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Abstract

Objectives—Bipolar disorders’ (BD) onset before age 18 is a potential marker for a more severe
illness course. Adolescence is also a period of significant normative maturation of inhibitory
control and reward-relevant decision-making processes, such as decreased delay discounting (i.e.,
decreased preference for smaller, immediate versus larger, delayed rewards). Adults with BD
exhibit elevated delay discounting rates. Very little is known about developmental changes in
delay discounting in adolescents with BD, or about associations between inhibitory control and
delay discounting in BD. The present study addresses these questions.

Methods—The sample included 78 participants, ages 13 to 23, with BD or without history of
mental illness. Group differences and group by age interaction effects on delay discounting (32
BD, 32 controls with valid responses), probability discounting (34 BD, 37 controls) and inhibitory
control indices (34 BD, 38 controls) were assessed.

Results—Among healthy controls, less discounting of delayed rewards was associated with older
age, whereas adolescents with BD did not show age-related associations. There were no group
differences in probability discounting or inhibitory control.

Limitations—The cross-sectional nature of the study cannot fully rule out the less likely
interpretation of group differences in cohort effects.

Conclusions—The lack of age-related improvement in delay tolerance in BD suggests disrupted
development of executive control processes within reward contexts, which in turn may contribute
to understanding more severe course of pediatric onset BD. Longitudinal studies are needed to
examine delay discounting in relation to maturation of neural reward systems among adolescents
with BD.
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Introduction

Two separate constructs are proposed to explain “excessive involvement in pleasurable
activities that have a high potential for painful consequences” (p. 362, DSM-IV-TR, 2000),
which often accompany manic/hypomanic periods in bipolar disorders (BD).
Hypersensitivity of the behavioral approach system (BAS), a system implicated in
facilitating approach to rewards in the environment (Depue & Collins, 1999), could explain
manic/hypomanic reward-related risk-taking and other bipolar symptoms (Depue & lacono,
1989; Johnson et al., 2012; Urosevic et al., 2008). Alternatively, manic/hypomanic risk-
taking may reflect a general/xref failure to inhibit behavioral responses regardless of the
reward context (Swann, 2010). Supporting the latter hypothesis, high levels of trait
impulsivity predict prospective first-time onset of mania (Alloy et al., 2012a).

Normative adolescence is also marked by high rates of engaging in reward-related risks, like
substance use, risky sexual practices, and reckless driving (Eaton et al., 2006), which are
attributed to both normative changes in BAS sensitivity and inhibitory control failures (e.g.,
Luciana et al., 2012). Empirical studies support normative increases in BAS sensitivity
(Ernst et al., 2006; Urosevic et al., 2012; Wahlstrom et al., 2010). High levels of BAS
activity during typical adolescence may interact with inefficiencies in prefrontal control
(Luciana et al., 2012; Steinberg, 2010) to promote decisions based on immediate versus
future goal-attainment. Consistently, there is evidence for greater intolerance for delayed
rewards (i.e., delay discounting [DD]) in healthy adolescents and increased tolerance for
these delays with maturation (Olson et al., 2007; Steinberg et al., 2009). Moreover, with
maturation, healthy adolescents exhibit an increased ability to inhibit prepotent responses
outside of reward contexts (Hooper et al., 2004). Compared to healthy adults, healthy
adolescents exhibit weaker connectivity between frontal cortical regions involved in
cognitive control (e.g., right inferior frontal gyrus) and other brain regions during an
inhibitory control task (Hwang et al., 2010).

DD and inhibitory control are related but separate processes. Among healthy adolescents,
the general ability to inhibit prepotent responses appears to be unrelated to disadvantageous
decision-making within reward contexts (Hooper et al., 2004). Still, DD in particular is
associated with inhibitory control in other studies of healthy adolescents (Olson et al., 2007).
A recent meta-analysis of functional neuroimaging studies indicates distinct neural
networks, but with some overlap in structures, implicated in DD versus response inhibition
(Wesley & Bickel, 2014). There are no studies examining whether adolescents with BD are
similar to healthy adolescents in their DD behaviors, inhibitory control, or in the age-related
maturation of these skills. The present study addresses these questions.

