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Abstract

Background—A blunted reward positivity (RewP), an event-related potential (ERP) elicited by 

feedback indicating monetary gain relative to loss, was recently shown to prospectively predict the 

development of adolescent-onset depression. Time-frequency based representations of this activity 

(e.g., reward-related delta) have also been associated with depression. The present study is a 

reanalysis of the time-domain RewP investigation to examine the incremental value of time-

frequency indices in the prediction of adolescent-onset depression.

Methods—The sample included 444 13 to 15 year-old girls with no lifetime history of a 

depressive disorder. At baseline, adolescents completed a monetary guessing task, and both time-

domain and time-frequency analyses were conducted on the ERP response to gain and loss 

feedback. Lifetime psychiatric history in the adolescent and a biological parent were evaluated 

with diagnostic interviews, and the adolescents’ current depressive symptoms were assessed using 

a self-report questionnaire. Adolescents were interviewed again approximately 18-months later to 

identify first-onset depressive disorder.

Results—Blunted reward-related delta predicted first-onset depressive disorder 18-months later, 

independent of the time-domain RewP and psychosocial risk factors (i.e., adolescent baseline 

depressive symptoms, adolescent and parental psychiatric history). In contrast, loss-related theta 

did not predict the development of depression. Reward-related delta increased sensitivity (73.8% 

to 82.8%) and positive predictive value (45.0% to 70.9%) for first-onset depressive disorder when 

applied in parallel and in series, respectively, with baseline depressive symptoms and the time-

domain RewP.

Corresponding author: Greg Hajcak, Department of Biomedical Sciences and Psychology, Florida State University, 1107 W. Call St., 
Tallahassee, FL, 32306. ghajcak@neuro.fsu.edu; Phone: 1-850-645-9268. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Financial Disclosures
All authors report no biomedical financial interests or potential conflicts of interest.

HHS Public Access
Author manuscript
Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2019 
January 01.

Published in final edited form as:
Biol Psychiatry Cogn Neurosci Neuroimaging. 2018 January ; 3(1): 41–49. doi:10.1016/j.bpsc.
2017.07.005.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conclusions—The present study provides evidence that frequency-based representations of 

ERPs provide incremental value in the prediction of psychiatric disorders.
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Introduction

Adolescence is period of increased vulnerability for depression. The point prevalence of 

depression escalates markedly after age 14 (1), with the lifetime prevalence of depression 

increasing nearly twofold across adolescence from 8.4% to 15.4% (2). Sex differences in 

depression also arise during adolescence, with girls relative to boys being twice as likely to 

experience depression by the end of adolescence (3). Adolescent-onset depression is 

associated with a host of negative consequences, including academic difficulties, physical 

illness, and poor social functioning (4–9); moreover, the disorder often persists into 

adulthood (10, 11) where the economic burden amounts to billions of dollars (12–14). To 

address this important public health priority, there has been a growing interest in biomarkers 

of depression that could aid in early identification and prevention efforts (15).

Abnormalities in the brain’s reward circuitry have been implicated in the development of 

depression (16, 17), and multiple neural measures of reward system activation have been 

identified as potential biomarkers of depression. For example, functional MRI (fMRI) 

studies have indicated that blunted striatal activation to rewards is cross-sectionally 

associated with childhood depression (18) and family history (i.e., risk) of depression (19, 

20), and prospectively predicts the emergence of depressive symptoms (21, 22) and 

diagnoses in adolescents (23). However, there are important limitations regarding the 

application of fMRI in clinical psychiatry practice and research (e.g., high cost of imaging) 

and youth populations (e.g., excluding adolescents with braces) (24).

Event-related potentials (ERP) have also been employed to examine reward system 

activation in children and adolescents. ERPs provide several advantages over other 

neurobiological measures of reward sensitivity, including low cost, minimal invasiveness, 

and the ability to be used in children and adolescents who have contraindications for fMRI 

(e.g., braces, claustrophobia). The reward positivity (RewP) is a positive-going deflection in 

the ERP signal that occurs approximately 250 to 350 ms following feedback indicating 

monetary gains that is absent or reduced following losses (25, 26). The reward positivity is 

an ideal biomarker given its excellent reliability (27, 28) and validity, including associations 

with self-report and behavioral measures of reward sensitivity (29) and fMRI-based 

activation in the medial prefrontal cortex and striatum (30–32). In children and adolescents, 

a blunted reward positivity has been cross-sectionally associated with increased depressive 

symptoms (33), depressive disorders (34), and family history (i.e., risk) of depression (35, 

36), and prospectively predicts major depressive episodes (37).

