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Abstract

Predicting mood disorders in adolescence is a challenge that motivates research to identify 

neurocognitive predictors of symptom expression and clinical profiles. This study used machine 

learning to test whether neurocognitive variables predicted future manic or anhedonic symptoms 

in two adolescent samples risk-enriched for lifetime mood disorders (Sample 1, n=73, ages 13–25, 

M (SD)=19.22 (2.49) years, 68% lifetime mood disorder) or familial mood disorders (Sample 
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Prior Dissemination of the Data and Ideas
Sample 1 overlaps with a sample of adolescents in which other, non-overlapping behavioral hypotheses were tested (Peterson et 
al., 2021, 2022). Participants in Sample 2 are part of an ongoing multi-year study (the current study focuses on the first wave of 
assessment, and other procedures and timepoints will be reported elsewhere). Subsets of Samples 1 and 2 were included in a pooled 
behavioral analysis reported elsewhere (Kaiser et al., 2022). This study is the first to investigate neurocognitive prediction, or to report 
on neuroimaging data, in either sample.
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2, n=154, ages 13–21, M (SD)=16.46 (1.95) years, 62% first-degree family history of mood 

disorder). Participants completed cognitive testing and functional magnetic resonance imaging at 

baseline, for behavioral and neural measures of reward processing and executive functioning. 

Next, participants completed a daily diary procedure for eight to sixteen weeks. Penalized 

mixed effects models identified neurocognitive predictors of future mood symptoms and stress-

reactive changes in mood symptoms. Results included the following. In both samples, adolescents 

showing ventral corticostriatal reward hyposensitivity and lower reward performance reported 

more severe stress-reactive anhedonia. Poorer executive functioning behavior was associated with 

heightened anhedonia overall in Sample 1, but lower stress-reactive anhedonia in both samples. 

In Sample 1, adolescents showing ventral corticostriatal reward hypersensitivity and poorer 

executive functioning reported more severe stress-reactive manic symptoms. Clustering analyses 

identified, and replicated, five neurocognitive subgroups. Adolescents characterized by neural or 

behavioral reward hyposensitivities together with average-to-poor executive functioning reported 

unipolar symptom profiles. Adolescents showing neural reward hypersensitivity together with poor 

behavioral executive functioning reported a bipolar symptom profile (Sample 1 only). Together, 

neurocognitive phenotypes may hold value for predicting symptom expression and profiles of 

mood pathology.

General Scientific Summary:

Discovery of reliable cognitive and brain markers of risk may help to predict mood problems 

in adolescence. This study identified neurocognitive risk markers in two independent groups of 

adolescents, showing that combined abnormalities in brain and behavioral reward responses, and 

in executive functioning abilities, characterized subgroups who reported distinctive profiles of 

mood symptoms over the next two to four months.

Keywords

reward; executive functioning; functional network; mania; anhedonia; adolescent

Mood disorders, including unipolar and bipolar disorders, often emerge during adolescence 

(Paus et al., 2008), a developmental period that has been defined as beginning with 

puberty and ending with the transition to independence in social-emotional functioning 

(Forbes & Dahl, 2010). Yet, distinguishing the boundaries between mood disorders and 

identifying predictors of future outcomes remain clinical challenges (Cuthbert & Insel, 

2010). Cardinal symptom dimensions such as anhedonia characterize patients with either 

bipolar and unipolar disorders (Hoertel et al., 2016), whereas mania and hypomania, while 

mainly characterizing bipolar patients, are present at subthreshold levels of severity in 

25%-40% of unipolar patients (Zimmermann et al., 2009). Clinical heterogeneity is further 

complicated by the dynamic nature of mood disorders: patients experience fluctuations in 

several symptom dimensions on variable timescales (e.g., days, weeks) and in response 

to life stress (Peterson et al., 2021). Clinical heterogeneity is especially marked among 

adolescent patients (Birmaher & Axelson, 2006), rendering differential diagnosis more 

difficult in a population in which early intervention is critically important.
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In the face of these challenges, clinical science has turned to new strategies for predicting 

mood pathology, with special interest in neurocognitive markers that may be proximal 

to mechanisms of pathophysiology. Prior research has demonstrated neurocognitive 

abnormalities in mood disorders, including in dimensions of executive functioning, defined 

as higher-order cognitive abilities and related neural systems that support goal-directed 

behavior and adaptation (Friedman et al., 2018); and dimensions of reward sensitivity, 

defined as an individual’s behavioral, physiological, or emotional responsiveness to rewards 

(Berridge, 2018). Executive functioning ability and reward sensitivity are neurocognitive 

domains that show marked developmental change during adolescence and young adulthood, 

suggesting the importance of understanding how adolescent abnormalities in these domains 

may forecast risk both in the near future and across the lifespan (Kaiser et al., 2022).

Adolescents with unipolar and bipolar disorders exhibit deficits in executive functioning 

(Horn et al., 2011; Wagner et al., 2015). Such deficits have been observed at comparable 

effect sizes across subdimensions of executive functioning, suggesting mood-related 

impairment in “common” executive functioning that broadly disrupts goal-directed behavior 

(Snyder, 2013). In turn, common executive dysfunction is observed across mood disorders 

(Snyder et al., 2019), putatively driving shared psychopathological processes that correspond 

with distress, overlapping symptoms, or symptom severity (Peterson et al., 2022). Critically, 

poor executive functioning may be a risk marker for future mood pathology. For example, 

adolescents who exhibited lower lateral frontoinsular functional connectivity in response 

to a working memory task reported more severe and labile negative affect in daily life 

and increases in depression in the next several weeks (Kaiser et al., 2019). However, 

other studies have reported equivocal evidence for executive dysfunction as a risk marker 

(Scult et al., 2017). Given the clinical heterogeneity of mood disorders, one possibility is 

that executive dysfunction characterizes subgroups at risk for more severe and recurrent 

symptoms (Van Rheenen et al., 2020). Together, while there is support for executive 

dysfunction across adolescent mood disorders, it remains unclear the extent to which such 

dysfunction characterizes subgroups or predicts future symptoms.

In contrast to common patterns of executive dysfunction, abnormalities in reward processing 

are differentially associated with unipolar versus bipolar symptom profiles. Unipolar 

depression has been consistently associated with reward hyposensitivity (Ng et al., 2019), 

including reduced behavioral approach of and corticostriatal response to reward (Pizzagalli, 

2014). In turn, complex abnormal reward sensitivities have been observed in individuals 

with bipolar disorders including increased activity in ventral striatal and orbitofrontal 

regions in response to reward, (Alloy & Nusslock, 2019), but also blunted behavioral 

biases towards reward (Pizzagalli et al., 2008). As with executive dysfunction, prior work 

also indicates that abnormal reward sensitivity prospectively predicts mood pathology. For 

example, increased self-reported or corticostriatal response to reward predicted onset of a 

manic episode (Nusslock & Alloy, 2017) and blunted corticostriatal response to reward 

predicted worsening depression (Nielson et al., 2021). However, there are mixed findings 

for the reliability with which reward anomalies predict future symptoms, and effect sizes 

are small and vary with age (Nielson et al., 2021). Such mixed findings may be attributable 

in part to unmeasured contextual factors that interact with neurocognitive functioning to 

instantiate risk. In particular, life stress is associated with increased severity of mood 
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symptoms (Monroe & Reid, 2009), and neurocognitive risk may be a catalyst for stress 

to exacerbate mood pathology (Pizzagalli, 2014). However, the prospective associations 

between neurocognitive vulnerabilities and stress-related fluctuations in mood symptoms are 

not well understood.

In sum, prior research provides evidence that executive dysfunction and abnormal 

reward responses predict mood pathology in adolescence. However, there are several 

gaps. First, neurocognitive variables should be linked to the real-world expression of 

symptoms over time, in daily life and in response to stress. Such investigation should be 

performed in samples who vary in known risk factors for mood disorders, to maximize 

variance in symptom expression over time and better characterize neurocognitive risk. 