The present study’s findings may be clinically significant for several reasons. Onset of BD
in adolescence/childhood predicts poor prognosis—greater rates of comorbidity, suicidality,
episode recurrence, and shorter euthymic periods (Lewinsohn et al., 1995; Perlis et al., 2004;
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Schuroff et al., 2000; Strober et al., 1995). Regardless of onset age, adolescent age predicts
poorer functioning compared to younger ages in pediatric BD (Goldstein et al., 2009).
Childhood/adolescent onset of BD is also more common than previously believed (Perlis et
al., 2004; Van Meter et al., 2011). A recent longitudinal community study of 3,021
individuals found the first onset of mania to peak in the teens. The first onset of hypomania
has two peaks—in early childhood and adolescence, and the first onset of major depression
is between ages 12 to 25 (Beesdo et al., 2009). Deviations from typical patterns of reward
responding and/or behavioral inhibition in adolescence may represent early indicators of BD
vulnerability and/or BD course severity.

Little work has examined reward functioning in adolescents with BD, despite growing
empirical support for the BAS/reward hypersensitivity model (Alloy et al., 2012a; Alloy et
al., 2012b; Alloy et al., 2008; Johnson et al., 2000; Meyer et al., 2001; Nusslock et al., 2007;
Salavert et al., 2007) and overall abnormalities in reward processing (Johnson et al., 2005;
Murphy et al., 2001; Pizzagalli et al., 2008) in adult BD. There are deficits in learning
reward contingencies in reversal learning tasks in studies combining children and
adolescents with BD (Dickstein et al., 2004; Dickstein et al., 2010; Gorrindo et al., 2005).
However, two studies failed to find deficits when examining decision-making with explicit
reward contingencies (Rau et al., 2008), or with variable probabilities of monetary reward
(Ernst et al., 2004) in pediatric BD. Additional data are needed to fully understand reward
processing abnormalities in adolescents with BD.

DD tasks provide an opportunity to examine a specific aspect of reward processing—the
tendency to prefer immediate rewards that stems from an inability/unwillingness to tolerate
delayed reward delivery. The preferences for immediate rewards are suboptimal when
immediacy comes at the cost of smaller rewards. In healthy adolescents, maturation-related
changes in DD appear to be specific, since probability discounting (PD; preference for
smaller but certain versus larger but uncertain, probabilistic rewards) does not show
maturational changes (Olson et al., 2007; Scheres et al., 2006). PD predicts concurrent rates
of externalizing behaviors in normative adolescence, whereas DD is related to executive
functioning indices (Olson et al., 2007). Adult studies support psychological distinctions
between these two discounting types (Green & Myerson, 2004). The assessment of both PD
and DD may yield important insights regarding processes that contribute to BD.

Few studies have assessed DD rates in adults vulnerable to or with BD. In a study of young
adults at risk for BD, hypomania-proneness was related to a greater discounting of delayed
rewards in a two-choice task and greater N100 event-related amplitudes in response to
immediate versus delayed rewards (Mason et al., 2012). In another study, adults with BD
exhibited greater DD in a paradigm with hypothetical rewards, with discounting rates related
to measures of trait impulsivity but not to current bipolar symptoms, psychotropic
medications, or executive functioning (Ahn et al., 2011). In another study, adults at high-risk
for BD exhibited delay aversion in a gambling task, but no motor response inhibition
deficits, compared to controls (Wessa et al., 2015). Still, there are no examinations of
whether DD in particular is related to deficits in response inhibition outside of reward
contexts in BD.
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Based on this past research on adult BD and normative adolescence, 1) we hypothesize that
adolescents with BD will exhibit greater DD rates than healthy adolescents and a non-
normative lack of age-related declines in DD. 2) In order to determine the specificity of DD
abnormalities, we examined group differences and age associations in discounting of
probabilistic rewards. Based on data from healthy adolescents (Olson et al., 2007), it is
hypothesized that adolescents with BD will exhibit greater PD than healthy adolescents, but
neither group will exhibit age-related decreases. 3) In order to determine whether differences
in DD and PD are due to general inhibitory failures, we examined group differences and
age-related associations with behavioral inhibition using a Go/NoGo task. We also
examined relationships between DD, PD, and behavioral inhibition.

