the following formulas, which were modified from the original as previously
described (Sergerie et al., 2010):

HitRate (HR)=(0.5+Number Correct Targets)/(1+Number Total Targets)

False Alarm Rate (FR)=(0.5+Number Incorrect Foils)/(1+Number Total Foils)

P.=HR - FR

B,=[FR/(1-P,)] — 0.5
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P, provides a measure of discrimination accuracy that is unbiased by a subject’s response
bias; higher values reflect a greater degree of accuracy in discriminating between target and
foil items. Response bias B, measures the overall tendency of a subject to respond that any
given stimulus is a target or a foil. Positive B, values indicate a tendency to identify stimuli
as targets (a liberal bias), while negative B, values denote a tendency to identify stimuli as
foils (a conservative bias).

Py, By, and response times were calculated across all trials and also for each level of working
memory load (0-back, 1-back, 2-back). The effect of working memory load on performance
was evaluated with a mixed-effects analysis implemented in SAS (Cary, North Carolina)
using the MIXED procedure, with load as a fixed factor, subject as a random factor, and
gender and age as covariates. Post-hoc t-tests were used for comparisons of means for
significant effects.

Post-error slowing

In this study design there was an inherent tension between the goals of studying intrinsic
reinforcement and the explicit assessment of performance monitoring. In order to obtain an
indirect measure of subject performance monitoring, we evaluated post-error slowing. Post-
error slowing is a well-described phenomenon whereby subjects respond more slowly
following the known commission of an error (Danielmeier and Ullsperger, 2011). While
there was no explicit feedback presented in this study, we expected that post-error slowing
would occur, reflecting the fact that subjects would have an internal representation of
response confidence generated through ongoing performance monitoring. Specifically, we
compared median response times on correct target trials following errorsto correct target
trials following correct responses on a within-subject basis using a paired t-test. This
analysis was completed only for the 2-back condition, as there were an insufficient number
of relevant trial pairs to complete this analysis for 0- and 1-back blocks.

Image acquisition

All subject data were acquired on the same scanner (Siemens Tim Trio 3 Tesla, Erlangen,
Germany; 32 channel head coil) using the same imaging sequences. Blood oxygen level
dependent (BOLD) fMRI was acquired using a whole-brain, single-shot, multi-slice,
gradient-echo (GE) echoplanar (EPI) sequence of 231 volumes with the following
parameters: TR/TE=3000/32 ms, flip=90°, FOV=192x192 mm, matrix=64X64, slice
thickness/gap =3mm/Omm. The resulting nominal voxel size was 3.0%3.0x3.0mm. Prior to
timeseries acquisition, a 5-minute magnetization-prepared, rapid acquisition gradient-echo
T1-weighted (MPRAGE) image (TR 1810ms, TE 3.51 ms, FOV 180%240 mm, matrix
256x192, effective voxel resolution of 1 x 1 x Imm) was acquired to aid spatial
normalization to standard atlas space. Prior to scanning, in order to acclimate subjects to the
MRI environment, a mock scanning session where subjects practiced the task was conducted
using a decommissioned MRI scanner and head coil. Mock-scanning was accompanied by
acoustic recordings of the noise produced by gradient coils for each scanning pulse
sequence. During these sessions, feedback regarding head movement was provided using the
MoTrack (Psychology Software Tools, Inc, Sharpsburg, PA) motion tracking system.

Image preprocessing

All fMRI data processing was conducted using tools that are part of FSL (FMRIB’s
Software Library, www.fmrib.ox.ac.uk/fsl; Smith et al., 2004). BET was used to remove
non-brain areas (Smith, 2002). Functional timeseries were motion corrected to the median
image using a tri-linear interpolation with six degrees of freedom (Jenkinson et al., 2002),
spatially smoothed (6mm FWHM), and grand-mean scaled using mean-based intensity
normalization. The median functional and anatomical volumes were co-registered, and the
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anatomical image was transformed into standard space (T1 2mm MNI template) using a
nonlinear registration algorithm (FNIRT). Transformation parameters were later applied to
statistical images for group-level analyses.

