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Abstract

Depression is a prevalent, debilitating, and costly disorder that often manifests in adolescence. 

There is an urgent need to understand core pathophysiological processes for depression to 

inform more targeted intervention efforts. The Research Domain Criteria (RDoC) Positive 

Valence Systems (PVS) and Negative Valence Systems (NVS) have both been implicated in 

depression symptomatology and vulnerability; however, the nature of NVS alterations is unclear 

across studies, and associations between single neural measures and symptoms are often small 

in magnitude and inconsistent. The present study advances characterization of depression in 

adolescence via an innovative data-driven approach to identifying subgroups of PVS and NVS 

function by integrating multiple neural measures (assessed by electroencephalogram [EEG]) 

relevant to depression in adolescents oversampled for clinical depression and depression risk based 

on maternal history (N = 129; 14–17 years old). Results of the k-means cluster analysis supported 

a two-cluster solution wherein one cluster was characterized by relatively attenuated reward 

and emotion responsiveness across valences and the other by relatively intact responsiveness. 

Youth in the attenuated responsiveness cluster reported significantly greater depressive symptoms 

and were more likely to have major depressive disorder diagnoses than youth in the intact 

responsiveness cluster. In contrast, associations of individual neural measures with depressive 

symptoms were non-significant. The present study highlights the importance of innovative 

neuroscience approaches to characterize emotional processing in depression across domains, 

which is imperative to advancing the clinical utility of RDoC-informed research.
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General scientific summary

This study suggests that depression in adolescence may be characterized by blunted neural 

function in positive and negative valence systems. Further, statistical approaches which 

leverage multiple neural measures may be more informative in characterizing functioning 

than any single neural measure in isolation.

Introduction

Depression is a prevalent, debilitating disorder and a leading cause of disability worldwide 

[1]. Rates of depression increase dramatically beginning around age 14 years and continue 

to increase through adolescence, with previous estimates suggesting 11–13% of youth 

experience a depressive episode by young adulthood [2,3]. Even more concerningly, severity 

of depression symptoms in adolescents has increased over the past decade [4], which 

is further compounded by an unprecedented two-fold increase in depression prevalence 

during the COVID-19 pandemic with a pooled prevalence estimate of 25.2% across 

80,000 youth globally [5]. Early intervention is of paramount importance as adolescent 

depression is associated with profound difficulties across the lifespan, including high rates of 

recurrence, comorbid psychopathologies, widespread functional impairments, and elevated 

risk of suicidal thoughts and behaviors [6–8]. Yet, even our most effective interventions 

do not work for all youth with depression (e.g., [9]), and there is an urgent need to better 

understand core pathophysiological processes for depression to inform more targeted early 

intervention and prevention efforts.

Over the past decade, research informed by the National Institute of Mental Health (NIMH) 

Research Domain Criteria (RDoC) framework has begun to characterize dimensions of 

emotion and cognition that underlie psychopathology and can be assessed across units of 

analysis (e. g., molecules, circuits, physiology, behavior; [10]). RDoC Positive Valence 

Systems (PVS) and Negative Valence Systems (NVS) domains have emerged as particularly 

relevant to depression. PVS is broadly responsible for actions and responses related to 

motivation, reward, and pleasure. In contrast, NVS drives responses in aversive contexts 

including loss and threat. Depression research has traditionally focused on NVS, given the 

core role of negative thoughts and emotions in longstanding theories of depression (e.g., 

[11]). However, altered NVS function underlies most forms of psychopathology, and there 

is growing evidence that low PVS function, including blunted reward responsiveness, may 

serve as a specific vulnerability for the later development of depression [12,13]. Further, 

although depression is characterized by high negative emotions [14], a more complex 

picture of NVS function in depression emerges across RDoC units of analysis. Born of 

observations across laboratory measures, the emotion context insensitivity (ECI) model 

suggests that despite a negative mood state, depression is characterized by reduced reactivity 

to both positive and negative environmental stimuli [15–17]. Support for the ECI model 
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is seen in a meta-analysis focused on self-report, behavioral, and peripheral physiological 

measures of emotional reactivity [15] and a growing body of work using neurophysiological 

measures [18]. Together, culminating evidence suggests that research examining RDoC 

units of analysis across both PVS and NVS are critical to moving the field forward 

in conceptualization of depression, particularly in adolescence—a period of development 

marked with increased onset and potential for intervention. Further, greater understanding 

of the distinct and overlapping roles of PVS and NVS function in adolescent depression is 

critical to refining current and developing new interventions for this population, particularly 

as dysfunction across systems is associated with different clinical features [19].