The present sample includes 78 participants, whose age range reflects the full range of BAS-
relevant neurodevelopment (Sowell et al., 1999; Urosevic et al. 2012), recruited into two
groups—participants with BD and participants without DSM-IV Axis | disorders. Table 1
provides the sample’s demographic and clinical information. Participants were recruited
from the local community (flyers; volunteer participants database) and university-affiliated
clinics (referrals, mailings to eligible families). Exclusion criteria were: history of
neurological disorders; current major physical conditions; birth complications; history of
extended loss of consciousness/severe head injury; 1Q < 70; learning disabilities/severe
developmental problems; uncorrected vision/hearing problems; learning English after age 5;
and left-handedness (Oldfield, 1971), due to issues related to psychophysiological measures.

DSM-1V Axis | disorders were assessed with the Kiddie-SADS-Present and Lifetime
Version (K-SADS-PL; Axelson et al., 2009; Kaufman et al., 1996) semi-structured
interview. For minors, one interviewer interviewed a parent and another interviewed the
minor. Adult participants (age > 18) provided all information themselves. A clinical
psychologist (SU) conducted one interview for each participant and supervised consensus
meetings where symptom ratings were derived based on all available information. A
pediatric BD assessment expert (EAY) reviewed a subset of BD interviews (40%) for
reliability purposes. Inter-rater reliability for K-SADS-PL symptom assessments was
excellent (weighted kappa = .87).

In the BD group, participants with Bipolar Disorder NOS diagnoses were included. Each
met all hypomanic episode criteria except for duration, along with a history of major
depressive episodes, psychiatric hospitalizations, and prescribed mood stabilizers. BD NOS
participants met all criteria for Bipolar 11 Disorder except that their hypomanic periods
lasted 1-2 days, i.e., < four days. Individuals with BD NOS do not differ from individuals
with more severe BD forms in their BD family history, comorbidity, age of onset,
suicidality, illness duration, current symptom severity, or current functional impairment
(Axelson et al., 2006; Hafeman et al., 2013). In a longitudinal study, 25% of youth with BD
NOS/cyclothymia converted to BD | or BD Il during a two-year interval (Birmaher et al.,
2006), and 45% converted within five years (Axelson et al., 2011). In another longitudinal
study, 56% of young adults with BD NOS/cyclothymia converted to BD | or BD Il during a
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five-year interval (Alloy et al., 2012a). This evidence suggests continuity across bipolar
diagnostic categories. Modal length of hypomanic periods is often 2 days (e.g., Angst et al.,
2011; Youngstrom, 2009), which suggests that a large number of individuals would fit
criteria for BD NOS as defined in the present study. In community studies, the majority of
youth with bipolar symptoms fit BD NOS criteria (Lewinsohn et al., 1995), making this a
particularly common pediatric BD diagnosis. For all these reasons, the full spectrum of BD
was included in the present study. Still, it should be noted that the debate about the exact
definitions of pediatric BD is ongoing (Leibenluft et al., 2011).

Based on K-SADS-PL assessments, 20 BD participants (53%) were euthymic (i.e., met
DSM-IV mood episode full remission criteria in the last two months), while 9 (24%) met
major depressive episode criteria, 6 (16%) met hypomanic episode criteria, and 3 (8%) met
manic episode criteria within the last two months. No participants exhibited current
psychotic symptoms at the time of interview.

Participants and their parents/legal guardians provided written informed consent/assent prior
to participation. The protocol was approved by the University of Minnesota’s Institutional
Review Board. Participants completed two visits: one including a diagnostic interview,
questionnaires, and intelligence testing; and a second including neurobehavioral testing and
other assessments. This analysis focuses on age, intelligence (Wechsler, 1999; 2011), Delay/
Probability Discounting Tasks (Olson et al., 2007; Richards et al., 1999), and a Response
Inhibition Task (Hooper et al., 2004) measures. The latter two tasks were administered using
E-Prime software (Psychology Software Tools, Inc.; Sharpsburg, PA).

Delay/Probability Discounting Tasks (Olson et al., 2007; Richards et al., 1999). Participants
were told to choose carefully on each trial and that they would receive the amount of money
provided by a randomly chosen response at task completion. In reality, this selection was
constrained to immediate pay-off trials for pragmatic reasons. On DD trials, participants
chose between a smaller, immediate reward and $10 after a delay (e.g., “Would you rather
have $5 now or $10 in 10 days?”). On PD trials, participants chose between a smaller,
certain reward and $10 with a variable probability (e.g., “Would you rather have $5 for sure
or $10 with a 75% chance?”). Discounting was assessed at delays of 1, 2, 10, 30, 180, and
365 days, and probabilities of 25%, 50%, 75%, 90%, and 95%. DD and PD trials were
randomly inter-mixed.