Second, neurocognitive risk should be characterized using multiple measures and robust 

predictive approaches. Neural and behavioral indices hold complementary information 

about neurocognitive functioning, hence multimodality may improve risk prediction when 

combined with analytic approaches that select robust predictors. Third, it is valuable 

to explore profiles of combined neurocognitive features that characterize subgroups of 

adolescents. Data-driven approaches to identify neurocognitive phenotypes on the basis of 

combined features can provide insight into the real-world manifestation of neurocognitive 

risk (Drysdale et al., 2017; Miranda et al., 2021). In the present study, we addressed these 

gaps.

This study collected behavioral and neural measures of reward processing and executive 

functioning in two risk-enriched adolescent samples, and used machine learning approaches 

to identify neurocognitive variables that predicted stress-related changes in symptoms of 

mania or anhedonic depression over a period of eight (Sample 1) to sixteen (Sample 2) 

weeks. The first sample was risk-enriched on the basis of personal history of mood disorders 

(n=73, ages 13 to 25 years, 68% lifetime mood disorder). The second sample was risk-

enriched on the basis of familial history of mood disorders (n=154, ages 13 to 21 years, 62% 

with a first-degree relative with a diagnosed mood disorder). In this study, adolescence was 

operationalized as the period spanning puberty onset through the social-emotional transition 

to independence (Forbes & Dahl, 2010). We note that other developmental theories may 

characterize our samples as including both adolescence and emerging adulthood (Arnett, 

2000). Our approach was aimed at capturing a full window of high risk for mood symptom 

onset, consistent with age ranges in prior risk prediction research (e.g., reviews in Faedda et 

al., 2014; Pedersen et al., 2023). (However, see Discussion for limitations of this approach).

Behaviorally, neurocognitive functioning was measured with a multi-task design that yielded 

behavioral factors for reward performance and common executive functioning. Neural 

measures of reward sensitivity included functional connectivity in response to reward in 

a ventral corticostriatal network involved in reward valuation and responding to reward 

outcomes, and a dorsal corticostriatal network involved in agentic reward-seeking and effort 

(Rushworth et al., 2011). Neural measurement of executive functioning included functional 

connectivity in response to task demands for cognitive control in frontoinsular networks 

including insula and either lateral (Sridharan et al., 2008), or anterior prefrontal regions 

(Vincent et al., 2008). Daily stress, and anhedonic and manic/hypomanic symptom severity, 

were evaluated with a daily diary.
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Models were tested in Sample 1, then replicated in Sample 2. Penalized mixed-effects 

models identified neurocognitive variables that robustly predicted stress-reactive increases 

in anhedonic or manic symptoms (Greenwood et al., 2020). Clustering analyses identified 

neurocognitive phenotypes defined by combined neurocognitive features, and tested 

subgroup differences in symptoms and stress responses. Our hypotheses were that: 

(1) neurocognitive variables related to executive dysfunction and reward hyposensitivity 

would predict stress-reactive anhedonia; (2) neurocognitive variables related to executive 

dysfunction and reward hypersensitivity would predict stress-reactive manic symptoms; 

(3) distinct neurocognitive phenotypes would emerge from clustering analyses, and 

differentially predict unipolar or bipolar symptom trajectories over follow-up.

Method

Participants

Participants in Sample 1 were 73 individuals ages 13 to 25 years (M=19.22, SD=2.51) 

recruited to research at the University of Colorado Boulder and the University of California 

Los Angeles. Developmental inclusion criteria were anchored to age/pubertal status and 

social role: eligible participants were post-pubertal (based on the Pubertal Development 

Scale (Petersen et al., 1988)), between ages 13 and 25 years, and had not yet entered the 

workforce. In Sample 1, 46% of participants were in middle or high school, and 54% were 

in college (community college or four-year institution), at the time of study enrollment. 

Clinical inclusion criteria required a primary lifetime diagnosis of unipolar or bipolar mood 

disorders and currently elevated symptoms, or no lifetime diagnosis of psychopathology, to 

maximize variance in symptom expression (Tables 1, S1–S2).

Participants in Sample 2 were 154 individuals ages 13 to 21 years (M=16.46, SD=1.95) 

recruited to research at the University of Colorado Boulder. In Sample 2, 67% of participants 

were in middle or high school, and 33% were in college (community college or four-year 

institution), at the time of study enrollment. Clinical inclusion criteria required a first-degree 

relative with a primary lifetime diagnosis of unipolar or bipolar mood disorders, or no 

first-or-second-degree family members with diagnosed mood disorders (Tables 1, S1–S2).

Procedures

Participants in both samples completed a first in-person research session consisting of 

clinical evaluation, behavioral tests, and surveys, and a second in-person magnetic resonance 

imaging session no more than one week later.

Participants in both samples completed a daily diary consisting of the same items 

administered each day of the diary procedure, but with different schedules across samples. 

Sample 1 completed a daily diary consisting of a three-day series of daily surveys, 

administered once per week for eight weeks (24 timepoints). The first daily diary was 

anchored to the participant’s first research session, and the start day for each three-day 

series was lagged each week for better coverage of all weekdays over the assessment period. 

Participants in Sample 2 completed a daily diary consisting of a 21-day series of daily 
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surveys, administered once after baseline testing and repeated three months after baseline 

testing (42 timepoints).

The daily diary was sent as a unique link to an encrypted survey on the REDCap platform. 

Participants were instructed to complete their daily diary around the same time each day 

(within +/−2 hours); each daily link expired after 24 hours.

Research protocols were approved by the Institutional Review Boards at each site and were 

conducted in accordance with the provisions of the World Medical Association Declaration 

of Helsinki. Consent was obtained from adults (ages 18 and older) and parental consent and 

child assent was obtained from minors (ages 17 and younger).

Measures

Measures of neurocognitive functioning are briefly described below, with details in 

Supplement.

Behavioral Measures of Neurocognitive Functioning—Reward tasks included the 

Two-Armed Bandit Task, the Probabilistic Reward Task (Pizzagalli et al., 2005), and 

the Instrumental Learning Task (Collins & Frank, 2012). Reward tasks had overlapping 

instrumental learning demands and monetary rewards, but differed in their perceptual 

characteristics and task structure.

Executive functioning tasks included the Antisaccade Task, the Color-Shape Switching Task, 

and the Spatial N-Back Task (Friedman & Miyake, 2017; Friedman et al., 2016). Executive 

functioning tasks shared overlapping demands for goal-directed behavior, but differed in 

perceptual characteristics and recruitment of subdimensions of executive functioning.

Neuroimaging Measures of Neurocognitive Functioning—The Dice Guessing task 

was modeled after the Card Guessing task from the Human Connectome Project (Barch et 

al., 2013). This task evaluated neural response to anticipating and responding to monetary 

reward or monetary loss.

The N-Back task was the same task used in the Human Connectome Project (Barch et 

al., 2013). This task evaluated neural response to task demands for updating neutral visual 

stimuli held in working memory.

Daily Diary—The following were administered on every day of the daily diary, with 

instructions to respond based on the past 24 hours.

Daily stress.: Participants reported on the intensity of the most stressful event that happened 

on a scale of 1 = not stressful at all to 5 = extremely stressful. The single-item score indexed 

subjective stress intensity.

Mood and Anxiety Symptom Questionnaire- Loss of Interest (Anhedonia): (MASQ-

LOI, (Watson, Clark, Weber, & Assenheimer, 1995). The MASQ-LOI evaluated severity of 

current anhedonic depression on a range of 1 (not at all) to 5 (extremely) for each item. 
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Per IRB recommendation, the item querying suicidality was omitted from the daily diary, 

yielding a 7-item scale. Items were summed for a total score.

General Behavior Inventory- Mania/Hypomania: (GBI-MH, (Depue et al., 1989)). The 

10-item GBI-MH scale measured severity of current symptoms of mania or hypomania on a 

range of 0 (never or hardly ever) to 3 (very often or almost constantly) for each item. Items 

were summed for a total score.

Analyses

Behavioral Measures of Reward Performance—Learning rate was derived from a 

prediction error computational model applied to the Two-Armed Bandit Task (Frank et al., 

2007), and is interpreted as the speed at which reward associations are learned. Accuracy 
was computed for the Instrumental Learning Task by estimating proportion accuracy 

over blocks, and reflects the ability to learn multiple stimulus-response associations. 