Electroencephalogram (EEG) methods are economical and accessible neural measures that 

can be applied to objectively assess emotional responses, and RDoC-informed research has 

begun to characterize the construct validity of EEG measures for assessing PVS and NVS 

function in depression (e.g., [20,13,21]). In particular, the reward positivity (RewP) and late 

positive potential (LPP) event-related potential (ERP) components are reliably elicited in 

response to reward feedback and salient emotional images, respectively [22,23]. Further, 

the RewP to rewards and LPP to emotional images correlate with individual differences in 

other facets of PVS/NVS function, including self-reported and observed affect [20,21,24]. 

The RewP is typically examined using monetary reward tasks and is characterized by a peak 

250–350 ms after feedback onset over frontocentral sites that is enhanced for positive/reward 

relative to negative feedback [25]. Studies leveraging both EEG and neuroimaging methods 

indicate correlations between RewP and activation of reward circuits including medial 

prefrontal cortex (mPFC) and ventral striatum [26–28]. In addition to the initial response 

to reward captured by the RewP, more sustained processing of ecologically valid emotional 

stimuli can be reliably measured using the LPP component, which emerges approximately 

300 ms after the onset of motivationally salient stimuli [29]. Combined EEG–fMRI studies 

indicate correlations between the LPP and visual cortex activation, along with PVS and 

NVS-related circuits including mPFC, amygdala, and insula [30,31].

Associations between depression and a reduced RewP to reward feedback and LPP 

to pleasant images have been observed across development (e.g., [32–36]), and even 

conceptualized as reflecting endophenotypes for depression [37], but effect sizes are 

modest and not always replicated [13]. Further, a more complex picture emerges when 

examining the LPP to negatively valenced stimuli. On one hand, there is evidence of an 

attenuated LPP to negative images in adults and adolescents with depression [38–41], but 

others have found a potentiated LPP to negative words [42,43]. This may be due to the 

personal relevance of task stimuli, as studies using self-referential tasks tend to demonstrate 

potentiated NVS responsiveness [42,44,43], while tasks using more general stimuli tend 

to demonstrate attenuated NVS responsiveness [38–41], but it could also be the result of 

other task differences (e.g., image versus word stimuli). Importantly, research using both 

the RewP and LPP in adults indicates that these components show independent associations 

with depression [45], supporting the need to integrate multiple neural measures to better 

characterize processes underlying depression.

In laboratory tasks, the function of PVS and NVS are typically measured using tasks that 

present monetary rewards or valenced but content nonspecific images. However, depression 
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is often characterized by impairments in social functioning, including lack of social 

motivation, social anhedonia, and impairments in social communication and perception, 

likely driven in part by alterations in PVS-related processes [46]. Further, interpersonal 

stress that disrupts reinforcers in the environment is one of the best-established predictors 

of depression, particularly among those with pre-existing tendencies towards low reward 

responsiveness [47–50]. This may be particularly relevant in adolescence, a developmental 

period of change in social motivations, including increased desires for peer acceptance 

[51–53]. To measure PVS and NVS in the social domain in the present study, we use two 

innovative tasks, which have demonstrably informed understanding of emotional processes 

in depression ([54,34,55–59]; Pegg, Ethridge, et al., 2019b). First, we use a real-time 

peer interaction task to elicit the RewP in response to peer acceptance feedback [60], 

with preliminary evidence that the social RewP is uniquely associated with depression 

beyond the monetary RewP (Pegg et al., 2021b). Next, to capture neural responses to more 

complex social processes, we developed and validated a set of pleasant and unpleasant 

interpersonal emotional images relevant to the real-world experiences of adolescents, which 

we demonstrated reliably elicit the LPP and capture alterations in emotional processing in 

depression [34,54]. Yet, we and others have generally considered these tasks and measures 

separately or tested the unique predictive validity of each, and advanced statistical models 

offer the opportunity to integrate information across measures, which may ultimately 

enhance their clinical utility in terms of characterizing symptomatology, identifying those 

most at risk, and matching individuals to interventions that best meet their needs.