The amounts of smaller rewards, available immediately in DD trials, or with 100% certainty
in PD trials, were based on the random adjustment procedure described previously (Richards
et al., 1999). This procedure reduces the range of smaller monetary values based on the
participant’s prior choices, converging on an indifference point for each delay interval and
probability level. An indifference point is a subjective value of delayed or probabilistic $10,
which is reflected by the participant’s choices across trials (e.g., based on DD trials’ choices,
a participant may discount $10 after 10 days to a value of $9). A mean of 176.82 trials (SD =
30.14) was needed to calculate all indifference points.
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For each participant, indifference points were plotted separately against delays versus
probabilities. Based on prior studies of adolescents (Olson et al., 2007) using atheoretical
models of discounting (Myerson et al., 2001), area under the curve (AUC) scores were
calculated separately for delay versus probability discounting. Consistent with prior studies
(e.g., Olson et al., 2007), participants with inconsistent responses (i.e., less than two
decreases in indifference points and more than one increase as delays, or odds against,
increased) were excluded from analyses. This procedure yielded 32 BD and 32 control
group participants with valid DD responses and 34 BD and 37 control group participants
with valid PD responses. There were no significant group differences in rates of inconsistent
responses (ps > .63).

Response Inhibition Task (Hooper et al., 2004). Five blocks with 114 trials each were
administered in the following order: 1) Go/NoGo, with instructions to respond to all letters
except for X; 2) Target Detection, with instructions to respond only when the letter X
appeared; 3) Response Shift, with instructions to press one button if X appeared and another
button for any other letter; 4) a repeated Go/NoGo; and 5) a repeated Response Shift. The
letter X appeared 25% of the time. When calculating outcome measures, the two Go/NoGo
and Response Shift blocks were averaged.

The outcome measure assessing overall ability to discriminate go from no-go trials was d’
(i.e., z-score transformation of hit rate minus z-score transformation of false alarm rate, with
adjustments for perfect score performance, see Stanislaw & Todorov, 1999), calculated
separately for each condition. Follow-up analyses of significant group differences in d’
examined hit rates (i.e., number of correct go trials divided by total number of go trials) and
false alarm rates (i.e., number of failed inhibition/no-go trials divided by the total number of
no-go trials). Three participants (1 BD, 2 control) had incomplete data due to technical
issues, while three additional BD participants failed to finish the task, yielding a total of 72
participants (34 BD; 38 control) with complete Response Inhibition task data. d” measures
approximated normal distributions, except for Target Detection d’ for which additional non-
parametric tests are provided.

Internal State Scale (ISS; Bauer et al., 1991; 2000). The ISS is a self-report measure of
current bipolar symptoms with four subscales: Activation, Well-Being, Perceived Conflict,
and Depression. ISS Activation and Depression scores show strong convergent correlations
with interview-based ratings of current mania and depression, respectively (Bauer et al.,
1991), thus we have included them as continuous measures of current symptom severity.

Wechsler’s Abbreviated Scale of Intelligence’s (WASI; Wechsler, 1999; 2011) VVocabulary
and Matrix Reasoning subtests were administered to assess general intellectual ability. There
was a change part-way through the study from the WASI to WASI-II. In a validity study
(Wechsler, 2011), Vocabulary and Matrix Reasoning subscale scores from the WASI and
WASI-II were significantly correlated .88 and .71, respectively, suggesting that the two
versions assess highly similar constructs.
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Statistical Approach

Results

A series of hierarchical regression analyses were conducted separately for DD AUCs, PD
AUCs, and each measure of the Response Inhibition task. All analyses included: a mean-
centered age predictor and a covariate of estimated full-scale 1Q in Step 1; current clinical
symptoms, as assessed by ISS Activation and Depression subscales, as covariates in Step 2;
a dummy-coded group predictor in Step 3; and the interaction cross-product term for group
by mean-centered age in Step 4. Supplemental Tables 1 and 2 present reduced models that
do not account for current clinical state.

Significant group differences in DD or PD were followed up by regression analyses
including the Go/NoGo block false alarm rate, as the best measure of response inhibition, to
examine potential mediation effects.