Discriminability was calculated for the Probabilistic Reward Task (Kaiser et al., 2018; 

Pizzagalli et al., 2005), and reflects the extent to which the participant is able to accurately 

discriminate between stimuli and reap maximum rewards. Of note, we also computed a 

second behavioral parameter (response bias) that has been more commonly associated with 

depression in prior research using this task. However, discriminability was selected for this 

study because it covaried with parameters from other reward tasks (whereas the response 

bias parameter did not). Therefore, discriminability was superior in terms of eligibility for 

factor analysis, see Supplement). Across reward processing tasks, the latent variable was the 

ability to learn and execute behaviors that maximize rewards.

Behavioral Measures of Executive Functioning—Accuracy on the Antisaccade Task 

provides a measure of the ability to inhibit prepotent behavioral responses (Friedman 

et al., 2016). Accuracy on the Spatial N-Back Task is a measure of working memory 

updating (Friedman et al., 2016). Switch cost on the Color-Shape Switching Task reflects 

response speed slowing when the participant must switch task conditions. Across executive 

functioning tasks, the latent variable was the ability to exert cognitive control and execute 

goal-directed behavior.

Confirmatory Factor Analyses for Behavioral Factors—Confirmatory factor 

analyses (CFAs) were performed in Mplus (Muthen & Muthen, 2017) using full information 

maximum likelihood estimation with robust standard error estimates to compute reward 

performance and executive functioning factors. The models were fitted on a pooled sample 

for better estimation and factor scores were saved using FSAVE.

Neuroimaging Measures of Neurocognitive Functioning—Neuroimaging 

processing and denoising are reported in Supplement. Task-modulated general linear models 

estimated functional connectivity using the CONN toolbox (https://www.nitrc.org/projects/

conn/).

Neuroimaging Measures of Reward Response—For ventral corticostriatal network 

response to reward, we modeled functional connectivity among nucleus accumbens and 
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medial orbitofrontal ROIs for Win relative to Lose blocks in the Dice Guessing Task 

(Figures S1–S2). For dorsal corticostriatal network response to reward, we modeled 

functional connectivity among nucleus accumbens and dorsal anterior cingulate ROIs for 

Win relative to Lose blocks in the Dice Guessing Task.

Neuroimaging Measures of Executive Functioning—For anterior frontoinsular 

network response to executive functioning, we modeled functional connectivity among 

anterior insula and anterior-polar prefrontal regions for 2-back relative to 0-back blocks in 

the N-Back Task. For lateral frontoinsular network response to executive functioning, we 

modeled functional connectivity among anterior insula and lateral prefrontal regions for 

2-back relative to 0-back blocks in the N-Back Task.

Group-Level Analyses—All variables were z-transformed before analyses. Correlations 

among neurocognitive variables were low to moderate, indicating that these variables reflect 

separable dimensions of neurocognitive functioning (Figure 1).

All available data were included in analyses; missing timepoints were omitted but 

participants with missingness were retained (their non-missing datapoints were included 

in analyses) to increase power and avoid biasing results. The glmmLasso and lme4 

packages were used for penalized mixed effect models, with regularization using Least 

Absolute Shrinkage and Selection Operator (LASSO). For discussion of parameters and 

cross-validation, see Supplement and (Groll & Tutz, 2014). The ConsensusClusterPlus and 

cluster packages were used for clustering analyses.

Predicting anhedonic symptoms: Sample 1.: In Sample 1, a penalized mixed effects 

model identified neurocognitive variables that predicted future severity of anhedonia over 

the follow-up period, either directly (main effects) or by modulating stress-related changes 

in symptom severity (interactions with subjective stress score). Severity of daily anhedonia 

was regressed on prior-day stress, neurocognitive variables (behavioral reward performance 

and executive functioning factors, ventral and dorsal corticostriatal reward response, lateral 

and anterior frontoinsular executive functioning response), and the interactions between 

prior-day stress and neurocognitive variables. All neurocognitive variables were entered 

together into the model. Covariates were site, sex, age, prior-day anhedonia, and current and 

prior-day mania to isolate increases in anhedonia. Random intercepts and slopes (effect of 

stress) were nested within subject.

Predicting manic symptoms: Sample 1.: In Sample 1, a second penalized mixed 

effects model tested identified neurocognitive variables that predicted future severity 

of manic symptoms. Severity of daily mania was regressed on prior-day stress, 

neurocognitive variables, and the interactions between stress and neurocognitive variables. 

All neurocognitive variables were entered together into the model. Covariates were site, sex, 

age, prior-day mania, and current and prior-day anhedonia to isolate increases in mania.

Replication of symptom prediction: Sample 2.: The same penalized mixed effects models 

were repeated in Sample 2, omitting the site covariate (Sample 2 was collected at a single 
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site) and including the random effect of month (because daily diaries were clustered within 

months 0 and 3).

Clustering Analyses—We performed k means analyses to partition participants, in 

Sample 1 and then testing replication in Sample 2. Features included in clustering were 

neurocognitive variables that significantly predicted mania or anhedonia in penalized models 

in both Sample 1 and Sample 2. Values of k=2:n were tested, and the optimum k solution 

was identified using consensus clustering (Monti, 2003; see Supplement).

Follow-up penalized mixed effects models tested subgroup differences in anhedonic or 

manic symptom severity and stress-reactivity over time. These analyses complement models 

described above, but should not be considered independent given that subgroups were 

defined by neurocognitive variables that survived penalized models.

Supplementary Analyses—Exploratory and comparative analyses are reported in the 

Supplement. First, we report standard (without regularization) mixed effects models for 

comparison. Second, we report on penalized mixed models that include interactions among 

neurocognitive variables. Third, we report analyses that considered diagnostic status of 

the participant, or familial diagnostic history. Fourth, we report on analyses that predicted 

daily affect. Fifth, we repeat penalized models and clustering analyses in a pooled sample 

(combining across Samples 1 and 2). We chose to focus on independent samples in our 

primary analyses to support a test-replication approach. However, analyses in a pooled 

sample capitalize on larger sample size and provide a complementary perspective.

Availability of Data and Materials—Data from Sample 2 are available through the 

National Institute of Mental Health Data Archive (NDA) Collection C3598. Data from 

Sample 1 were collected prior to data sharing approvals, and are not publicly available.

Results

Description of the Samples and Data Quality

Description of the samples and data quality/confound checks can be found in Supplement, 

and Tables 1, S1–S3. Adherence to the daily diary procedure was acceptable. In Sample 1: 

out of 24 timepoints, MED=17, M=14, SD=9; in Sample 2: out of 42 timepoints, MED=20, 

M=21, SD=12. In both samples, adherence rate was not significantly associated with any 

experimental variables or age, qs=0.07–0.88. Including adherence in penalized models did 

not influence results, changes in Bs< 0.01, zs<0.02, ps<0.01.

Symptom distributions were inspected in the daily diary reports for both samples. Across 

participants in both samples, symptom fluctuations spanned the full scale ranges for 

symptoms of anhedonic depression (Bredemeier et al., 2010) or mania (Youngstrom et 

al., 2009), with higher severity of manic symptoms in Sample 1 (Supplement). Of note, 

symptom fluctuations should be interpreted dimensionally, and not as evidence for a clinical 

mood episode.
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Neurocognitive Predictors of Anhedonia

In Sample 1, higher levels of subjective stress predicted increases in anhedonia the next 

day, B=0.13, z=2.10, p=0.03. In addition, there were significant moderated effects in which 

the relationship between stress and anhedonia was stronger for adolescents showing lower 

ventral corticostriatal reward response, B=−0.51, z=−6.34, p<0.01, or lower levels of reward 

performance behavior, B=−0.72, z=−10.01, p<0.01 (Figure 2). There was also a main 

effect in which adolescents with poorer behavioral executive functioning reported higher 

overall anhedonia, B=−2.57, z=−2.85, p<0.01, but lower stress-reactive change in anhedonia, 

B=0.27, z=3.45, p<0.01. Finally, adolescents showing lower anterior frontoinsular response 

to executive functioning reported higher overall anhedonia, B=−1.73, z=−2.03, p=0.04, and 

adolescents showing lower lateral frontoinsular response to executive functioning reported 

higher stress-reactive anhedonia, B=−0.24, z=−2.93, p<0.01 (Figure S3).