Subject-level timeseries analysis

Our analysis consisted of three separate general linear models (GLMs). The first GLM
modeled the effect of correct (COR) versus incorrect (INCOR) trials across levels of
working memory load (two regressors), whereas the second GLM modeled correct and
incorrect trials separately for each level (six regressors), allowing between-level
comparisons. Finally, in order to evaluate the potential influence of subject motor responses,
we conducted a third GLM where correct and incorrect responses to target and foil trials
were modeled separately (four regressors). This allowed us to evaluate responses to correct
targets (HIT), correct foils (correct rejection; CR), incorrect targets (MISS), and incorrect
foils (false positive; FP). In this third model, motor responses were associated with HIT and
FP trials. All models included temporal derivatives of task regressors, a regressor modeling
task instructions, as well as six motion parameters. Task regressors were convolved with a
canonical (double-gamma) hemodynamic response function. Subject-level statistical
analyses were carried out using FILM with local autocorrelation correction (Woolrich et al.,
2001) as implemented in FEAT.

Voxelwise group level analysis

Voxelwise group-level analysis of the across-level/ model was conducted using FLAME. In
this model, the contrast of interest was COR>INCOR. To investigate the effects of age and
performance on brain activation, a voxelwise linear mixed-effects analysis using linear and
quadratic components of age (age and age?), sex, P,, and B, was performed. Given our focus
on activation related to correct responding, the group-level analysis was limited to voxels
that had a non-negative response to correct trials (e.g., brain voxels with COR>baseline at
2>0). Type | error was controlled using a whole-brain family-wise error (FWE) correction of
p<0.05 (equivalent to z>4.7). All images are displayed without masking and rendered using
MANGO (San Antonio, TX).

ROl analysis

As described below, the group level analysis of the across-leve/ model identified the ventral
striatum as the region that responded most robustly to the COR>INCOR contrast across all
trials. In order to evaluate the effect of task difficulty on VS responses, as well as further
evaluate the effects of age and performance, we conducted a region of interest (ROI)
analysis using the between-level GLM that separated the COR>INCOR response by level of
working memory load. We chose to use this ROI-based approach for the second model for
two reasons. First, our a priori hypotheses focused on ventral striatum, and the first across-
level GLM confirmed the hypothesized COR>INCOR response in this region. Second, the
use of ROI summary data allowed us to use statistical software that could tolerate empty
cells, which were present in some subjects due to ceiling performance at some levels of
working memory load. In contrast, FSL and other voxelwise analysis approaches require
that each subject have data present for every trial type.

A structural VS ROI was used in order to avoid the potential for bias imposed by a
functional ROI from the across-level/ model, where correct and incorrect events were
composed of variable proportions of trials from each level of working memory load. The VS
ROI was defined using the antero-ventral (anterior and ventral to the anterior commissure at
y=0, and z=0) aspect of the of the caudate, putamen, and nucleus accumbens. All regions
were defined using the Harvard-Oxford subcortical atlas thresholded at p<0.25. Mean
percent signal change was calculated for the contrast of COR>INCOR at each level of
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working memory load. One extreme outlier was excluded from this analysis. These values
were then entered as a dependent variable in a mixed model analysis of variance, with
working memory load (0, 1, 2-back) and laterality (L, R) as fixed factors, and subject as a
random factor. The Kenward-Roger correction for degrees of freedom was applied
(Kenward and Roger, 1997). Three models investigating specific hypotheses were
conducted. In the first model we examined the effect of working memory load,
hypothesizing that activation to correct versus incorrect responses would be greater under
higher levels of working memory load. Second, we evaluated the influence of overall
discrimination performance (P), to test the prediction that higher levels of activation would
be related to better behavioral performance. Finally, following upon research suggesting that
reward prediction errors peak in mid-adolescence (Cohen et al., 2010), we investigated
linear and quadratic effects of subject age to test the prediction that age might be related to
ventral striatum activation. Subject sex, response bias, and interaction terms were evaluated
as well. As large samples can reveal significant results of small effect sizes, we additionally
report effect sizes for between-subject variables such as performance and age. Standard
measures of effect sizes (such as eta?) cannot be derived from linear mixed models;
therefore, as in Raudenbush and Byrk (1992) we report effect sizes in terms of percentage
variance explained.