Despite the promise of RDoC-informed approaches to characterizing psychopathology, 

several challenges remain. First, relatively modest effects are typically observed when 

linking single neural and physiological measures to symptom measures [61]. This may 

be due, in part, to the fact that self-report measures are confounded by shared method 

variance with symptom measures, which leads to overestimates of the true effect size. 

Second, recent research calls into question the ability to model latent variables for PVS 

and NVS assessed across units of analysis [62], which calls to question the current RDoC 

organization and theoretical framework. It may be that new approaches to leveraging 

multiple indicators of PVS and NVS function in depression research are needed for the 

next phase of RDoC-informed research and actualizing aims of increasing the translational 

impact of this research.

The goal of the current study was to leverage multiple neural measures to characterize PVS 

and NVS function in relation to adolescent depression. Specifically, we used an innovative 

cluster analysis approach in adolescents oversampled for clinical depression or depression 

risk based on maternal history of depression [63] to characterize groups of individuals that 

vary in PVS and NVS function. Cluster analysis is a data driven multivariate technique 

that empirically identifies groups of subjects by minimizing within-group variability (i.e., 

high intra-class similarity) while maximizing between-group variability (i.e., low inter-

class similarity) through an iterative process (Hair & Black, 2000). We included multiple 

neural measures of PVS function (i.e., RewP to monetary reward, RewP to social reward, 

and LPP to pleasant interpersonal images) to examine the combined effects of these 

PVS components. We also included a neural measure of NVS function (i.e., LPP to 

unpleasant interpersonal images) to examine the generalizability of blunted responsivity 
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across the PVS/NVS domains or the extent to which distinct clusters for variability in NVS 

function emerged. Informed by the ECI model of depression, we hypothesized that two 

clusters would emerge wherein one cluster would be characterized by blunted responses 

across PVS/NVS measures and one cluster would be characterized by relatively intact 

responsiveness. Given that cluster analysis is a data-driven approach without a priori 

parameters related to theory, we also had an alternative hypothesis wherein three clusters 

would emerge, characterized by relatively attenuated PVS, relatively potentiated NVS, and 

relatively intact PVS and NVS neural function. Next, we examined the extent to which 

these clusters related to depressive symptoms and risk. In conjunction with our primary 

hypothesis informed by ECI, we hypothesized that adolescents in the cluster characterized 

by generalized blunted responsiveness would demonstrate more depressive symptoms. 

Alternatively, we hypothesized that in the case of a three-cluster solution, the two clusters 

characterized by attenuated PVS and potentiated NVS neural function would demonstrate 

more depressive symptoms than the cluster characterized by relatively average PVS and 

NVS neural function. We further hypothesized that cluster membership, which leverages 

multiple sources of data on brain function, would demonstrate stronger associations with 

depressive symptoms and risk than individual ERP components considered alone.

Method

Participants

Participants were recruited as part of a study of adolescents 14–17 years old with and 

without depressive disorders and at relatively high and low risk for depression based on 

maternal history of depression. A total of 165 participants were recruited for the present 

study; however, a portion of participants withdrew (n = 2) or did not have available EEG 

data (e.g., did not complete a task, too many artifacts for data extraction; n = 10 all tasks; 

n = 6 monetary reward task, n = 11 social reward task, n = 7 emotion task). A total 

of 129 participants (61.2% female; 58.1% identified as girls, 37.2% as boys, and 4.65% 

preferred to self-describe [i.e., gender fluid] or did not report) completed all components 

of the interview and EEG visit and were included in the present analyses. The sample had 

a mean age of 15.19 years (SD = 1.09). The sample was 5.4% Hispanic and/or Latine, 

76.7% White/Caucasian, 10.9% Black and/or African American, 6.2% Asian, 1.6% Native 

Hawaiian and/or Pacific Islander, 0.8% American Indian and/or Alaska Native, and 3.9% 

identified as another race.

Three participants did not complete the self-report of depressive symptoms. Of participants 

included in analyses, 34.1% of participants were clinically depressed at the time of the study 

(i.e., major depressive disorder [MDD], persistent depressive disorder [PDD], or unspecified 

depression), 34.1% were at high risk for depression based on maternal history of depression 

(but had not yet experienced a depressive episode themselves), and 31.8% were considered 

relatively low risk for depression based on no personal or maternal histories of depression. 