Replication was evaluated in Sample 2. Again, higher subjective stress predicted increases 

in next-day anhedonia, B=0.06, z=2.10, p=0.03. As in Sample 1, in Sample 2 the 

relationship between stress and anhedonia was stronger for adolescents showing lower 

ventral corticostriatal reward response, B=−0.16, z=−5.07, p<0.01, or lower levels of 

reward performance behavior, B=−0.25, z=−8.07, p<0.01. In addition, adolescents with 

poorer behavioral executive functioning reported lower stress-reactive change in anhedonia, 

B=0.15, z=4.85, p<0.01, but the main effect of poor behavioral executive functioning 

predicting higher overall anhedonia failed to reach significance, B=−0.41, z=−1.23, p=0.22. 

The effects of anterior and lateral frontoinsular executive functioning to predict anhedonia 

failed to replicate in Sample 2, Bs=−0.35 and 0.00 (Figure S3).

Neurocognitive Predictors of Mania

In Sample 1, higher levels of stress predicted increases in manic symptom severity the next 

day, B=0.12, z=1.98, p=0.04. Also, there were moderated effects in which the association 

between stress and manic symptom severity was stronger for adolescents with higher ventral 

corticostriatal reward response, B=0.53, z=6.89, p<0.01, lower levels of reward performance 

behavior, B=−0.20, z=−2.93, p<0.01, or poorer executive functioning behavior, B=−0.22, 

z=−3.18, p<0.01 (Figures 2, S4).

Replication was evaluated in Sample 2. Higher subjective stress failed to predict manic 

symptom severity, B=0.00, and neurocognitive effects failed to replicate, Bs=0.00.

Clustering

Clustering k means analyses were performed separately in Sample 1 and in Sample 2 

to partition each sample based on neurocognitive features showing replicable prospective 

associations with symptoms. Features included: behavioral executive functioning, behavioral 

reward performance, and ventral corticostriatal reward response. Consensus clustering 

identified an optimal solution of five subgroups in both samples (Figures S5–S6). Quality of 

the partition for Sample 1 was 66%, and for Sample 2 was 59%.

Subgroups from clustering analyses are in Figure 3. In Sample 1, both Subgroups 1 and 2 

exhibited poor behavioral executive function, but showed diverging patterns of high versus 
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low ventral corticostriatal reward response. Subgroups 3 and 4 were characterized by focal 

domains of reward hyposensitivity in the form of either low corticostriatal reward response 

or poor learning, but were average on other features. Subgroup 5 exhibited high behavioral 

performance. Similar patterns were observed for Sample 2.

Neurocognitive Clusters Predict Clinical Profiles

In Sample 1, subgroups 2, 3, and 4 reported higher stress-reactive anhedonia than 

other subgroups, Bs=0.47 – 2.01, zs=3.08–11.29, ps<0.01. Subgroup 1 reported higher 

anhedonia overall than other subgroups, B=2.61, z=2.56, p=0.01, higher stress-reactive 

manic symptoms, B=0.64, z=2.29, p=0.02, and non-significantly higher severity of manic 

symptoms overall, B=1.47, z=1.95, p=0.05, (Figure 4).

Replicating Sample 1 results, in Sample 2, subgroups 2, 3, and 4 reported higher stress-

reactive anhedonia than other subgroups, Bs=0.56 – 0.72, zs=5.46–6.69, ps<0.01, (Figure 4). 

There were no Sample 2 differences in manic symptoms among subgroups, Bs=0.00.

Discussion

Identifying neurocognitive markers that predict mood pathology in adolescence may provide 

insight into risk and inform clinical translation. Towards this goal, we tested whether 

neurocognitive measures of reward processing and executive function predicted symptoms 

of mania or anhedonia in two samples of adolescents who varied in personal or family 

history of mood disorders. Results showed that neural and behavioral reward sensitivity 

and executive functioning behavior robustly predicted stress-reactive anhedonia (in both 

samples independently, and when samples were pooled; Supplement), and symptoms of 

mania (Sample 1, partial replication in pooled sample; Supplement). Clustering analyses 

identified neurocognitive risk phenotypes, i.e., subgroups of adolescents characterized by 

combined neurocognitive markers that showed distinct clinical profiles. Together, findings 

support the potential for neurocognitive markers to predict future health in adolescence, a 

developmental period characterized by both neurocognitive changes and heightened risk for 

onset of mood pathology.

In this study, reward processing abnormalities distinguished risk for different symptom 

dimensions and clinical profiles. Behavioral or neural hyposensitivities to reward were 

consistently associated with stress-reactive anhedonia, and adolescents characterized by 

reward hyposensitivities clustered into subgroups that reported unipolar symptom profiles 

over time. Reward hyposensitivity effects replicated across samples, and when samples 

were combined (Supplement). In contrast, adolescents showing ventral corticostriatal 

hypersensitivity to reward reported stress-reactive mania and clustered into a subgroup that 

reported a bipolar symptom pattern over time (but only in Sample 1). Overall, these findings 

align with evidence that some forms of reward hyposensitivity are markers of unipolar 

disorders, and some forms of reward hypersensitivity may be markers of bipolar disorders 

or symptoms (Alloy & Nusslock, 2019; Nielson et al., 2021). Neural systems involved in 

reward and stress have bidirectional influences (Corral-Frías et al., 2015), and exposure to 

reward can influence an individual’s responses to subsequent stress (Dutcher & Creswell, 

2018). In addition, trait levels of reward sensitivity may moderate the association between 
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life stress and anhedonic depression (Nikolova et al., 2012). The results of the present study 

are consistent with this work, and suggest that mood is more strongly disrupted by daily 

stress among people with reward hypo- or hypersensitivities.

In contrast to specific associations between reward abnormalities and clinical profiles, 

adolescents who exhibited poor executive functioning reported worse mood symptom 

severity, especially anhedonia (with replication across independent and pooled samples; 

Supplement), and clustered into subgroups with either unipolar or bipolar trajectories. 

These results are consistent with evidence that common executive dysfunction is a general 

risk factor for adolescent mood pathology (Olvet et al., 2013; Vijayakumar et al., 2016). 

Executive dysfunction has been linked with broad deficits in emotion regulation (Joormann 

& Stanton, 2016) and general risk for internalizing disorders (Snyder et al., 2019). Future 

research will be useful to demonstrate whether executive dysfunction predicts mood or other 

symptoms in other psychiatric populations.

Results of clustering analyses highlight the value of evaluating combined patterns of 

neurocognitive abnormality, i.e., neurocognitive phenotypes. Several interesting findings 

emerged. First, adolescents showing neural and behavioral reward processing abnormalities 

tended to cluster separately. This pattern emphasizes that reward sensitivity is non-unitary 

(Berridge, 2018), and different forms of abnormal reward sensitivity may characterize 

subgroups even within the unipolar spectrum (Borsini et al., 2020). Second, adolescents 

showing reward abnormalities were characterized by average-to-poor executive functioning, 

and several subgroups with executive dysfunction reported relatively higher and/or more 

stress-reactive symptoms. These patterns suggest that adolescents who experience blunted or 

amplified responses to reward and also have difficulty regulating goal-directed behavior are 

more vulnerable to mood problems over time. Third, both reward hyper and hyposensitivity 

were associated with anhedonia, but in the context of bipolar versus unipolar clinical 

profiles. Phenotypes characterized by reward hyposensitivity (subgroups 2, 3, 4) reported 

elevated stress-reactive anhedonia, and a phenotype characterized by reward hypersensitivity 

(subgroup 1) reported elevated and sustained anhedonia (Sample 1). Together, results 

support that there is utility in identifying combined neurocognitive patterns that define 

naturally occurring subgroups which can then be described along multiple symptom 

dimensions.