Inclusion of motion as a confound variable

Even after excluding subjects with gross in-scanner motion, age and motion (as summarized
by mean relative displacement) remained significantly related (r=—0.35). As has been
previously noted, developmental differences in-scanner motion may systematically bias
results (Church et al., 2010; Satterthwaite et al., 2012). Accordingly, as in Satterthwaite et
al. (2012), in order to investigate the potential influence of motion, we re-conducted both the
across-level voxelwise analysis and the befween-leve/ VS ROI analysis including mean
relative displacement as a confound variable in the models.

Target/Foil analysis

RESULTS

Finally, using the third GLM (four-parameter model), we investigated whether the VS
response to correct > incorrect trials was present for both target and foil trials separately.
Accordingly, we conducted one-sample t-tests within both left and right VS ROIs for the
contrasts of HIT > MISS (e.g., COR>INCOR for targets only) and CR>FP (foils only). In
order to evaluate the potential influence of subject motor responses on VS response, we
similarly investigated the COR > INCOR response for trials where a motor response was
present for both the correct and incorrect trials (HIT>FP) and where no motor response was
present for either side of the contrast (CR>MISS).

Behavioral results

Measures of behavioral performance are reported in Table 1. As expected, subjects had a
lower P, (indicating less accurate discrimination) at higher levels of working memory load
[F (2, 606)= 469.83; p<0.001)]. Discrimination also improved with age [~ (2, 301)= 27.36;
p<0.001)]. Response bias was most conservative at the 1-back level [~ (2, 606)= 4.35
p=0.01], but did not change with age. Subjects were slower at the highest levels of working
memory load [F~ (2, 606)= 117.13; p<0.001)], and responded more quickly with age [F (2,
301)=8.97; p<0.003)]. Sex did not have an effect on any measure. Finally, in the two-back
condition there was strong evidence for post-error slowing, with significantly greater
response times to correct targets following errors trials compared to correct trials
[4172)=9.08; p<0.001].
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Across-level voxelwise results

The first model examining the contrast of COR>INCOR was initially evaluated using an a
priori FWE-corrected threshold; this resulted in a large, confluent cluster of activation, with
peak activation in the ventral striatum (peak z=8.92, MNI coordinates: —22, 10, —8; Figure
2A). It should be noted that cortical brain regions typically associated with working memory
function did notshow a COR>INCOR response, but in fact displayed a robust
INCOR>COR response. These prefrontal regions included a large right-lateralized cluster
(encompassing the anterior cingulate, right dorsolateral prefrontal cortex, right frontal pole,
and right anterior insula; peak z=13.32; 2,28, 38; 12,156 voxels), the left anterior insula
(peak z=9.95; —32, 20, —12; 1,541 voxels), the left dorsolateral prefrontal cortex (peak
z=7.57; —42, 22, 30; 907 voxels), and the left frontal pole (peak z=4.37; —26, 50, 14; 257
voxels). Previous research has shown that these prefrontal regions undergo major changes
during adolescence (Geier et al., 2009; Giedd, 2004); the developmental trajectory of the
function of these brain regions will be examined in a separate manuscript upon completion
of the study sample. Notably, there was a significant and anatomically specific relationship
between discrimination performance (P,) and COR>INCOR response that was strongest in
bilateral ventral striatum: those who performed better demonstrated a greater COR>INCOR
response (Figure 2B; left: peak z=5.64, 226 voxels at —15, 9, —10; right: peak z=5.40, 113
voxels at 18, 10, —11). There was a similar association between COR>INCOR and P; in the
right dorsal caudate (150 voxels). There were no other associations with sex, age, age?, Py
or B, that were of a comparable magnitude (e.g., >100 voxels). When motion was included
as a confound variable, the results were unchanged. In order to establish that the signal from
the relatively more limited number of incorrect trials was meaningful, we also examined the
contrast of INCOR > baseline. As seen in Supplementary Figure 1, this contrast revealed
robust activation in task-active regions.