Additionally, 17.05% of participants met criteria for current social anxiety disorder, 22.48% 

for generalized anxiety disorder, 0.78% for obsessive compulsive disorder, 2.33% for 

posttraumatic stress disorder, 6.20% for unspecified anxiety, 0.78% for adjustment disorder, 

0.78% for binge eating disorder, 11.63% for attention deficit hyperactivity disorder, 0.78% 
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for ODD, 1.55% for unspecified DBD, 2.33% for substance use disorder, and 7.75% for 

other disorders. 20.93% of participants were in current outpatient treatment (n = 17 in 

therapy or counseling, n = 2 on medication only, n = 7 a combination of therapy and 

medication, and n = 1 did not report type).

The mothers of the adolescents included in the present study were 32–58 years old (M 
= 45.23, SD = 5.21). In terms of current depressive diagnoses, 3.1% met criteria for 

current MDD, 2.32% for current PDD, 2.33% for current MDD and PDD, and 1.55% 

for current unspecified depression. For past depressive diagnoses, 30.97% met criteria for 

past MDD, 3.87% for past PDD, 17,83% for past MDD and PDD,.78% for past other 

specified depression, and 9.3% for past unspecified depression. As such, 62.8% of mothers 

met criteria for lifetime clinical depression.

Procedure

The Vanderbilt University Institutional Review Board approved this study. Informed 

consent was obtained from all parents with assent obtained from minor participants. 

Following consent/assent, participants and their biological mothers were interviewed 

using semi-structured diagnostic interviews to determine diagnoses. Next, participants 

completed questionnaires assessing depressive symptoms and visited the laboratory for 

an EEG assessment, which included each of the tasks described below completed in 

a counterbalanced order. The median time between the diagnostic interview and EEG 

assessment was 14 days (range: 0–233 days; 93.8% completed within 2 months) and 

between symptom self-report and EEG assessment was 8 days (range = 0–155 days; 97.7% 

completed within 2 months). See supplemental materials.

Measures

Diagnostic interviews—The mood disorders module of the Structured Clinical Interview 

for DSM-5 Disorders, Clinician Version (SCID; [64]) was used to determine diagnoses for 

mothers, and the DSM-5 version of the Schedule for Affective Disorders and Schizophrenia 

for School Age Children (KSADS; [65]) was administered for adolescent diagnoses. 

Interviews were administered by advanced graduate students under the supervision of a 

licensed clinical psychologist (AK). A second interviewer reviewed audiotapes for a subset 

of interviews (n = 15 KSADS, n = 14 SCID), and inter-rater reliability was excellent for 

both adolescent and mother diagnoses of depressive disorders (kappas=1.0).

Depressive symptoms—Depressive symptoms were measured using the Mood and 

Feelings Questionnaire (MFQ; [66]). The self-report 33-item MFQ assesses depressive 

symptoms in the past two weeks using a 3-point Likert scale. The MFQ had excellent 

internal consistency in the current sample (N = 126; 33 items; Cronbach’s α = .96). Scores 

in the present sample ranged from 0 to 61 (M = 15.53; SD = 14.28).

Monetary reward task—Participants completed a simple guessing reward task (i.e., 

Doors) to measure monetary reward responsiveness [33,35]. This task is validated and 

widely used to examine neural reactivity to monetary rewards across development 

[55,58,25].
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Social reward task—Participants completed the Island Getaway task ([60]b), which 

simulates social interactions between peers to measure neural responses to social acceptance 

and rejection feedback. Previous studies have shown that the task reliably elicits ERPs 

sensitive to social reward (i.e., peer acceptance feedback; [23,55]). The task code is available 

at: https://github.com/Kodiologist/Survivor/tree/vanderbilt.

Interpersonal emotional interrupt task—Participants completed a novel interpersonal 

emotion task [34,54] adapted from an established emotional interrupt paradigm, which has 

been shown to reliably elicit the LPP in prior research (e.g., [23,67]).

See supplemental materials for additional task details.