It is important to note that this study yielded several null or non-replicable results across 

samples, including failure to replicate prediction of manic symptoms. Although our multi-

sample approach is a strength, differences between samples may have contributed to 

replication failures. Specifically, Sample 1 (risk-enriched for lifetime history of mood 

disorders) reported higher severity and more variable manic symptoms than Sample 2 (risk-

enriched for familial history of mood disorders). Therefore, failure to replicate prediction 

of manic symptoms may be driven by lower variance in such symptoms in Sample 2. 

Consistent with this interpretation, when penalized models were repeated combining data 

across samples (yielding a pooled sample with manic symptom severity and variability 

that was higher than Sample 2, but lower than Sample 1), partial replication of Sample 1 

effects was observed (Supplement). Results that failed to replicate should be interpreted with 
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caution, and future work should extend to large high-risk samples over longer periods that 

may better capture e.g., onset of clinical mood episodes.

Limitations

There are several limitations to the present study. First, we measured neurocognitive features 

based on their theoretical relevance to adolescent mood pathology. However, other domains 

(e.g., threat response), systems (e.g., whole-brain measures), and units (e.g., molecular 

signaling) may also be of interest. Similarly, other subdimensions of executive functioning 

or reward sensitivity beyond those measured in this study may provide complementary 

information.

Second, we operationalized daily stress using subjective report, which may reflect both 

stress exposure and reactivity to stress (which in turn is associated with symptom severity, 

(Hammen, 2005)). We covaried prior-day mood symptoms to better isolate the effects 

of prior-day stress on next-day mood, but this cannot entirely distinguish stress from 

symptoms. Future research that evaluates objective and subjective measures of stress will 

better discriminate aspects of stress that may elicit mood changes.

Third, while this study described neurocognitive risk during a developmental period of 

vulnerability to mood pathology, the study did not evaluate developmental changes in risk. 

For example, exposure to high-intensity stress in childhood and adolescence may disrupt 

development of large-scale neurocognitive networks involved in reward sensitivity, stress 

regulation or cognitive control, culminating in neurocognitive risk (McEwen & Akil, 2020). 

Neurocognitive risk may also vary by puberty (Kaiser et al., 2022), pubertal hormones, 

or age-indexed social factors. Although this study controlled for age, suggesting that 

neurocognitive predictors are robust across adolescence, only by examining developmental 

processes and moderators in longitudinal design can we begin to answer these questions.

Fourth, our approach to define adolescence (as the period between puberty onset and 

the social-emotional transition to independence) yielded samples that spanned teen years 

into early twenties. There are other approaches for operationalizing this developmental 

period, and our sample could be characterized as capturing developmental periods of both 

adolescence and emerging adulthood. Future research that focuses on narrower age ranges 

could reveal new patterns of neurocognitive prediction that are specific to key windows of 

development (e.g., puberty onset, emerging adulthood).

Fifth, we emphasize the need for replication and further exploration of neurocognitive 

phenotyping approaches. Although prior simulation studies indicate sufficient power for 

clustering analyses with three to four features (Dalmaijer et al., 2003), exploration of higher-

dimensionality clustering requires larger samples. In addition, we note that replication of 

a clustering solution across samples remains sensitive to sample size, even when statistical 

power to reliably partition data within a sample is adequate. In exploratory analyses that 

compared clustering solutions for independent versus combined samples, we observed 

notable variability in the stability of cluster assignments ranging from 88% (subgroup 1) 

to 68% (subgroup 4), suggesting that some neurocognitive phenotypes are more robust to 

sample size than others. Relatedly, it will be useful to compare the approach used here for 
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phenotyping, in which clusters are treated as discrete phenotypic subgroups, to alternative 

or complementary approaches e.g., that define an adolescent’s phenotype according to their 

position in a multidimensional space defined by several neurocognitive features. Future 

studies comparing these approaches will provide insight into the nature of neurocognitive 

risk, and how to best aggregate information from multiple domains of neurocognitive 

functioning to predict adolescent health.

Conclusion

In conclusion, this study tested neurocognitive predictors of mood symptoms in adolescents. 

Abnormal reward responses and executive dysfunction predicted stress-reactive symptoms, 

and neurocognitive phenotypes emerged that exhibited distinctive symptom profiles over 

time. Future research should extend to understand how such phenotypes emerge and change 

over development and treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

Research supported by NARSAD Young Investigator Award 24879 (R.H.K.) and NIMH grant R01MH117131 
(R.H.K.).

References

Abramovitch A, Short T, & Schweiger A (2021). The C Factor: Cognitive dysfunction as a 
transdiagnostic dimension in psychopathology. Clinical Psychology Review, 86, 102007. 10.1016/
j.cpr.2021.102007 [PubMed: 33864968] 

Alloy LB, & Nusslock R (2019). Future Directions for Understanding Adolescent Bipolar Spectrum 
Disorders: A Reward Hypersensitivity Perspective. Journal of Clinical Child & Adolescent 
Psychology, 48(4), 669–683. 10.1080/15374416.2019.1567347 [PubMed: 30908092] 

Alloy LB, Olino T, Freed RD, & Nusslock R (2016). Role of Reward Sensitivity and Processing 
in Major Depressive and Bipolar Spectrum Disorders. Behavior Therapy, 47(5), 600–621. 10.1016/
j.beth.2016.02.014 [PubMed: 27816074] 

Arnett JJ (2000). Emerging adulthood: A theory of development from the late teens through 
the twenties. American Psychologist, 55(5), 469–480. 10.1037/0003-066X.55.5.469 [PubMed: 
10842426] 

Barch DM, Burgess GC, Harms MP, Petersen SE, Schlaggar BL, Corbetta M, Glasser MF, Curtiss 
S, Dixit S, Feldt C, Nolan D, Bryant E, Hartley T, Footer O, Bjork JM, Poldrack R, Smith 
S, Johansen-Berg H, Snyder AZ, … Consortium WU-MH (2013). Function in the human 
connectome: Task-fMRI and individual differences in behavior. Neuroimage, 80, 169–189. 10.1016/
j.neuroimage.2013.05.033 [PubMed: 23684877] 

Berridge KC (2018). Evolving Concepts of Emotion and Motivation. Frontiers in Psychology, 9, 1647. 
10.3389/fpsyg.2018.01647 [PubMed: 30245654] 

Birmaher B, & Axelson D (2006). Course and outcome of bipolar spectrum disorder in children 
and adolescents: A review of the existing literature. Development and Psychopathology, 18(04). 
10.1017/S0954579406060500

Borsini A, Wallis ASJ, Zunszain P, Pariante CM, & Kempton MJ (2020). Characterizing anhedonia: A 
systematic review of neuroimaging across the subtypes of reward processing deficits in depression. 
Cognitive, Affective, & Behavioral Neuroscience, 20(4), 816–841. 10.3758/s13415-020-00804-6

Kaiser et al. Page 14

J Psychopathol Clin Sci. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bredemeier K, Spielberg JM, Silton RL, Berenbaum H, Heller W, & Miller GA (2010). Screening for 
depressive disorders using the Mood and Anxiety Symptoms Questionnaire Anhedonic Depression 
Scale: A receiver-operating characteristic analysis. Psychological Assessment, 22(3), 702–710. 
10.1037/a0019915 [PubMed: 20822283] 

Collins AGE, & Frank MJ (2012). How much of reinforcement learning is working memory, 
not reinforcement learning? A behavioral, computational, and neurogenetic analysis: Working 
memory in reinforcement learning. European Journal of Neuroscience, 35(7), 1024–1035. 
10.1111/j.1460-9568.2011.07980.x [PubMed: 22487033] 

Corral-Frías NS, Nikolova YS, Michalski LJ, Baranger DAA, Hariri AR, & Bogdan R 
(2015). Stress-related anhedonia is associated with ventral striatum reactivity to reward 
and transdiagnostic psychiatric symptomatology. Psychological Medicine, 45(12), 2605–2617. 
10.1017/S0033291715000525 [PubMed: 25853627] 

Cuthbert B, & Insel T (2010). The Data of Diagnosis: New Approaches to Psychiatric Classification. 
Psychiatry, 5.