Between-level VS ROI results

The analysis of the between-level/ model using a structurally defined VS ROI tested for an
effect of working memory load, and provided a more sensitive estimate of age and
performance effects. VS laterality, subject sex, and response bias (By) did not contribute
significantly and were thus removed from the model. In the bilateral ventral striatum, there
was a significant effect of working memory load on the correct versus incorrect response,
with greater VS activation seen in association with greater load [Figure 3A; F (2, 528)=4.80;
p=0.0086]. Post-hoc t-tests indicated that this was driven by a significant difference between
the 2-back condition and both the 0-back [ 7{556)=2.97, p=0.0031] and 1-back conditions

[ 77489)=1.97, p=0.049]. As in the across-level model, discrimination performance (P,) had a
significant relationship with VS activation [Figure 3B; (1, 300)= 7.77; p=0.0057; 10%
variance explained]. No linear effects with age were found (p=0.22), but a quadratic
relationship between age and COR>INCOR response was present [Figure 3C; (1, 306)=
4.28; p=0.039; 6% variance explained]. Motion did not significantly predict VS response,
nor impact results when included in the model.

Target/Foil analysis

The VS ROI analysis of the third GLM revealed that correct>incorrect activation was seen
bilaterally in the VS for both targets [HIT>MISS contrast; left VS: 7{303)=3.30, p<0.001;
right VS: 7(303)=1.97, p=0.025 ] and foils [CR>FP contrast; left VS 7{303)=6.20, p<0.001;
right VS: 7(303)=6.87, p<0.001]. The correct > incorrect effect was seen in trials where
there was a motor response present [HIT>FP contrast; left VS: 7{303)=6.91, p<0.001; right
VS: 7(303)=6.93, p<0.001 ] and also in trials where there were no motor responses
[CR>MISS contrast; left VS: 7{303)=3.61, p<0.001; right VS: 7{303)=2.67, p<0.004].
There was not a significant difference between correct trials where a motor response was
made compared to correct trials when a motor response was not made (HIT vs. CR).
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DISCUSSION

In this study we examined BOLD activation associated with correct compared to incorrect
responses across and between levels of difficulty during a working memory task. Overall,
the results demonstrate robust VS activation that scales with task difficulty and is correlated
with task performance. Furthermore, the magnitude of VS activation peaked at mid-
adolescence. These effects occurred in a task lacking extrinsic rewards or explicit feedback,
suggesting that they may represent intrinsic reward signals.

Intrinsic reinforcement responses in the VS scale with task difficulty

Despite the widespread use of the n-back task in functional neuroimaging (Owen et al.,
2005), to our knowledge this is the first demonstration of VS activation to correct versus
incorrect trials in this task. Others have reported VS responses to correct>incorrect
performance feedback (Ullsperger and von Cramon 2003; Tricomi and Fiez 2008). Notably,
the effects reported here were present despite the lack of explicit feedback. This finding
follows upon previous reports of VS activation to correct responses in recognition memory
paradigms in the absence of feedback or explicit rewards (Han et al.,2010; Wolf et al.,
2011). As in these studies, we suggest that VS responses in this context may reflect intrinsic
reinforcement signals.