EEG data collection and processing—EEG data were continuously recorded using a 

32-channel BrainProducts actiCHamp System and BrainVision Recorder software (Munich, 

Germany) with a 1000 Hz sampling rate and impedances below 30 kΩ. For a portion of 

participants (15.5%) who completed EEG assessments early in the COVID-19 pandemic, 

a subset of 16 key electrodes were collected on the 32-channel system to minimize 

time in close contact (as suggested by others, see [68]). Facial electrodes were attached 

approximately 1 cm above and below one eye and 1 cm on each outer corner of the 

eyes to measure electrooculogram and referenced to an electrode placed on the back of 

the participant’s neck, per the BrainProducts bipolar-to-auxillary adapter design. EEG data 

were processed offline using BrainVision Analyzer software (Munich, Germany) and filtered 

from 0.1 to 30 Hz for RewP and 0.01–30 Hz for the LPP (due to evidence that a more 

stringent high pass filter attenuates later stages of the LPP; [69]). Data were re-referenced 

to the linked mastoids. Data were segmented from −200 ms before to 800 ms after stimulus 

onset for the monetary reward task and −200 ms before to 1000 ms after stimulus onset 

for the social reward and interpersonal emotional interrupt tasks. Data were corrected for 

eye movements using Gratton’s algorithm [70]; for 16-channel assessments, eye movements 

were accounted for using channels FP1 for vertical eye movements and FT9/FT10 for 

horizontal eye movements. Artifacts were removed using semi-automated procedures, with 

the following criteria: maximal allowed voltage step: 50 μV/ms; maximal allowed difference 

of values in intervals: 175 μV (interval length: 400 ms); minimal allowed amplitude: −200 

μV; maximal allowed amplitude: 200 μV; and lowest allowed activity in intervals: 0.5 

μV (interval length: 100 ms). For the LPP, the minimal and maximal allowed amplitude 

parameters were not included in automated artifact detection, but additional artifacts were 

identified using visual inspection and removed for all participants and tasks.

Average ERPs were computed for each condition and baseline corrected to 200 ms 

preceding stimulus onset. See Fig. 1 for ERP waves and scalp distributions for each task. 

ERPs were scored based on prior literature ([34,54]; Pegg et al., 2021b; [71]) and visual 

inspection of the grand averaged data. Specifically, the monetary RewP was scored 250–350 

ms after gain and loss feedback onset at Cz. The social RewP was scored 275–375 ms after 

acceptance and rejection feedback onset at Cz. The LPP was scored 400–1000 ms following 

positive, negative, and neutral image onset at a pooling of occipitoparietal sites (i.e., Pz, Oz, 

O1, O2). Notably, all participants had the channels necessary for these scoring procedures, 

whether 16 or 32 channels were collected during EEG recording. To isolate variability in the 
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ERP wave attributed to emotional processes, unstandardized residual scores were calculated 

using a linear regression for each task [72]. Specifically, the monetary RewP residual score 

was computed with response to wins partialing out response to losses. The social RewP 

residual score was computed with response to acceptance feedback partialing out response to 

rejection feedback. The positive LPP residual score was computed with response to pleasant 

interpersonal images partialing out response to neutral images. Similarly, the negative LPP 

residual score was computed with response to unpleasant interpersonal images partialing 

out response to neutral images. See supplemental materials for reliability estimates of ERP 

measures.

Data analysis—First, to derive groups of participants based on neural measures of 

emotionality, the four ERPs, together reflecting individual differences neural reactivity 

across monetary reward, social reward, positive emotional reactivity, and negative emotional 

reactivity domains, were entered into a cluster analysis. We classified individuals based 

on their neural reactivity profiles using k-means cluster analysis, a traditional machine 

learning method, using the R statistical software (R Core Team, 2022) with tidyverse [73], 

dbplyr [74], cluster [75], factoExtra [76], and factoextra [77] packages. All variables were 

standardized prior to cluster analysis. We initially set k (i.e., the number of clusters used 

to derive the solution) according to our a priori hypotheses of two distinct clusters. We 

also confirmed k = 2 as the optimal number of clusters using the elbow method [78] and 

Silhouette coefficient [79] methods to determine if a two- or three-cluster solution was more 

appropriate for the data.

Next, to examine the clinical significance of the derived clusters, we used t-test, chi-square, 

and kendall’s tau b procedures in IBM SPSS Statistics for Windows Version 28.0 (IBM 

Corp, 2020) for examining associations with continuous symptoms and diagnostic or risk 

categories, respectively. We examined depression diagnoses according to (1) any depressive 

disorder (i.e., MDD, PDD, and unspecified depression) and (2) MDD specifically, given 

that anhedonia is exclusively a symptom of MDD. We used corrected values when the 

homogeneity of variance assumption was violated according to Levene’s test. We then 

examined these associations amongst symptoms and diagnostic and risk categories with 

individual ERP components via correlational analyses (Pearson’s r) to examine the utility of 

the cluster classification approach vs. associations with individual ERP components.