In a recent investigation of 444 13 to 15 year-old girls with no lifetime history of a 

depressive disorder (38), a blunted RewP predicted an increased likelihood of developing a 

first-onset depressive disorder 18-months later, independent of other prominent psychosocial 
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risk factors (e.g., baseline adolescent depressive symptoms, adolescent and parental lifetime 

psychiatric history). In addition, the investigation examined the sensitivity, specificity, and 

positive and negative predictive value of the RewP, which are important characteristics of 

screening tools or disease tests that require binary decisions (e.g., does a patient have a 

disease, should a patient receive treatment, etc.), in the prediction of first-onset depressive 

disorder. Sensitivity and specificity reflect the probability a test result will be positive when 

the disease is present and negative when the disease is absent, respectively. Positive and 

negative predictive value take into account the prevalence rate of the disease and indicate the 

proportion of positive and negative results that are true positives and true negatives, 

respectively. The RewP improved sensitivity and positive predictive value of first-onset 

depressive disorder when used in conjunction with baseline depressive symptoms. 

Specifically, baseline depressive symptoms and the RewP each had relatively low sensitivity 

(50.0% and 47.5%, respectively) and positive predictive value (26.1%, and 18.6% 

respectively). However, when the measures were applied in parallel (i.e., if the individual 

tests positive on either test, the disease is present) sensitivity increased to 73.8%. Moreover, 

when the measures were applied in series (i.e., the individual must test positive on both 

measures to have the disease) positive predictive value increased to 45.0%. These results 

provide promising evidence that biomarkers like the RewP provide incremental value in the 

prediction of psychiatric disorders.

The RewP is typically scored as the average activity in a window of the ERP; more complex 

factor analytic approaches (e.g., principal components analysis; PCA) differentially weight 

time-points to quantify the RewP. All of these time-domain representations of the RewP fail 

to consider the fact that ERPs have distinct frequency characteristics. Indeed, many common 

ERPs reflect multiple frequency components. For instance, time-frequency analysis of 

feedback to monetary gains and losses indicates two distinct effects in the same time range 

as the RewP (39): increased activity in the delta frequency band (< 3 Hz) following feedback 

indicating monetary gain, and increased activity in the theta frequency band (4 to 7 Hz) 

following feedback indicating monetary loss (39–43). Scoring the RewP as the average 

activity in a time window conflates these distinct effects. In fact, reward-related delta and 

loss-related theta are only moderately correlated with the time-domain RewP (43, 44), 

suggesting that frequency-based representations provide unique information that is not 

apparent with the time-domain analysis. Source localization has suggested the striatum for 

reward-related delta and the anterior cingulate cortex for loss-related theta (43). Although 

the exact functions of these frequency-based representations remain unknown, some 

research suggests that reward-related delta may index motivational relevance and salience of 

feedback (45) whereas loss-related theta represents the processing of error feedback (42).

A small number of studies that have examined time-frequency representations of neural 

activity to monetary feedback in relation to depression. In one investigation of undergraduate 

students, more blunted reward-related delta was associated with greater depressive 

symptoms, but loss-related theta was not associated with depression (43). In a second 

investigation, depressed adolescent girls, relative to those with no lifetime history of 

depression, exhibited greater loss-related theta, but there were no group differences in 

reward-related delta (44). These initial studies suggest that time-frequency activity to 

monetary feedback is associated with depression. However, time-frequency representations 
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of neural activity to monetary feedback have not been examined in relation to the 

development of depression. In addition, it is unclear whether reward-related delta or loss-

related theta constitute unique biomarkers of depression, independent of the time-domain 

RewP and other prominent psychosocial risk factors.