Dalmaijer ES, Nord CL, & Astle DE (2003). Statistical power for cluster analysis. ArXiv:2003.00381, 
53. https://arxiv.org/abs/2003.00381

Daw N (2011). Trial-by-trial data analysis using computational models. In Decision Making, Affect, 
and Learning: Attention and Performance XXIII (pp. 3–37). Oxford University Press.

Depue RA, Krauss S, Spoont MR, & Arbisi P (1989). General Behavior Inventory Identification 
of Unipolar andBipolar Affective Conditions in a Nonclinical University Population. Journal of 
Abnormal Psychology, 98(2), 117–126. [PubMed: 2708652] 

Diekhof EK, Kaps L, Falkai P, & Gruber O (2012). The role of the human ventral 
striatum and the medial orbitofrontal cortex in the representation of reward magnitude 
– An activation likelihood estimation meta-analysis of neuroimaging studies of passive 
reward expectancy and outcome processing. Neuropsychologia, 50(7), 1252–1266. 10.1016/
j.neuropsychologia.2012.02.007 [PubMed: 22366111] 

Drysdale AT, Grosenick L, Downar J, Dunlop K, Mansouri F, Meng Y, Fetcho RN, Zebley B, Oathes 
DJ, Etkin A, Schatzberg AF, Sudheimer K, Keller J, Mayberg HS, Gunning FM, Alexopoulos 
GS, Fox MD, Pascual-Leone A, Voss HU, … Liston C (2017). Resting-state connectivity 
biomarkers define neurophysiological subtypes of depression. Nature Medicine, 23(1), 28–38. 
10.1038/nm.4246

Dutcher JM, & Creswell JD (2018). The role of brain reward pathways in stress resilience and health. 
Neuroscience & Biobehavioral Reviews, 95, 559–567. 10.1016/j.neubiorev.2018.10.014 [PubMed: 
30477985] 

Faedda GL, Serra G, Marangoni C, Salvatore P, Sani G, Vázquez GH, Tondo L, Girardi P, Baldessarini 
RJ, & Koukopoulos A (2014). Clinical risk factors for bipolar disorders: A systematic review 
of prospective studies. Journal of Affective Disorders, 168, 314–321. 10.1016/j.jad.2014.07.013 
[PubMed: 25086290] 

First MB, Williams J, Karg R, & Spitzer R (2015). Structured Clinical Interview for DSM- 5: Research 
Version. American Psychiatric Association.

Forbes EE, & Dahl RE (2010). Pubertal development and behavior: Hormonal activation of social 
and motivational tendencies. Brain and Cognition, 72(1), 66–72. 10.1016/j.bandc.2009.10.007 
[PubMed: 19942334] 

Formann A (1984). Die latent-class-analyse: Einführung in Theorie und Anwendung [Latent class 
analysis: Introduction to theory and application]. Weinheim.

Frank MJ, Moustafa AA, Haughey HM, Curran T, & Hutchison KE (2007). Genetic triple dissociation 
reveals multiple roles for dopamine in reinforcement learning. Proceedings of the National 
Academy of Sciences, 104(41), 16311–16316. 10.1073/pnas.0706111104

Friedman N, & Miyake A (2017). Unity and diversity of executive functions: Individual differences 
as a window on cognitive structure. Cortex, 86, 186–204. 10.1016/j.cortex.2016.04.023 [PubMed: 
27251123] 

Friedman NP, du Pont A, Corley RP, & Hewitt JK (2018). Longitudinal Relations Between Depressive 
Symptoms and Executive Functions From Adolescence to Early Adulthood: A Twin Study. 
Clinical Psychological Science, 6(4), 543–560. 10.1177/2167702618766360 [PubMed: 30250762] 

Kaiser et al. Page 15

J Psychopathol Clin Sci. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://arxiv.org/abs/2003.00381


Friedman NP, Miyake A, Altamirano LJ, Corley RP, Young SE, Rhea SA, & Hewitt JK (2016). 
Stability and change in executive function abilities from late adolescence to early adulthood: 
A longitudinal twin study. Developmental Psychology, 52(2), 326–340. 10.1037/dev0000075 
[PubMed: 26619323] 

Glasser MF, Sotiropoulos SN, Wilson JA, Coalson TS, Fischl B, Andersson JL, Xu JQ, Jbabdi S, 
Webster M, Polimeni JR, Van Essen DC, Jenkinson M, & Consortium WU-MH (2013). The 
minimal preprocessing pipelines for the Human Connectome Project. Neuroimage, 80, 105–124. 
10.1016/j.neuroimage.2013.04.127 [PubMed: 23668970] 

Gordon EM, Laumann TO, Adeyemo B, Huckins JF, Kelley WM, & Petersen SE (2016). Generation 
and Evaluation of a Cortical Area Parcellation from Resting-State Correlations. Cerebral Cortex, 
26(1), 288–303. 10.1093/cercor/bhu239 [PubMed: 25316338] 

Gorsuch RL (1983). Factor analysis. Hillsdale.

Greenwood CJ, Youssef GJ, Letcher P, Macdonald JA, Hagg LJ, Sanson A, Mcintosh J, Hutchinson 
DM, Toumbourou JW, Fuller-Tyszkiewicz M, & Olsson CA (2020). A comparison of penalised 
regression methods for informing the selection of predictive markers. PLOS ONE, 15(11), 
e0242730. 10.1371/journal.pone.0242730 [PubMed: 33216811] 

Groll A, & Tutz G (2014). Variable selection for generalized linear mixed models by L 1-penalized 
estimation. Statistics and Computing, 24(2), 137–154. 10.1007/s11222-012-9359-z

Hammen C (2005). Stress and Depression. Annual Review of Clinical Psychology, 1(1), 293–319. 
10.1146/annurev.clinpsy.1.102803.143938

Hoertel N, Blanco C, Peyre H, Wall MM, McMahon K, Gorwood P, Lemogne C, & Limosin F (2016). 
Differences in symptom expression between unipolar and bipolar spectrum depression: Results 
from a nationally representative sample using item response theory (IRT). Journal of Affective 
Disorders, 204, 24–31. 10.1016/j.jad.2016.06.042 [PubMed: 27318596] 

Horn K, Roessner V, & Holtmann M (2011). Neurocognitive performance in children and adolescents 
with bipolar disorder: A review. European Child & Adolescent Psychiatry, 20(9), 433–450. 
10.1007/s00787-011-0209-x [PubMed: 21904806] 

Joormann J, & Stanton CH (2016). Examining emotion regulation in depression: A review and future 
directions. Behaviour Research and Therapy, 86, 35–49. 10.1016/j.brat.2016.07.007 [PubMed: 
27492851] 

Kaiser RH, Moser AD, Neilson C, Peterson EC, Jones J, Hough CM, Rosenberg BM, Sandman 
CF, Schneck CD, Miklowitz DJ, & Friedman NP (2022). Mood Symptom Dimensions and 
Developmental Differences in Neurocognition in Adolescence. Clinical Psychological Science.

Kaiser RH, Peterson E, Kang MS, Van Der Feen J, Aguirre B, Clegg R, Goer F, Esposito EC, 
Auerbach RP, & Pizzagalli DA (2019). Frontoinsular Network Markers of Current and Future 
Adolescent Mood Health. Biological Psychiatry: Cognitive Neuroscience and Neuroimaging, 4(8), 
715–725. 10.1016/j.bpsc.2019.03.014 [PubMed: 31155512] 

Kaiser RH, Treadway MT, Wooten DW, Kumar P, Goer F, Murray L, Beltzer M, Pechtel P, Whitton 
A, Cohen AL, Alpert NM, El Fakhri G, Normandin MD, & Pizzagalli DA (2018). Frontostriatal 
and Dopamine Markers of Individual Differences in Reinforcement Learning: A Multi-modal 
Investigation. Cerebral Cortex, 28(12), 4281–4290. 10.1093/cercor/bhx281 [PubMed: 29121332] 

Kline RB (2011). Principles and practice of structural equation modeling (3rd ed). Guilford Press.