Data availability—Analysis code for cluster analyses is available at https://osf.io/8m6te/?

view_only=685c16531b344f0791918c11b2d87d69. Data are available by request to the 

corresponding author. This study was not preregistered.

Results

Cluster Analysis to Characterize Patterns of PVS and NVS Function in Adolescents

Elbow and silhouette methods supported a two-cluster solution as best fitting the underlying 

structure of the data. The elbow method indicated decreased slope in the total within sum of 

squares after the two-cluster solution and the silhouette method indicated that two clusters 

had the largest average silhouette width (see Fig. 2). Cluster 1 included 86 adolescents and 

reflected relatively blunted reactivity across neural measures and valences (monetary RewP 
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M=−0.01, SD=0.96; social RewP M=− 0.16, SD=0.92; positive LPP M=− 0.50, SD=0.63; 

negative LPP M=− 0.47, SD=0.64). On the other hand, Cluster 2 included 43 adolescents 

and was characterized by relatively intact reactivity across neural measures and valence 

(monetary RewP M=.03, SD=1.09; social RewP M=0.37, SD=1.01; positive LPP M=0.96, 

SD=.83; negative LPP M=0.94, SD=.93; see Fig. 3. 4). This indicates that adolescents 

oversampled for depression and depression risk vary on PVS and NVS function across 

multiple neural measures, and that low NVS function, as measured by the LPP, appears 

to cluster with low PVS function. Given our strong a priori hypotheses with the derived 

2-cluster solution, we used one-tailed significance testing for remaining analyses.

Associations between Cluster Membership and Individual ERPs

Bivariate associations are provided in Table 1. Social ERP components (i.e., social 

RewP, positive LPP, negative LPP) shared small to large positive, statistically significant 

associations, and the two LPP observations, to positive and negative social images 

respectively, shared the largest association. The single ERP measure examined outside of 

a social context (i.e., monetary RewP) was not statistically significantly associated with 

the other ERP measures. Similarly, cluster membership was significantly associated with 

the social RewP, positive LPP, and negative LPP, but not the monetary RewP. Cluster 

membership shared statistically significant, though small, bivariate associations with MDD 

diagnosis and self-reported depressive symptoms.

Associations between Cluster Membership and Depression Diagnoses and Risk

Chi-square analyses revealed that cluster membership was not significantly associated with 

adolescent depressive disorder diagnoses when considering MDD, PDD, and unspecified 

depression combined (χ2=.43, one-tailed p = .325, V=.07[.01,.22]), but adolescents with 

MDD were over-represented in the blunted PVS/NVS function cluster (χ2=3.63, one-tailed 

p = .029, V=.18[.04,.31]; statistical significance was trending with 2-tailed test, p = .057). 

Specifically, 26.74% of youth in Cluster 1 had MDD diagnoses, whereas only 13.95% in 

Cluster 2 had MDD. In contrast, no significant differences were observed between clusters 

for the distribution of maternal lifetime depression diagnoses (χ2=.41, one-tailed p = .261, 

V=.08[.01,.23]).1 See Fig. 5. Individual ERP components were not significantly associated 

with adolescent or maternal depression diagnoses, with the exception of the positive LPP 

sharing a small negative association with MDD (Table 1). Together, results suggest that 

adolescent depression, particularly MDD, is characterized by blunted NVS/PVS function at 

the neural level, although there is variability in diagnoses and risk status within each cluster.

Association between Cluster Membership and Depressive Symptom Severity

Independent samples t-test analyses revealed that depressive symptoms significantly differed 

by cluster (t(115.72) = 2.01, one-tailed p = .024, d= .33 [−.05,.70]; t-test remained 

significant with 2-tailed test, p = .047) such that symptoms were higher in the cluster 

with blunted PVS/NVS reactivity (Cluster 1; M=16.44, SD=14.90) relative to the group 

with intact PVS/NVS function (Cluster 2; M=12.07, SD=9.27). In contrast, individual 

1Similarly, no significant differences were observed between clusters for the distribution of maternal current MDD diagnosis, χ2 = 
.47, one-tailed p = .246, V= .06[.01,.21].
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ERP components were not significantly associated with depressive symptoms (Table 1), 

supporting the utility of integrating multiple neural measures through approaches like cluster 

analysis.