The present study leveraged data from the aforementioned sample of 444 13 to 15 year-old 

girls with no lifetime history of depression and examined whether time-frequency indices of 

neural activity to monetary feedback prospectively predicted first-onset depressive disorder. 

We hypothesized that smaller reward-related delta and greater loss-related theta would 

predict a greater likelihood of first-onset depressive disorder, and these relationships would 

be independent of the time-domain RewP and psychosocial risk factors (i.e., baseline 

adolescent depression symptoms, adolescent and parental psychiatric history). The present 

study also examined whether the time-frequency indices had incremental predictive value 

relative to the time-domain RewP and baseline depressive symptoms by determining 

whether it provided increased sensitivity, specificity, and positive and negative predictive 

value for first-onset depressive disorder. We hypothesized that the time-frequency indices 

would provide increased sensitivity and positive predictive value when applied in parallel 

and series, respectively, with baseline depressive symptoms and the time-domain RewP.

Methods and Materials

Participants

The sample consisted of 550 girls between ages 13.5 and 15.5 years (M = 14.4 years, SD = 

0.63) and a biological parent (93.9% mothers) who participated in the Adolescent 

Development of Emotions and Personality Traits (ADEPT) project, a longitudinal study of 

risk for adolescent depression. See (38) for more details regarding the sample characteristics.

Measures

The adolescents’ psychiatric history was ascertained with the Kiddie Schedule for Affective 

Disorders and Schizophrenia for School-Age Children–Present and Lifetime Version (K-

SADS-PL) (46). The K-SADS-PL was administered to the adolescent at the baseline 

assessment by trained interviewers who were closely supervised by clinical psychologists 

(R.K., D.N.K., and G.P.). Participants were allowed to meet criteria for non-depressive 

psychiatric disorders (e.g., anxiety disorders). At the 18-month follow-up assessment, the K-

SADS-PL was administered again to the adolescent to assess change in diagnostic status 

across the interval. The present study focused on first-onset depressive disorder (major 

depressive disorder, dysthymia, or depressive disorder not otherwise specified).

Parental psychiatric history was assessed with the Structured Clinical Interview for DSM-IV 

Axis I Disorders (SCID) (47). The SCID was administered at the baseline assessment to the 

biological parent accompanying the participant by trained interviewers who were closely 

supervised by clinical psychologists (R.K., D.N.K., and G.P.).

Adolescent depressive symptoms at the baseline assessment were measured with the 

expanded version of the Inventory of Depression and Anxiety Symptoms (48), which is a 

99-item factor-analytically derived self-report inventory of empirically distinct dimensions 
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of depression and anxiety symptoms. Symptoms are rated for the past two weeks on a 

Likert-type scale ranging from 1 (not at all) to 5 (extremely). The present study focused on 

the 10-item dysphoria subscale, which is the core symptom dimension of depression (48–

50).

Procedure

Doors task—The doors task (25) was administered using Presentation, version 17.2 

(Neurobehavioral Systems, Berkeley, CA, USA) and consisted of three blocks of 20 trials. 

Each trial began by presenting two identical doors. Participants were instructed to select the 

left or right door by clicking the left or right mouse button, respectively. Participants were 

told that they could either win $0.50 or lose $0.25 on each trial. The image of the doors was 

presented until participants made a selection. Next, a fixation cross was presented for 1000 

ms, and feedback was subsequently presented for 2000 ms. A monetary gain was indicated 

by a green arrow pointing upward and a monetary loss by a red arrow pointing downward. 

The feedback stimulus was followed by a fixation cross presented for 1500 ms, immediately 

followed by the message “Click for next round.” This prompt remained on the screen until 

participants responded with a button press to initiate the next trial, ensuring that participants 

remained active and engaged during the task. There were 30 gain and 30 loss trials.

EEG recording and processing—EEG recording and processing parameters were 

consistent with previous investigations using the doors task (37). Continuous EEG was 

recorded using an elastic cap with 34 electrode sites placed according to the 10/20 system. 