Here we extend this literature by demonstrating for the first time that the presence of such
signals is modulated by the difficulty of the cognitive task. The n-back task allowed us to
demonstrate that V'S activation scales in proportion to working memory load and hence
difficulty. These results accord with a substantial body of literature demonstrating reward
prediction error responses (Fiorillo et al., 2003; Dreher et al., 2005; Satterthwaite et al.,
2007), and suggest that the prediction-error framework may generalize to situations where
explicit rewards are not present. A reward prediction error account would predict the present
results (Schultz, 1998), where correct responses are less expected at higher levels of
difficulty, and therefore provoke a larger reinforcement response. Consistent with this
account, Daniel and Pollmann (2012) recently demonstrated VS prediction error responses
in the absence of explicit feedback when response confidence was higher than expected.
These findings provide a plausible neural correlate for the prior observation and common
experience that accurate performance is reinforcing in proportion to the difficulty of the task
(Shalley and Oldham, 1985). The effect of difficulty may also help explain why VS
activation to correct responses without feedback is not consistently reported -- robust VS
activation may only occur in tasks more difficult than those commonly used in many fMRI
studies.

VS activation is correlated with task performance

While no prior work has demonstrated it directly, it is intuitively plausible that intrinsic
reinforcement signals are related to task engagement and performance: subjects who are
more rewarded by correct performance are likely to also be those who are more engaged in
the task (French, 1958). Here, we found that subjects who performed better (using the
discrimination metric P;) also had higher VS activation to correct versus incorrect responses.
The present results expand on the study by Han et al. (2010), which found that intrinsic VS
activations were correlated with individual difference measures of reward-seeking. In a
recent study in healthy adults and patients with schizophrenia (Wolf et al., 2011) using a
very difficult recognition memory paradigm, we observed a correlation between VS
activation on correct trials and response bias, but not discrimination accuracy. However, the
sample size in that study was very small and underpowered to detect the P, effect seen here.
Furthermore, the task parameters in that study differed in multiple ways from the current
study, including a discrimination accuracy only slightly above chance. In the present study,
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we benefited from a much larger sample size as well as a better distribution of
discrimination responses. The current data suggest that VS activation may reflect
performance-related variables such as motivation and task engagement. Notably,
neuropsychiatric disorders that affect motivation (such as the negative symptoms of
schizophrenia) are often associated with prominent cognitive deficits, suggesting a potential
link between aberrations of reinforcement signaling and cognitive dysfunction (Wolf, 2006).

VS activation peaks in mid-adolescence

In contrast to the robust association between discrimination performance and VS activation
seen in both the voxelwise and ROI analysis, we only observed an effect of subject age in
the more sensitive VS ROI analysis. This analysis revealed an “inverted-U” quadratic
relationship between subject age and VS activity, with VS activation peaking in mid-
adolescence at approximately age 16. These results are consistent with prior studies that
have described increased VS activation among adolescents in explicit reward tasks (Cohen
et al., 2010; Galvan et al., 2006). Our results extend this prior work by demonstrating age-
related effects in intrinsic (rather than explicit) reinforcement responses. While statistically
significant, this effect was relatively subtle (explaining 6% of model variance), and required
both a large sample and a sensitive ROI analysis. This suggests the possibility that
adolescence may differentially affect reward system responses to extrinsic compared to
intrinsic rewards, and that V'S reward-sensitivity in adolescence may thus be more
prominent with explicit rewards.