Given that we tested 4 associations between cluster membership and depression measures, 

we also applied a False Discovery Rate correction and no associations remained significant 

(Benjamini-Hochberg adjusted p’s > .088). Additionally, we evaluated associations with 

depression as a latent variable to reduce the number of tests, and cluster membership was 

significantly associated with the latent measure. See supplemental materials.

Discussion

The aim of the current study was to examine patterns of PVS and NVS neural function 

in adolescents oversampled for depression and depression risk. Extending beyond research 

on single measures, we leveraged multiple neural indicators across three validated EEG 

tasks, reflecting monetary reward responsiveness, social reward responsiveness, and positive 

and negative emotional reactivity. We found two distinct clusters of adolescents—one 

which was characterized by blunted responsiveness to rewards and both positively and 

negatively valenced emotional stimuli and one which was characterized by relatively intact 

responsiveness across domains. These results highlight the utility of cluster analyses to 

integrate information across measures and elucidate variability in PVS and NVS function. 

Further, supporting the ECI model of depression, the cluster characterized by general 

blunting of reward and emotional responses was associated with adolescent MDD diagnoses 

and depressive symptom severity. Critically, these associations were the most consistent 

across depressive measures when considering cluster membership rather than single ERPs, 

although effect sizes were relatively modest even for the cluster. Cluster membership was 

significantly associated with both MDD diagnosis and self-reported depressive symptoms, 

while associations amongst depression measures and individual ERPs were more varied. 

Specifically, the positive LPP shared a small, significant negative association with MDD 

diagnosis, and the negative LPP and social RewP demonstrated a similar pattern though 

statistically non-significant. Similarly, all ERPs showed a pattern of non-significant negative 

associations with self-reported depressive symptoms.

Social ERP components were interrelated, while the ERP measure examined outside of a 

social context (i.e., monetary RewP) was not significantly associated with the other ERP 

measures and was not associated with cluster membership. This could suggest that social 

neural processing may be particularly relevant to cluster membership in the present analysis 

with these tasks. It is notable, however, that the monetary RewP nonetheless shared the 

same pattern (dampened versus intact) across clusters. Our supplemental analyses also 

demonstrated that the ERPs included in the cluster analysis influence the number of clusters 

derived and the associations amongst clusters and depression symptoms, though the pattern 

of a relatively blunted cluster sharing a positive association with depression was consistent. 

Lastly, considerable variability in depression was observed in both clusters, potentially 

reflecting heterogeneity in depression. Together, these findings support neuroscience 

methods considering multiple measures in conjunction rather than in isolation both to inform 

RDoC research and theories of psychopathology.
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Similar to prior work, we observed relatively modest associations between neural measures 

and depression (e.g., for a review, [13]). The small effect sizes, especially in the context 

of analyses across RDoC units of analysis, may be representative of true associations in 

the multimethod matrix [61,62]. That is, traditional clinical research relying on self-report 

measures may overestimate true effects due to shared measurement variance. Nonetheless, 

the lack of statistically significant bivariate associations between the monetary RewP 

and measures of depression in particular is notable and unexpected, though has also 

been observed in previous studies [e.g., [80–83]]. Given these inherent challenges of 

clinical neuroscience research, innovative tools are needed to increase the clinical utility 

of uncovering the processes involved in depression onset and vulnerability. This study 

uniquely leveraged a cumulative measure approach wherein patterns across PVS and 

NVS RDoC domains conferred cluster membership and cluster differences in depressive 

symptomatology according to self-reported severity and MDD diagnosis. Altogether, the 

associations between cluster and depressive symptomatology were still relatively modest 

in the present study, including loss of statistical significance when correcting for the False 

Discovery Rate and low specificity and sensitivity at the individual level. For example, if the 

cluster analysis were used to diagnose adolescents with depression from the present sample, 

the results suggest that the cluster analysis correctly grouped 79.31% of cases of MDD into 

Cluster 1. While this percentage is impressive for an initial inquiry, it is insufficient for 

clinical use. Future investigations could leverage similar approaches with multiple units of 

analysis within RDoC (e.g., circuit, physiology, behavior, self-report) to better leverage the 

clinical utility of multimethod data and improve specificity and sensitivity. Further, there are 

many approaches to ERP scoring methods, such as time-frequency decomposition [84,85], 

which could be considered in future research using machine learning approaches.