Lawlor VM, Webb CA, Wiecki TV, Frank MJ, Trivedi M, Pizzagalli DA, & Dillon DG (2020). 
Dissecting the impact of depression on decision-making. Psychological Medicine, 50(10), 1613–
1622. 10.1017/S0033291719001570 [PubMed: 31280757] 

McEwen BS, & Akil H (2020). Revisiting the Stress Concept: Implications for Affective Disorders. 
The Journal of Neuroscience, 40(1), 12–21. 10.1523/JNEUROSCI.0733-19.2019 [PubMed: 
31896560] 

Miranda L, Paul R, Pütz B, Koutsouleris N, & Müller-Myhsok B (2021). Systematic Review of 
Functional MRI Applications for Psychiatric Disease Subtyping. Frontiers in Psychiatry, 12, 
665536. 10.3389/fpsyt.2021.665536 [PubMed: 34744805] 

Monroe SM, & Reid MW (2009). Life Stress and Major Depression. Current Directions in 
Psychological Science, 18(2), 68–72. 10.1111/j.1467-8721.2009.01611.x

Kaiser et al. Page 16

J Psychopathol Clin Sci. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Monti S (2003). Consensus Clustering: A Resampling-Based Method for Class Discovery and 
Visualization of Gene Expression Microarray Data. 28.

Muthen LK, & Muthen BO (2017). Mplus user’s guide (8th ed.). Muthen & Muthen.

Ng TH, Alloy LB, & Smith DV (2019). Meta-analysis of reward processing in major depressive 
disorder reveals distinct abnormalities within the reward circuit. Translational Psychiatry, 9(1), 
293. 10.1038/s41398-019-0644-x [PubMed: 31712555] 

Nielson DM, Keren H, O’Callaghan G, Jackson SM, Douka I, Vidal-Ribas P, Pornpattananangkul N, 
Camp CC, Gorham LS, Wei C, Kirwan S, Zheng CY, & Stringaris A (2021). Great Expectations: 
A Critical Review of and Suggestions for the Study of Reward Processing as a Cause and Predictor 
of Depression. Biological Psychiatry, 89(2), 134–143. 10.1016/j.biopsych.2020.06.012 [PubMed: 
32797941] 

Nikolova YS, Bogdan R, Brigidi BD, & Hariri AR (2012). Ventral Striatum Reactivity to Reward 
and Recent Life Stress Interact to Predict Positive Affect. Biological Psychiatry, 72(2), 157–163. 
10.1016/j.biopsych.2012.03.014 [PubMed: 22534456] 

Nusslock R, & Alloy LB (2017). Reward processing and mood-related symptoms: An RDoC 
and translational neuroscience perspective. Journal of Affective Disorders, 216, 3–16. 10.1016/
j.jad.2017.02.001 [PubMed: 28237133] 

Olvet DM, Burdick KE, & Cornblatt BA (2013). Assessing the potential to use neurocognition to 
predict who is at risk for developing bipolar disorder: A review of the literature. Cognitive 
Neuropsychiatry, 18(1–2), 129–145. 10.1080/13546805.2012.724193 [PubMed: 23137046] 

Paus T, Keshavan M, & Giedd JN (2008). Why do many psychiatric disorders emerge during 
adolescence? Nature Reviews Neuroscience, 9(12), 947–957. 10.1038/nrn2513 [PubMed: 
19002191] 

Pedersen GA, Lam C, Hoffmann M, Zajkowska Z, Walsh A, Kieling C, Mondelli V, Fisher HL, 
Gautam K, & Kohrt BA (2023). Psychological and contextual risk factors for first‐onset depression 
among adolescents and young people around the globe: A systematic review and meta‐analysis. 
Early Intervention in Psychiatry, 17(1), 5–20. 10.1111/eip.13300 [PubMed: 35388612] 

Petersen AC, Crockett L, Richards M, & Boxer A (1988). A self-report measure of pubertal status: 
Reliability, validity, and initial norms. Journal of Youth and Adolescence, 17(2), 117–133. 
10.1007/BF01537962 [PubMed: 24277579] 

Peterson EC, Rosenberg BM, Hough CM, Sandman CF, Neilson C, Miklowitz DJ, & Kaiser RH 
(2021). Behavioral mediators of stress-related mood symptoms in adolescence & young adulthood. 
Journal of Affective Disorders, 294, 94–102. 10.1016/j.jad.2021.06.079 [PubMed: 34274793] 

Peterson EC, Snyder HR, Neilson C, Rosenberg BM, Hough CM, Sandman CF, Ohanian L, Garcia 
S, Kotz J, Finegan J, Ryan CA, Gyiman A, Sileo S, Miklowitz D, Friedman NP, & Kaiser RH 
(2022). General and Specific Dimensions of Mood Symptoms are Associated with Impairments in 
Common Executive Function. Frontiers in Human Neuroscience.

Pizzagalli DA (2014). Depression, Stress, and Anhedonia: Toward a Synthesis and Integrated 
Model. Annual Review of Clinical Psychology, Vol 10, 10, 393–423. 10.1146/annurev-
clinpsy-050212-185606

Pizzagalli DA, Goetz E, Ostacher M, Iosifescu DV, & Perlis RH (2008). Euthymic Patients with 
Bipolar Disorder Show Decreased Reward Learning in a Probabilistic Reward Task. Biological 
Psychiatry, 64(2), 162–168. 10.1016/j.biopsych.2007.12.001 [PubMed: 18242583] 

Pizzagalli DA, Jahn AL, & O’Shea JP (2005). Toward an objective characterization of an 
anhedonic phenotype: A signal detection approach. Biological Psychiatry, 57(4), 319–327. 
10.1016/j.biopsych.2004.11.026 [PubMed: 15705346] 

Rushworth MFS, Noonan MP, Boorman ED, Walton ME, & Behrens TE (2011). Frontal 
Cortex and Reward-Guided Learning and Decision-Making. Neuron, 70(6), 1054–1069. 10.1016/
j.neuron.2011.05.014 [PubMed: 21689594] 

Scult MA, Paulli AR, Mazure ES, Moffitt TE, Hariri AR, & Strauman TJ (2017). The association 
between cognitive function and subsequent depression: A systematic review and meta-analysis. 
Psychological Medicine, 47(1), 1–17. 10.1017/S0033291716002075 [PubMed: 27624847] 

Kaiser et al. Page 17

J Psychopathol Clin Sci. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Snyder HR (2013). Major Depressive Disorder is associated with broad impairments on 
neuropsychological measures of executive function: A meta-analysis and review. Psychological 
Bulletin, 139(1), 81–132. 10.1037/a0028727 [PubMed: 22642228] 

Snyder HR, Friedman NP, & Hankin BL (2019). Transdiagnostic mechanisms of psychopathology in 
youth: Executive functions, dependent stress, and rumination. Cognitive Therapy and Research, 
43(5), 834–851. 10.1007/s10608-019-10016-z [PubMed: 31551642] 

Spearman C (1904). The proof and measurement of association between two things. American Journal 
of Psychology, 15, 72–101.

Sridharan D, Levitin DJ, & Menon V (2008). A critical role for the right fronto-insular cortex in 
switching between central-executive and default-mode networks. Proceedings of the National 
Academy of Sciences of the United States of America, 105(34), 12569–12574. 10.1073/
pnas.0800005105 [PubMed: 18723676] 

Van Rheenen TE, Lewandowski KE, Bauer IE, Kapczinski F, Miskowiak K, Burdick KE, & Balanzá-
Martínez V (2020). Current understandings of the trajectory and emerging correlates of cognitive 
impairment in bipolar disorder: An overview of evidence. Bipolar Disorders, 22(1), 13–27. 
10.1111/bdi.12821 [PubMed: 31408230] 

Vijayakumar N, Whittle S, Yücel M, Byrne ML, Schwartz O, Simmons JG, & Allen NB 
(2016). Impaired Maturation of Cognitive Control in Adolescents Who Develop Major 
Depressive Disorder. Journal of Clinical Child & Adolescent Psychology, 45(1), 31–43. 
10.1080/15374416.2014.987381 [PubMed: 25700138] 

Vincent JL, Kahn I, Snyder AZ, Raichle ME, & Buckner RL (2008). Evidence for a Frontoparietal 
Control System Revealed by Intrinsic Functional Connectivity. Journal of Neurophysiology, 
100(6), 3328–3342. 10.1152/jn.90355.2008 [PubMed: 18799601] 