Limitations, Future Directions, and Conclusion

This study has two main limitations. First, while the presence of VS activation in the
absence of explicit feedback is very intriguing, it does not provide a direct link between the
observed VS response and subject-level factors such as motivation. We predicted the
observed pattern of VS responses using a reward framework and interpret it in the same
context. Han et al. (2010) directly manipulated reward in their task design, clearly linking
enhanced VS activation during correct trials to reward processing, and bolstering our
interpretation of VS activation as reward-related. Furthermore, the presence of significant
post-error slowing provides indirect evidence that subjects were monitoring performance on
an ongoing basis, and were to some extent aware of when they were have likely to have
made an error or a correct response (Danielmeier and Ullsperger, 2011). Nonetheless, our
experimental design does not allow us to definitively exclude other potential interpretations.
For example, VS responses might be related to increased attention present on correct trials.
However, classic brain regions involved in attention including the dorsolateral prefrontal
cortex and the anterior cingulate display the opposite response as the VS (i.e., incorrect >
correct), which argues against such an interpretation. Similarly, a simple motor confound
was excluded by the analysis of the third GLM, where the correct > incorrect effect was seen
for both trials where motor responses were absent and for trials where there was a motor
response. Nonetheless, future studies should vary reward contingencies as part of the
paradigm design, and also obtain subjective measures of response confidence, reward
sensitivity, and intrinsic motivation.

A second limitation is that the n-back task produced few errors at lower levels of working
memory load, resulting in few trials and the presence of empty cells. This limitation
stemmed from the wide range of ages being studied (Luna et al., 2010). However, three
aspects of our approach minimize the impact of this limitation. First, our across-level GLM
collapsed incorrect trials across levels, providing an adequate number of incorrect trials.
Second, our between-level analysis of VS activation utilized an (unbiased, structurally-
defined) ROI analysis that could accommodate empty cells. Finally and perhaps most
important, while an analysis of a condition with a small number of trials might not be
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practical in an fMRI study of typical size, the large size of the present sample makes such
analyses tractable.

In summary, the present data provide novel evidence for a link between reward system
responses and cognition in adolescent development. It should be noted that the current
results were obtained within the context of a large ongoing study; in the final sample we will
be able to examine the relationship of VS activation to diverse, dimensionally defined
psychiatric symptoms. Given the centrality of motivation and cognitive deficits to many
neuropsychiatric disorders, the present results suggest that future studies in clinical
populations should directly examine aberrations of intrinsic reinforcement signals.
Furthermore, the impact of intrinsic reinforcement should be considered when interpreting
performance and brain activation patterns in cognitive tasks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Task paradigm. Fractals were displayed under three conditions: 0-back, 1-back, and 2-back.
Each condition consisted of a 20-trial block (60 s); each level was repeated over three
blocks. Subjects did not receive any feedback about performance at any point.
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Figure 2.

Results from across-level/ model. All results displayed unmasked using a z-threshold
equivalent to FWE p<0.05. A) Correct versus incorrect responses are associated with VS
activation. B) VS responses to correct versus incorrect trials are associated with task
discrimination performance: subjects with better discrimination performance exhibit greater
VS activation to correct versus incorrect trials.
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Figure 3.

Results from between-level analysis of structurally-defined bilateral ventral striatum. A4) VS
activation to correct versus incorrect trials scale by task difficulty; greater VS activation is
seen under higher levels of working memory load. Error bars represent SEM. B) Scatterplot
illustrating the relationship between task discrimination performance (P;) and VS
COR>INCOR activation, collapsed across level of working memory load and hemisphere.
Subjects who perform better also have greater VS COR>INCOR activation C) Scatterplot
illustrating the quadratic relationship between subject age and VS activation. VS activation
to COR>INCOR peaks in mid-adolescence.
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Table 1

Behavioral Performance

Variable[Mean (SD.)] 0-Back 1-Back 2-Back Total

Discrimination (Pr) 0.79(0.14)  0.82(0.15) 0.60 (0.20) 0.79 (0.14)

Response bias (Br) -0.19(0.16) -0.22(0.20) —0.19(0.19)  -0.20(0.19)

Number correct 58.46 (2.8) 56.77 (3.6) 51.12 (4.7) 166.3 (5.4)

Number incorrect * 3.0 (3.4) 3.8(3.6) 8.7 (4.6) 13.4(9.2)

Response time (ms) 509.8 (80.1) 538.1(134.1) 629.4(210.1) 536.0 (107.0)

*
= excluding empty cells (subjects with no errors at a given level)
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