Inclusion of additional RDoC units may provide even greater characterization of depression 

symptomatology and risk. In particular, the current findings support the ECI model of 

depression in that blunted functioning across domains characterized the cluster associated 

with depression symptomatology [18]. It is possible this pattern of results is specific to 

our measure of NVS function, the LPP to threatening social images, and there is a need 

to consider other measures of NVS function in future work that might lead to a third 

cluster characterized by potentiated NVS function. For example, adolescents with depression 

may experience greater variance in negative affect in daily life, an effect captured by 

ecological momentary assessment [86]. Second, it is notable that most adolescents were in 

the blunted PVS/NVS cluster. This may reflect the strategized sample, wherein adolescents 

were oversampled for depression and depression risk. Future studies should examine if the 

clusters identified here replicate in community and clinical samples. Third, we examined 

patterns of neural responsiveness in relation to depression symptoms cross-sectionally. An 

exciting next step for this line of research is to leverage this innovative methodological 

approach to integrating multiple neural indicators for prospective prediction of symptom 

changes and treatment response across time. Our prior research indicates that individual 

differences in neural responses to rewards predict change in depressive symptoms with 

treatment [87,88], and approaches like cluster analysis may hold promise in leveraging 

multiple types of data to best predict treatment outcomes or depressive course over time. 

Further, this approach will advance not only understanding of depressive symptomatology, 
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but other comorbid or overlapping psychopathology and trajectories of development across 

time, including the oftentimes overlapping anxiety disorders.

In conclusion, we examined patterns of PVS and NVS neural function in adolescents 

oversampled for depression and depression risk and found that neural measures of reward 

and emotional reactivity—across domains and valences—together were associated with 

adolescent MDD diagnoses and depression symptoms, such that depression was most 

likely to be characterized by attenuated neural PVS and NVS function across measures. In 

contrast, single ERP components showed somewhat weaker and less consistent associations 

with depression measures. Future research is needed using machine learning approaches 

such as cluster analysis to not only inform current symptoms but predict prospective 

associations with symptomatology and treatment outcomes—thus, the current study serves 

as a foundation from which personalized medicine approaches informed by RDoC and 

clinical neuroscience research can build.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
ERP waves and scalp topographies depicting neural responses for (A) monetary RewP, (B) 

social RewP, and (C) positive and negative LPP in the full sample.
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Fig. 2. 
Elbow (top) and silhouette (bottom) plots illustrating k = 2 as the optimal number of clusters 

characterizing the patterns of PVS and NVS function across neural measures. The elbow 

plot illustrates decreased slope in the total within sum of squares after the two-cluster 

solution. The silhouette plot indicates that two clusters have the largest average silhouette 

width, a measure of how similar an object is to its own cluster (i.e., minimal within-group 

variability) compared to other clusters (i.e., maximal between-group variability).
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Fig. 3. 
Top: Cluster plot with k = 2. Cluster 1 is presented in red, with each circle comprising one 

observation. Cluster 2 is presented in blue, with each triangle comprising one observation. 

Respective squares outlined in black represent the cluster centers. Axes reflect a principal 

component analysis on the 4 neural measures used in the cluster analysis for illustrative 

utility. Observed values are plotted according to the first two principal components derived 

that explain a majority of the variance for cluster visualization purposes, labeled as 

dimensions (Dim1 and Dim2, respectively) according to the amount of variance accounted 

for indicated in parentheses. As demonstrated, the two-cluster solution did not contain any 

observation overlap between clusters. Bottom: Bar chart reflecting mean ERP values in 

standardized units.
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Fig. 4. 
Means and standard errors for standardized ERP residual scores by cluster. Cluster 1 was 

characterized by blunted responsiveness across components, and cluster 2 was characterized 

by relatively intact responsiveness.
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Fig. 5. 
Percentage of participants with any depressive disorder diagnosis, major depressive 

disorder diagnosis, and maternal history of depression diagnosis by cluster. Cluster 1 was 

characterized by blunted responsiveness across components, and cluster 2 was characterized 

by relatively intact responsiveness.
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