Electrooculography (EOG) was recorded using four additional facial electrodes: two placed 

approximately 1 cm outside of the right and left eyes and two placed approximately 1 cm 

above and below the right eye. Sintered Ag/AgCl electrodes were used. EEG and EOG were 

recorded using the ActiveTwo system (BioSemi, Amsterdam) and digitized with a sampling 

rate of 1024 Hz using a low-pass fifth-order sinc filter with a half-power cutoff of 204.8 Hz. 

For the EEG electrodes, a common mode sense active electrode producing a monopolar 

(non-differential) channel was used as a recording reference. The EOG electrodes produced 

two bipolar channels that measured horizontal and vertical eye movements.

Offline time-domain data processing was identical to the previous investigation using the 

same sample and measures (38). Feedback-locked ERPs were averaged separately for 

monetary gains and losses and scored as the mean amplitude from 250 to 350 ms following 

feedback at FCz, where the difference between gains and losses was maximal. Offline time-

frequency data processing was conducted using a combination of EEGLAB toolbox, version 

13.6.5b (51) and customized Matlab scripts, version R2016a (MathWorks, Natick, MA, 

USA). Data were re-referenced to the average of the left and right mastoids, band-pass 

filtered (.01 to 30 Hz), and eye blinks were removed using independent component analyses. 

Feedback-locked epochs were extracted with a duration of 6000 ms, beginning 3000 ms 

before feedback presentation. Epochs containing artifacts were identified and rejected using 

FASTER (52).

Feedback-locked ERPs at FCz were averaged separately for gains and losses and 

decomposed into their time-frequency representation by multiplying the power spectrum of 
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the ERP by the power spectrum of a set of complex Morlet wavelets that increased by 50 

logarithmic steps from 1 to 50 Hz. An estimate of frequency band-specific power at each 

time point was computed by squaring the absolute value of the complex signal. Power was 

normalized using a decibel (dB) transformation where the baseline activity was the average 

power at each frequency condition from −200 to 0 ms prior to feedback onset.

In order to reduce the time-frequency data into distinguishable components whose timing 

and frequency range were associated with monetary gain and loss feedback, a principle 

components analysis (PCA) was conducting according to published guidelines (53). Time-

frequency surfaces were rearranged into vectors and a PCA was performed on the data using 

the ERP PCA Toolkit, version 2.52 (54). The PCA used the time-frequency vectors as 

variables and participants and trial types as observations. Varimax rotation was used and 

forty-three factors that accounted for 94.51% of the variance were extracted based on the 

resulting Scree plot (55). To assess the timing and frequency distribution of the components, 

the factors were translated back into normalized power and rearranged into surfaces. Twenty 

factors accounted for at least 1% of the variance, and two of those factors resembled the time 

and frequency distribution of delta activity (accounting for 2.98% of the variance) and theta 

activity (accounting for 13.99% of the variance) and were consistent with previous findings 

(39, 41, 56).

Data Analysis

Participants were excluded from the analyses if they had a lifetime history of depressive 

disorder not otherwise specified at baseline (n = 34), were missing diagnostic interview or 

self-report data at baseline or the 18-month follow-up assessment (n = 38), did not complete 

the doors task (n = 30), or had outlier RewP values that were more than three standard 

deviations from the mean (n = 4), resulting in a final sample of 444 participants. The ERP 

response to monetary gain and loss feedback has often been examined using a difference 

score. However, recent evidence has indicated that residuals provide a more reliable ERP 

measure (27, 57, 58). Residuals are calculated using linear regression as the residual 

response to the condition of interest adjusting for the comparison condition. In the present 

study, three residuals were calculated: time-domain ERP response to monetary gains 

adjusting for the ERP response to monetary losses, time-frequency delta activity to monetary 

gains adjusting for delta activity to monetary losses, and time-frequency theta activity to 

monetary losses adjusting for theta activity to monetary gains. Logistic regression was 

conducted to determine whether the reward-related delta and loss-related theta residuals 

predicted first-onset depressive disorder. Multiple logistic regression was conducted to 

determine whether these associations were independent of the time-domain RewP residual 

and the other psychosocial risk factors.