Preliminary Analyses

Table 1 provides demographic and clinical information and Table 2 behavioral tasks’
descriptive statistics. There were no group differences in demographic characteristics. The
BD group exhibited higher current hypomania (ISS Activation Scale, t (76) = 3.91, p <.001)
and higher current depression (1SS Depression Scale, t (76) = 4.04, p <.001) than the
control group. Table 3 summarizes associations among DD, PD, and the Response Inhibition
measures in the control and BD groups separately and for the full sample.

BD participants currently taking psychotropic medications versus those who were
unmedicated, and those currently in psychotherapy versus those who are not, did not
significantly differ on any outcome measures. BD participants with BD I, BD I, versus BD
NOS, also did not significantly differ on any outcome measures.

Group and Group by Age Effects on Delay Discounting

Table 4 presents hierarchical regression examining group and group by age interaction
effects on DD (Hypothesis 1) for 32 BD and 32 control participants. In the Step 3 model
without the interaction term, there was a non-significant trend for BD participants to exhibit
smaller DD AUCs (i.e., steeper discounting) compared with control participants.

The Step 4/final model was significant, with unique effects of 1Q and age—older and higher
IQ participants discounted less. In addition, more severe current depression was related to
lower DD, whereas more severe current hypomania was related to higher DD.

There was a significant group by age interaction. Follow-up partial correlations (see Figure
1), controlling for ISS scales and 1Q, yielded a positive association between age and DD
AUC:s for the control group, partial r = .40, p = .030, with older control participants
exhibiting less DD. In the BD group, there was no such relationship, partial r =-.11,p =.
568. Repeated analysis with participants aged < 18 still yielded significant age by group
interaction effect.
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After controlling for age and 1Q, two analyses comparing the BD group participants without
(n = 14) versus those with lifetime SUD comorbidity (n = 18) and BD group participants
without (n = 23) versus those with ADHD comorbidity (n = 9) found no significant
differences.

Group and Group by Age Effects on Probability Discounting

When examining group and group by age interaction effects on PD AUCs (Hypothesis 2) for
34 BD and 37 control participants, there were no significant effects (Table 4).

Group and Group by Age Effects on Response Inhibition Task Performance

There were 34 BD and 38 control participants with complete Response Inhibition data in all
analyses.

Go/NoGo Condition. In a hierarchical regression examining effects on d’ in the Go/NoGo
condition (Hypothesis 3; see Supplemental Table 3), the Step 4/final model was significant,
R2 =53, F (6, 65) = 12.21, p < .001. There were significant effects of 1Q, partial r = .47, t =
4.34, p <.001, and age, partial r = .31, t = 2.59, p =.012, with older and higher 1Q
participants being better at discriminating among cues during response inhibition. There
were no significant group or group by age interaction effects.

Response Shift Condition. When examining effects on d” in the Response Shift condition,
the final model was significant, RZ = .42, F (6, 65) = 7.83, p < .001. There were significant
effects of 1Q, partial r = .33, t = 2.82, p = .010, and age, partial r = .26, t = 2.13, p = .037.
Older participants and those with higher 1Qs were better at accurately switching between
responses. There were no significant group or group by age interaction effects.

Target Detection Condition. When examining d’ in the Target Detection, the final model
was significant, RZ = .40, F (6, 65) = 7.22, p < .001 with significant effects of 1Q, partial r
=.28,t=2.33, p =.023. As above, participants with higher 1Qs performed better in their
vigilance skills.

In the Step 3 model without the interaction term, there was a significant group effect on d’,
change R? = .08, change F (1, 66) = 8.10, p = .006, with the BD group performing worse
than controls. Since some participants had perfect performance, Target Detection d’
measures were skewed. Non-parametric Mann-Whitney-U tests also yielded significant
group differences in d” with the BD group performing worse than controls, U = 437.50, p =.
017, just as the parametric tests did. In follow-up analyses, the BD group exhibited
significantly, change R? = .055, change F (1, 66) = 4.76, p = .033, lower hit rates than
controls (Mean = 0.92, Median = .98, SD = 0.12, and Mean = 0.96, Median = .98, SD =
0.04, respectively) and significantly, change R? = .075, change F (1, 66) = 6.85, p = .011,
higher false alarm rates than controls (Mean = 0.05, Median = 0.02, SD = 0.08, and Mean =
0.02, Median = .01, SD = 0.02, respectively).