Vrieze E, Pizzagalli DA, Demyttenaere K, Hompes T, Sienaert P, de Boer P, Schmidt M, & Claes 
S (2013). Reduced Reward Learning Predicts Outcome in Major Depressive Disorder. Biological 
Psychiatry, 73(7), 639–645. 10.1016/j.biopsych.2012.10.014 [PubMed: 23228328] 

Wagner S, Müller C, Helmreich I, Huss M, & Tadić A (2015). A meta-analysis of cognitive functions 
in children and adolescents with major depressive disorder. European Child & Adolescent 
Psychiatry, 24(1), 5–19. 10.1007/s00787-014-0559-2 [PubMed: 24869711] 

Watson D, Clark LA, Weber K, & Assenheimer JS (1995). Testing a tripartite model II: Exploring 
the symptom structure of anxiety and depression in student, adult, and patient samples. Journal of 
Abnormal Psychology, 104(1), 15–25. 10.1037/0021-843x.104.1.15 [PubMed: 7897037] 

Vrieze E, Pizzagalli DA, Demyttenaere K, Hompes T, Sienaert P, de Boer P, Schmidt M, & Claes 
S (2013). Reduced Reward Learning Predicts Outcome in Major Depressive Disorder. Biological 
Psychiatry, 73(7), 639–645. 10.1016/j.biopsych.2012.10.014 [PubMed: 23228328] 

Whitfield-Gabrieli S, & Nieto-Castanon A (2012). Conn: A functional connectivity toolbox for 
correlated and anticorrelated brain networks. Brain Connectivity. 10.1089/brain.2012.0073

Wilcox RR, & Keselman HJ (2003). Modern Robust Data Analysis Methods: Measures of 
Central Tendency. Psychological Methods, 8(3), 254–274. 10.1037/1082-989X.8.3.254 [PubMed: 
14596490] 

Youngstrom EA, Frazier TW, Demeter C, Calabrese JR, & Findling RL (2009). Developing a Ten Item 
Mania Scale from the Parent General Behavior Inventory for Children and Adolescents. 18.

Zald DH, & Treadway MT (2017). Reward Processing, Neuroeconomics, and Psychopathology. 
Annual Review of Clinical Psychology, 13(1), 471–495. 10.1146/annurev-clinpsy-032816-044957

Zimmermann P, Brückl T, Nocon A, Pfister H, Lieb R, Wittchen H-U, Holsboer F, & Angst J 
(2009). Heterogeneity of DSM-IV Major Depressive Disorder as a Consequence of Subthreshold 
Bipolarity. Archives of General Psychiatry, 66(12), 1341. 10.1001/archgenpsychiatry.2009.158 
[PubMed: 19996039] 

Kaiser et al. Page 18

J Psychopathol Clin Sci. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Correlations among neurocognitive variables.
Bivariate correlation matrices for neurocognitive variables in Sample 1 (n=73), Sample 

2 (n=154). Note: vCS, ventral corticostriatal reward response, dCS, dorsal corticostriatal 

reward response, aFI Exec Fx, anterior frontinsular response to executive functioning, lFI 

Exec Fx, lateral frontinsular response to executive functioning, EF Bx, behavioral executive 

functioning, RP Bx, behavioral reward performance.
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Figure 2. Neurocognitive predictors of stress-reactive anhedonic or manic symptoms.
In Sample 1, prospective associations between daily stress and symptoms of anhedonia, 

moderated by (A) ventral corticostriatal (vCS) reward response (B) behavioral reward 

performance, or (C) behavioral executive functioning. In Sample 1, prospective associations 

between daily stress and symptoms of mania, moderated by (D) ventral corticostriatal 

(vCS) reward response (E) behavioral reward performance, or (F) behavioral executive 

functioning. In Sample 2, prospective associations between daily stress and symptoms of 

anhedonia, moderated by (G) ventral corticostriatal (vCS) reward response (H) behavioral 

reward performance, or (I) behavioral executive functioning. In Sample 1, prospective 

associations between daily stress and symptoms of mania, moderated by (J) ventral 

corticostriatal (vCS) reward response (K) behavioral reward performance, or (L) behavioral 

executive functioning. Note: MASQ-LOI, Mood and Anxiety Symptom Questionnaire 

– anhedonic Loss of Interest subscale; GBI-MH, General Behavior Inventory – Mania/

Hypomania subscale. Displayed are fit lines at low (blue, −1.5 standard deviations from 

mean) or high (red, +1.5 standard deviations from mean) levels of the neurocognitive 

measure of interest. *p<0.05 main or moderated effects, penalized mixed effects models.
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Figure 3. Neurocognitive phenotypes.
Consensus clustering with k means applied independently to Sample 1 and Sample 

2 identified five subgroups of adolescents in each sample on the basis of combined 

neurocognitive features that survived penalized regression. Neurocognitive features: ventral 

corticostriatal (vCS) reward response, behavioral executive function (EF Bx), and behavioral 

reward performance (RP Bx).
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Figure 4. Neurocognitive phenotypes and related symptom profiles.
In Sample 1, (A) neurocognitive phenotypes defined by clustering analyses, and (B-C) 
prospective associations between daily stress and symptoms of anhedonic depression or 

mania for each phenotype subgroup. In Sample 2, (D) neurocognitive phenotypes defined by 

clustering analyses, and (E-F) prospective associations between daily stress and symptoms 

of symptoms of anhedonic or mania. Note: MASQ-LOI, Mood and Anxiety Symptom 

Questionnaire – anhedonic Loss of Interest subscale; GBI-MH, General Behavior Inventory 

– Mania/Hypomania subscale. For display, Sample 1 y axis scaled to +/− 1.5 standard 

deviations from mean z-score (0), Sample 2 y axis scaled to +/− 1 standard deviations from 

mean z-score (0).
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Table 1.

Summary of Demographic Characteristics and Clinical and Familial History

Sample 1 n = 73 Sample 2 n = 154

M (SD) M (SD)

Age (years) 19.22 (2.49) 16.46 (1.95)

Pubertal Development Scale 3.72 (0.38) 3.47 (0.56)

Sex % %

 Female 56.16 58.44

 Male 43.84 41.56

Gender % %

 Cisgender Woman 53.42 53.90

 Cisgender Man 43.84 38.31

 Other 2.74 7.79

Ethnicity % %

 Hispanic or Latine 21.92 9.09

 Non-Hispanic and Non-Latine 78.08 90.91

Race % %

 Asian 16.44 3.90

 Biracial or More than One Race 9.59 11.69

 Black or African American 4.11 1.30

 Native Hawaiian 0 0

 Native American 0 0

 White 67.12 82.47

 Other 2.74 0.65

Mood Symptoms at Baseline M (SD) M (SD)

 Mood and Anxiety Symptom Questionnaire-Loss of Interest Scale (7-item) 20.01 (7.93) 15.00 (5.70)

 General Behavior Inventory-Mania/Hypomania Scale (10-item) 4.64 (5.10) 3.48 (3.86)

First-degree Family History of Mood Disorders % %

 Unipolar Disorders -- 42.86

 Bipolar Disorders -- 18.83

 No Mood Disorders -- 38.31

Lifetime Mood Disorders % %

 Unipolar Disorders 56.16 19.48

  Major Depressive Disorder 30.14 16.88

  Persistent Depressive Disorder 26.03 2.60

 Bipolar Disorders 12.33 3.25

 Bipolar I Disorder 4.11 1.30

 Bipolar II Disorder 1.37 0.65

 Bipolar Disorder Not Otherwise Specified 6.85 1.30

 No Mood Disorders 31.51 77.27
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Sample 1 n = 73 Sample 2 n = 154

  Subclinical Depressive Episode 8.22 14.94

  Subclinical Manic/Hypomanic Episode 0 1.95

Note. Lifetime mood diagnoses evaluated with the Structured Clinical Interview for the DSM5 Research Version. Familial history was evaluated 
in Sample 2 at the time of recruitment. Two participants in Sample 1 reported Major Depressive Disorder with mixed features. For detailed 
demographic and clinical characteristics, see Tables S1–S2.
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