Receiver operating characteristic curve analyses were conducted to determine area under the 

curve, sensitivity, and specificity for significant time-frequency predictors of first-onset 

depressive disorder. These values were used in combination with the prevalence of first-

onset depressive disorder in this sample (9.0%) to calculate positive and negative predictive 

value. The time-frequency factors were continuous measures; therefore, multiple sensitivity, 

specificity, and positive and negative predictive values were calculated based on a range of 
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cutoffs (0.5, 1.0, 1.5, and 2.0 standard deviations from the mean). Combined sensitivity and 

specificity for the three tests (A, B, and C) using parallel testing was calculated using the 

formulas (A)SEN + (B)SEN + (C)SEN − [(A)SEN × (B)SEN] − [(A)SEN × (C)SEN] − [(B)SEN × 

(C)SEN] +[(A)SEN × (B)SEN × (C)SEN] and (A)SPEC × (B)SPEC × (C)SPEC, respectively, and 

for series testing was calculated using the formulas (A)SEN × (B)SEN × (C)SEN and (A)SPEC 

+ (B)SPEC + (C)SPEC − [(A)SPEC × (B)SPEC] − [(A)SPEC × (C)SPEC] − [(B)SPEC × 

(C)SPEC] +[(A)SPEC × (B)SPEC × (C)SPEC], respectively. The combined sensitivity and 

specificity values were then used to calculate the combined positive and negative predictive 

values. Analyses were conducted in IBM SPSS Statistics, version 22.0 (IBM, Armonk, 

N.Y.).

Results

Figures 1 and 2 display the time-domain and time-frequency, respectively, representation of 

the ERP response to monetary gain and loss feedback. Figure 3 displays the PCA-derived 

time-frequency factors for delta activity to monetary gains (top) and theta activity to 

monetary losses (bottom). As expected, delta activity was greater in response to monetary 

gains (M = 3.26 dB, SD = 5.26) than the response to losses (M = 1.49 dB, SD = 5.60), t(444) 

= 4.89, p < .001, while theta activity was greater in response to monetary losses (M = 10.42 

dB, SD = 6.04) than the response to gains (M = 7.23, dB, SD = 6.32), t(444) = 8.63, p < .

001. The time-domain RewP residual was positively associated with the reward-related delta 

residual, r(444) = .12, p = .015, and negatively associated with the loss-related theta residual, 

r(444) = −.13, p = .006. The reward-related delta and loss-related theta residuals were not 

correlated with each other, r(444) = −.01, ns.

In the logistic regression analyses, the reward-related delta residual was multiplied by −1 to 

produce the inverse relationship, such that more positive values indicated a reduced neural 

response to rewards. Results indicated that a smaller reward-related delta residual predicted 

a greater likelihood of developing first-onset depressive disorder (OR = 1.46, 95% CI = 

1.07–1.99, p = .018). However, the loss-related theta residual did not predict first-onset 

depressive disorder (OR = 1.08, 95% CI = 0.78–1.49, ns). In addition, as shown in Table 1, a 

multiple logistic regression analysis indicated that a smaller reward-related delta residual 

predicted first-onset depressive disorder independent of the time-domain RewP residual, 

loss-related theta residual, and the other measured psychosocial risk factors.1,2

Table 2 lists sensitivity, specificity, and positive and negative predictive values for the 

reward-related delta residual predicting first-onset depressive disorder. Similar to the time-

domain RewP (38), reward-related delta provided relatively high specificity and negative 

predictive value that approached 100%, but relatively low sensitivity and positive predictive 

value that were ≤ 42.5%. As shown in Table 3, parallel testing produced increased sensitivity 