In the Step 4/final model of the d” analysis, there was a significant group by age interaction,
change R? = .053, change F (1, 65) = 5.79, p = .019 (Supplemental Figure 1). Follow-up
hierarchical regression with the outcome variables of hit rates and false alarm rates yielded a
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significant group by age interaction only for hit rates, change R? = .088, change F (1, 65) =
8.51, p = .005. In the BD group, after controlling for 1Q and current symptoms, there was a
positive association between age and hit rates, partial r = .41, p =.022. There was no such
association for the control group, partial r = .05, p = .763.

After controlling for age and 1Q, analyses comparing the BD group participants without (n =
15) versus those with lifetime SUD comorbidity (n = 19) and the BD group participants
without (n = 25) versus those with ADHD comorbidity (n = 9) found no differences on
Target Detection performance.

Does Response Inhibition Mediate Group Effects on Delay Discounting?

There was a significant association between Go/NoGo false alarm rate (i.e., response
inhibition index) and DD AUC for the BD group, r = -.40, p = .029, but not for the control
group, r =-.26, p =.171, and an inverse association with age for BD, r = -.57, p =.001, and
control groups, r = -.42, p = .008. A hierarchical regression model with the Go/NoGo false
alarm rate as an added predictor, along with age, 1Q, and ISS scales, still yielded a
significant group effect on DD, change R2 = .061, change F (1, 53) = 4.85, p = .032. The BD
group exhibited steeper DD than controls. However, the group by age interaction effect was
no longer significant.

In summary, there was a significant group by age interaction on DD with a moderate effect
size (Cohen’s d = 0.56). There were no group effects on PD or response inhibition (i.e., Go/
NoGo condition). Furthermore, response inhibition did not fully explain BD-specific
abnormalities in DD.

Discussion

The present study examines two reward-relevant decision-making processes, i.e.,
discounting of delayed rewards and discounting of uncertain rewards, and response
inhibition irrespective of reward, in adolescents with BD versus healthy adolescents. A
strength of the study is that the participants’ ages encompass the full range of
neurodevelopment to best capture changes in prefrontal cortical and striatal regions that
underpin reward processing (Lebel & Beaulieu, 2011; Luna et al., 2013). Older healthy
adolescents showed better ability to tolerate increasing delays for rewards, consistent with
prior studies of normative adolescent development (Olson et al., 2007). No such positive
correlation with chronological age was observed among adolescents with BD. These
findings were unique to temporal discounting. There were no such effects on PD. Thus, age
associations between groups on DD cannot be attributed to differences in overall risk-taking,
since PD directly assesses responses to risk. The lack of significant differences in PD is
consistent with prior work on pediatric BD (Ernst et al., 2004). To understand this pattern of
findings, it is necessary to consider specific processes, and their neural correlates, assessed
by the temporal discounting paradigm.

Neural substrates of DD are not fully understood. Some neuroimaging studies exploring
neural substrates for DD implicate two separate neural systems: a system including ventral
striatum and medial orbitofrontal cortex (OFC), for processing of immediate rewards, and a
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system including parietal regions, dorsolateral prefrontal cortex (DLPFC), ventrolateral
prefrontal cortex (VLPFC), and lateral OFC, for processing of delayed rewards (McClure et
al., 2004). Other studies have posited a larger number of DD-relevant neural networks and
more complex interconnection between them (Li et al., 2013). Still, some DD-relevant brain
structures overlap with those implicated in the BAS dysregulation model of BD (Depue &
lacono, 1989).

There are no studies examining neural correlates of DD in BD. In a study using a different
reward paradigm, adolescents with BD exhibited greater medial OFC activation during
reward anticipation compared to healthy adolescents (Singh et al., 2013). During normative
adolescence, developmental changes in ventromedial PFC and ventral striatum (Christakou
etal., 2011), as well as in white matter organization in DLPFC and OFC (Olson et al.,
2009), may play a role in age-related decreases in DD. Future neuroimaging studies will
need to examine which DD neural correlates (e.g., medial OFC, ventral striatum, DLPFC,
parietal cortical areas) are altered in adolescent BD. Moreover, understanding deviations in
the maturation of DD networks is needed in adolescent BD.