1See (38) for rates of adolescent psychiatric disorders and parental psychiatric disorders.
2High neuroticism is also a prominent risk factor for the development of depression (66). As part of the larger ADEPT project, self-
reported personality traits were also measured using the Big Five Inventory (67, 68) in the adolescent girls, and a supplementary 
logistic regression analysis was conducted to determine whether the RewP and reward-related delta residuals predicted first-onset 
depressive disorder independent of the aforementioned psychosocial risk factors and self-reported neuroticism. Results indicated that 
both the RewP residual (adjusted OR = 1.52, 95% CI = 1.05–2.21, p = .028) and reward-related delta (adjusted OR = 1.50, 95% CI = 
1.07–2.11, p = .019) predicted the development of first-onset depressive disorder.
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but decreased specificity using a low cutoff for baseline depressive symptoms, the RewP, and 

reward-related delta. A 0.5 standard deviation cut-off for all three measures for parallel 

testing produced a maximum sensitivity of 82.8%. In contrast, series testing produced 

increased specificity but decreased sensitivity when using a high cut-off for all three 

measures. A 1.5 standard deviation cutoff for the RewP and a 2.0 standard deviation cut-off 

for baseline dysphoria symptoms and reward-related delta for series testing produced a 

maximum positive predictive value of 70.9%. Negative predictive value remained high 

irrespective of cutoff or testing approach (≥ 91.0%).

Discussion

In a sample of 444 13 to 15 year-old girls with no lifetime history of a depressive disorder, 

the present study examined whether frequency-domain representations of ERPs 

prospectively predicted first-onset depressive disorder. Time-frequency analyses indicated 

that the neural activity in the time range of the RewP was characterized by increased delta 

activity to monetary gains and increased theta activity to monetary losses. Prospective 

analyses indicated that blunted reward-related delta predicted first-onset depressive disorder 

18-months later, independent of the time-domain RewP and other prominent psychosocial 

risk factors (adolescent depressive symptoms, adolescent and parental psychiatric history). 

There was no relationship between loss-related theta and the development of depression. 

Finally, delta activity to monetary gains provided increased sensitivity and positive 

predictive value for first-onset depressive disorder when applied in parallel and in series, 

respectively, with baseline depressive symptoms and the time-domain RewP. Overall, the 

present study is the first to demonstrate a prospective relationship between delta-band 

activity to rewards and the development of adolescent-onset depression—and to show that 

this effect is independent of the time-domain RewP.

Time-domain representations of ERPs (i.e., average activity in a window) do not parse 

frequency-related characteristics of a time-varying neural response. Thus, time-domain ERP 

scores potentially confound different types of activity. Indeed, in the current study, time-

frequency representations were only moderately correlated with the time-domain RewP 

score, and only gain-related delta prospectively predicted depression.

The present results are consistent with a previous investigation indicating that reward-related 

delta is associated with depression (43, cf.44). The time-domain RewP has been linked to 

activation in the striatum (30, 56), a region involved in decision-making and reward 

processing (59). Reward-related delta has also been associated with activation in the 

striatum, while loss-related theta has been associated with activation in the anterior cingulate 

cortex (43). The time-domain and time-frequency evidence suggests that abnormalities in 

reward-related striatal activity play an important role in the development of depression. 

Indeed, fMRI-based striatal activation to rewards has also been shown to prospectively 

predict the development of depression (23), and deep brain stimulation of the striatum has 

been shown to treat refractory depression (60–62). These results provide converging 

evidence across multiple modalities that a blunted neural response to rewards is a potential 

biomarker for the development of depression.
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Delta band representations of the RewP yielded complementary information that improved 

the ability to predict adolescent-onset depression over and above time-domain RewP. In a 

previous investigation involving the same sample, the sensitivity of baseline depressive 

symptoms increased (50.0% to 73.8%) when it was applied in parallel with the RewP, and 

the positive predictive value of baseline depressive symptoms increased nearly twofold 

(26.1% to 45.0%) when it was applied in series with the RewP. In the present study, the 

addition of time-frequency reward-related delta further increased the sensitivity (73.8% to 

82.8%) and positive predictive value (45.0% to 70.9%) when applied in parallel and in 

series, respectively, with baseline depressive symptoms and the time-domain RewP. 

Frequency-based representations of ERPs might be a simple measure to examine in 

conjunction with more traditional time-domain measures in studies of individual differences 

and psychiatric disorders.

These results provide intriguing insights regarding the potential role of neural biomarkers in 

the prediction of depression. Adolescence is a period of increased risk for depression, but 

most adolescents will not experience a depressive disorder. Therefore, the negative 

predictive value of a screening tool for adolescent-onset depression will always be high as 

there is a relatively small chance of obtaining a false “true” negative. However, the addition 

of screening tools with high specificity, such as the RewP and reward-related delta, to 

parallel testing has the potential to significantly improve sensitivity, while the addition of 

these screening tools to series testing has the potential to significantly improve positive 

predictive value. The parallel versus series testing approach using neural biomarkers may be 

relevant for different clinical purposes. For example, parallel testing might be used in an 

effort to identify as many at risk individuals as possible and administer an economical, low-

intensity preventative measure (e.g., psychoeducational groups). In contrast, series testing 

might be used to identify individuals who are more likely to actually develop 

psychopathology and are administered a more costly, time-consuming preventative measure 

(e.g., individual or family-based psychotherapy). In a clinical setting, series testing could be 

utilized in a cost-effective manner, such as a self-report symptom measure being 

administered as a first-line screening tool, and in individuals who test positive (i.e., report 

elevated symptoms) the neural biomarker would be assessed to further assess risk status.

The present study results should be interpreted in the context of several limitations. First, the 

sample consisted of 13 to 15 year-old girls, and the findings may not generalize to other 

populations (e.g., boys, adult-onset depression). Second, the guessing task focused on 

monetary reward, and it is possible that social reward might be more salient in adolescents 

and provide stronger relationships with depression (20, 63, 64). Finally, this study focused 

on adolescent-onset depression given the overarching aims of the project, but time-frequency 

indices of neural activity to feedback have also been associated with other psychiatric 

disorders (e.g., externalizing disorders) (65). Future studies should examine whether time-

frequency indices can parse risk for different classes of psychiatric disorders.
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Figure 1. 
Time-domain event-related potential (ERP) waveforms at FCz and three-dimensional scalp 

topography for the gain minus loss difference (i.e., the reward positivity; RewP). The shaded 

region of the waveform shows the segment (250 to 350 ms) where the RewP was scored.
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Figure 2. 
Time-frequency plot for the gain minus loss difference at FCz, with more yellow indicating 

greater activity to gain relative to loss and more blue indicating greater activity to loss 

relative to gain.
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Figure 3. 
Time-frequency principal components analysis (PCA) factors for delta (panel A) and theta 

(panel B) activity. The time-frequency plots represent the gain minus loss difference, with 

more yellow indicating greater activity to gain relative to loss and more blue indicating 

greater activity to loss relative to gain.
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Table 1

Multiple Regression with Baseline Assessment Risk Measures Predicting First-Onset Depressive Disorder at 

the 18-Month Follow-Up Assessment

R2 χ2 Adjusted OR 95% CI

.15 31.23***

Adolescent Dysphoria Symptoms 1.57 1.17–2.10**

Adolescent Reward Positivity (RewP) 1.50 1.03–2.18*

Adolescent Reward-Related Delta 1.50 1.06–2.11*

Adolescent Loss-Related Theta 1.07 0.76–1.51

Adolescent Lifetime Anxiety Disorder 1.96 0.92–4.17

Adolescent Lifetime Behavioral Disorder 1.18 0.30–4.60

Parental Lifetime Depressive Disorder 1.49 0.70–3.17

Parental Lifetime Anxiety Disorder 1.10 0.54–2.24

Parental Lifetime Substance Use Disorder 1.00 0.47–2.15

Note. Age was included as a covariate in the analyses. Adolescent RewP and reward-related delta demonstrated an inverse relationship with first-
onset depressive disorder. Therefore, the RewP and reward-related delta were multiplied by −1 to produce the inverse relationship, such that more 
positive values indicated a reduced neural response to rewards, in order to better compare the reward measures with the other risk measures. The 
RewP, reward-related delta, loss-related theta, and dysphoria symptom measures were z-transformed to allow for direct comparison of the adjusted 
odds ratios. Adolescent and parental lifetime psychiatric disorder measures were dichotomous independent variables (0 = absent, 1 = present) and 
first-onset depressive disorder was the dichotomous dependent variable (0 = absent, 1 = present). OR = odds ratio; CI = confidence interval.

*
p < .05,

**
p < .01,

***
p < .001
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