Another important determination is whether increased DD in BD is driven by current
clinical states. In the present study, current hypomanic/manic symptoms’ severity was
associated with greater DD, whereas current depressive symptoms’ severity was associated
with lesser DD. Still, the group differences in associations of DD with age were observed
after controlling for current-state effects. These findings suggest that developmental
abnormalities in DD represent features of the illness that may be independent of current state
fluctuations. This is consistent with others studies reporting current-state independent
abnormalities in reward responses (Di Nicola et al., 2013).

In a non-reward measure of inhibitory control, group differences emerged only during
Target Detection performance. Adolescents with BD exhibited higher false alarms (i.e.,
failure to correctly inhibit responses) and lower hit rates (i.e., failures to correctly respond)
compared to healthy adolescents. Unlike healthy adolescents, adolescents with BD exhibited
improvement in hit rates with increasing age. However, most healthy adolescents were
performing close to ceiling levels, limiting their ability to show age-related improvements.
With this caveat in mind, the group differences in the Target Detection condition may reflect
failures to maintain the current response set, which is consistent with other studies of
pediatric BD (Joseph et al., 2008).

Importantly, there were no group differences in the ability to inhibit prepotent behavioral
responses, as assessed by the Go/NoGo condition. This is inconsistent with some prior
findings of response inhibition deficits in BD (Larson et al., 2005). However, a meta-
analysis of response inhibition fMRI studies found no evidence for deficits in response
inhibition during euthymia, despite the presence of hypoactivation of the right frontal gyrus
involved in inhibitory control (Hajek et al., 2013). The same meta-analyses found response
inhibition deficits during acute mania (Hajek et al., 2013). Since the present study
statistically modeled the effects of current bipolar symptoms and had very few acutely
manic participants, this may explain the overall lack of group differences. Finally, the
present pattern of associations between DD and inhibitory control indices indicate that,
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while inhibitory control may contribute to some maturational deviations, it does not fully
explain steeper DD in adolescent BD. Intriguingly, longitudinal epidemiological studies find
decreases in rates of mania with increasing age (Cicero et al., 2009), consistent with the age-
related maturation of these neural systems. Additional developmental studies are needed to
further examine these associations.

The present study is not without limitations. The cross-sectional study design prohibits
untangling group differences in developmental trajectories from potential group differences
in cohort effects. Although such cohort by diagnostic group interaction effects seem
unlikely, future longitudinal studies of DD abnormalities in adolescent BD are needed. For
ethical reasons, participants were not asked to refrain from their prescribed psychotropic
medications. However, medicated versus non-medicated adolescents with BD did not differ
on outcome measures of interest. Participants in the BD group were not excluded based on
presence of lifetime SUD, ADHD, or other comorbidities. Given the extremely high
comorbidity rates in BD (Goodwin & Jamison, 2007), and especially high comorbidity in
pediatric onset BD (Kowatch et al., 2005), the current study’s permissive inclusion criteria
likely resulted in a more clinically representative sample. Importantly, when analyses were
repeated excluding participants with specific comorbidities (e.g., ADHD), the overall pattern
of results was unchanged. The present sample is comparable to other studies of DD (e.g.,
Ahn et al., 2011) and of cognitive functioning in pediatric BD (e.g., Dickstein et al., 2010).
However, it is not sufficiently large to fully examine the current state effects or potential
differences among specific bipolar diagnostic categories. The present sample and cross-
sectional study design also preclude determining the exact age of deviation from normative
development in DD. Future longitudinal studies with larger samples will need to address
these limitations. Finally, the present study only examined motor response inhibition and
studies examining other types of disinhibition in BD are needed.

The present findings suggest that BD during adolescence is characterized by abnormal
maturation of DD; adolescents with BD, unlike healthy adolescents, discount delayed
rewards at a higher rate and fail to show expected improvements with older age.

Importantly, these tendencies are not readily attributable to risk-taking tendencies, which did
not vary between groups, nor are they attributable to deficits in motor control. Whether other
forms of inhibition (e.g., at higher cognitive levels) account for this patterning is a question
for future research. Future longitudinal studies might also assess how these DD tendencies
are impacted by neurodevelopmental deviations in the reward and executive control
systems. Future studies will need to determine the age at which DD development in BD
starts to deviate from normative development, which may provide important clinical, age-
sensitive tools for identifying adolescents at need of intervention. Future studies could also
examine whether behavioral training in tolerating delayed reward delivery within
experimental paradigms could lead to more controlled behavior in real-world settings and
improved illness course for adolescents with BD.
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Highlights

We examined delay discounting in adolescents with and without bipolar disorders.
With older age, healthy adolescents discounted delayed rewards less.

Adolescents with bipolar disorders did not show this age-related improvement.
There were no group differences in probability discounting or inhibitory control.

This suggests disrupted development of specific executive control processes in BD.
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Figure 1.

Associations between Age and Delay Discounting in Adolescents with Bipolar Disorders
and Healthy Adolescents. After controlling for 1Q and ISS scales, healthy adolescents
exhibit greater preference for larger but delayed rewards versus smaller but immediate
rewards with older age, whereas adolescents with bipolar disorders did not. Depicted DD
values reflect unstandardized residuals after regressing effects of 1Q and ISS on these areas
under the curve scores.
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Demographic and Clinical Characteristics of the Bipolar Disorders (BD) and Control Groups’ Participants

Age range in years

Age, M (SD)

Male gender, n (%)
Caucasian, n (%)

SES, M (SD)

1Q, M (SD)

ISS Activation, M (SD)"

ISS Depression, M (SD)*
ISS Well Being

ISS Perceived Conflict, M (SD)"
BD | Dx, n (%)
BD I1 DX, n (%)
BD NOS Dx, n (%)
BD Age of Onset
Number of Lifetime Comorbid Dx,
M (SD)
Any Substance Use Dx, n (%)
Any Anxiety Dx, n (%)
ADHD, n (%)
Enuresis, n (%)
Any Eating Dx, n (%)
ODD/Conduct Dx, n (%)
Current psychotherapy, n (%)
Current psychopharmacology, n (%)
Number of psychotropic
medications, M (SD)
Antipsychotics, n (%)
Anticonvulsants, n (%)
Lithium, n (%)
Antidepressants, n (%)
ADHD medications, n (%)
Antianxiolytics, n (%)

Other (e.g., sleep), n (%)

BD Control
(n=38) (n =40)
13.02-23.71 13.03 - 23.65
17.78 (3.20) 17.06 (2.75)
23 (61%) 25 (63%)
27 (71%) 30 (75%)

4612 (13.71)  47.70 (10.66)
110.66 (14.44)  115.88 (12.69)
158.95 (120.98)  73.81 (64.54)

3553 (32.44)  10.00 (22.76)

185.79 (62.20)  203.25 (54.46)
111.18 (84.71)  56.50 (56.41)
18 (47%) -
13 (34%) -
7 (18%) -
9.61 (4.38) -
2.55 (1.84) -a

19 (50%)
18 (47%)
10 (26%)
7 (18%)
7 (18%)
6 (16%)
19 (50%)
31 (82%) -
2.26 (1.62) -

21 (55%) -
11 (29%) -
8 (21%) -
13 (34%) -
9 (24%) -
8 (21%) -
10 (26%) -

Note:p < .05.

One control participant had a history of enuresis in full remission.

ADHD = attention deficit/hyperactivity disorder; BD NOS= bipolar disorder not otherwise specified; ISS = Internal State Scale; SES = socio-
economic status based on parental education and family income (Hollingshead, 1975). Non-Caucasian participants identified as African American

(14.1%), multi-racial (6.4%), Asian-Pacific Islander (2.6%), Native American (2.6%), other (1.3%); additional 2.6% as Hispanic.
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Table 2

Descriptive Statistics for Delay and Probability Discounting and Response Inhibition Tasks

BD Group  Control Group

Delay and Probability Discounting Task

DD valid data, n 32 32
DD AUC, M (SD) 0.43 (0.30) 0.53 (0.28)
PD valid data, n 34 37
PD AUC, M (SD) 0.42 (0.20) 0.40 (0.17)

Response Inhibition Task

Valid data, n 34 38
Go/NoGo d’, M (SD) 1.90 (1.18) 2.27 (0.87)
Response Shift d’, M (SD) 2.24 (0.88) 2.30 (0.83)

Target Detection d’, M(SD)*  3:60(1.06)  4.17(0.58)

*
Note: p <.05. d” = measure of accurate performance for Response Inhibition task based on false alarm and hit rates

DD AUC= delay discounting area under the curve; PD AUC = probability discounting area under the curve. The smaller the AUC value, the
greater the discounting behavior.
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