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Abstract

Introduction: Treatment effectiveness for major depressive disorder (MDD) is often affected by 

client non-adherence, dropout, and non-response. Identification of client characteristics predicting 

successful treatment completion and/or response (i.e., symptom reduction) may be an important 

tool to increase intervention effectiveness. It is unclear whether neural attenuations in reward 

processing associated with MDD predict behavioral treatment outcome.

Methods: This study aimed to determine whether blunted neural responses to reward at baseline 

differentiate MDD (n=60; 41 with comorbid anxiety) and healthy control (HC; n=40) groups; 

and predict MDD completion of and response to 7-10 sessions of behavior therapy. Participants 

completed a monetary incentive delay (MID) task. The N200, P300, contingent negative variation 

(CNV) event related potentials (ERPs) and behavioral responses (reaction time [RT], correct hits) 

were quantified and extracted for cross-sectional group analyses. ERPs and behavioral responses 

demonstrating group differences were then used to predict therapy completion and response within 

MDD.

Results: MDD exhibited faster RT and smaller P300 amplitudes than HC across conditions. 

Within the MDD group, treatment completers (n=37) exhibited larger P300 amplitudes than 

non-completers (n=21).

Limitations: This study comprises secondary analyses of EEG data; thus task parameters are 

not optimized to examine further ERPs from the paradigm. We did not examine heterogenous 

presentations of MDD; however, severity and comorbidity did not influence findings.

Conclusions: Previous studies suggest that P300 is an index of motivational salience and 

stimulus resource allocation. In sum, individuals who deploy greater neural resources to task 

demands are more likely to persevere in behavioral therapy.
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Introduction

Major depressive disorder (MDD) is a chronic illness linked to substantial personal 

disability and socioeconomic burden (Greenberg et al., 2015; lancu et al., 2020). Current 

front line treatments for MDD are only moderately effective (e.g., Ekers et al., 2007) and 

research has yet to establish reliable matches between patient characteristics and successful 

treatment outcomes that could serve to optimize outcomes (Kemp et al., 2008). Many 

individuals with MDD experience anhedonia and show biobehavioral deficits in appetitive, 

reward seeking behaviors (e.g., Baskin-Sommers & Foti, 2015; Klawohn et al., 2019; 

Pizzagalli, 2014). Thus, individual differences in reward system function may relate to one’s 

level of motivation to engage in treatment and/or one’s likelihood of success in behavioral 

treatments aiming to enhance reward system engagement to reduce depressive symptoms 

(e.g., Nagy et al., 2018).

Electroencephalography (EEG) is a cost-effective and objective psychophysiological tool 

capturing electrical brain responses during anticipation and receipt of appetitive or pleasant 

stimuli (Glazer et al., 2018; Proudfit et al., 2015) that can be leveraged to: (a) differentiate 

clinical groups from healthy controls (HC); and (b) predict future treatment response 

and/or symptom change in clinical populations (Hajcak et al., 2019; Matsen et al., 2020; 

Olbrich & Arns, 2013; Wade & losifescu, 2016). Although functional magnetic resonance 

imaging (fMRI) literature suggests that MDD patients tend to show lower frontostriatal 

brain responses to reward anticipation and/or feedback than HC (Borsini et al., 2020), low 

temporal resolution of fMRI limits knowledge of precisely where in the stimulus processing 

stream groups diverge. EEG possesses high temporal resolution and can be leveraged to 

complement fMRI spatial resolution, providing a more comprehensive picture of where and 

when brain functions show impairment in MDD. This knowledge may inform the degree 

to which individuals with these reward impairments engage in and respond to behavioral 

interventions.

The monetary incentive delay (MID) task (Knutson et al., 2001) enables researchers to 

record brain responses to cues signaling the opportunity for potential future gains and losses 

separately from gain/loss feedback, thereby disentangling the timing of opportunity for 

positive outcomes from the positive outcomes themselves. Event related potentials (ERPs), 

EEG segments time-locked to stimuli averaged across trials, have shown initial promise 

in predicting future depressive symptom change and response to cognitive behavioral 

therapy as well as antidepressants (Burkhouse et al., 2016; Burkhouse et al., 2019; Webb 

et al., 2020). Two ERP components relating to evaluation and categorization of cues 

are particularly relevant for studying reward anticipation. The cue N200 is a negative 

frontocentral deflection peaking between 200-350 msec post-stimulus that indexes selective 

attention to stimulus characteristics (see: Hajcak et al., 2012). For HC samples on the MID 

task, N200 is typically larger in amplitude for neutral and loss cues than gain cues, reflecting 
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a mismatch or deviation from gains, thought to be considered the preferred stimulus type 

(Glazer et al., 2018; Novak & Foti, 2015). The cue P300 is a positive parietal deflection 

peaking between 300-600 msec post-stimulus that is often larger in amplitude for gain 

and/or loss cues than neutral cues in HC samples, thought to reflect stimulus categorization, 

and potentiation interpreted as in indicator of stimulus salience (Angus et al., 2017; Broyd 

et al., 2012; Glazer et al., 2018; Gu et al., 2017; Novak & Foti, 2015; Novak et al., 2016; 

Oumeziane et al., 2017; but see Flores et al., 2015).

N200 amplitude attenuations have been reported as a function of MDD diagnosis or 

depressive symptom severity in non-reward paradigms such as the flanker task (e.g., 

Alderman et al., 2015; Clawson et al., 2013) and color-word Stroop task (e.g., Holmes 

& Pizzagalli, 2008). It remains unclear whether this observed tendency for individuals 

with MDD to allocate less neural resources than HC to processing visual mismatches 

extends to reward-specific contexts. Similarly, multiple studies indicate that MDD patients 

exhibit smaller P300 amplitudes than HC during non-reward tasks, such as the continuous 

performance task (Diner et al., 1985) and flanker task (Klawohn et al., 2020). Moreover, 

smaller P300 amplitudes are linked to higher depression symptom severity among MDD 

patients (oddball task: Nan et al., 2018) and in female youth two years later (flanker task: 

Santopetro et al., 2020), suggesting that blunted P300 amplitude in MDD may not be 

specific to the context (e.g., reward potential) of stimulus presentation, but instead reflect a 

general reduction in neural resources allocated to stimulus categorization/evaluation. Thus, 

the N200 and P300 to cue stimuli in the MID task may offer functional insight into 

processing differences observed in the MID task anticipation phase.

Another ERP component relevant to reward anticipation is the contingent negative variation 

(CNV), which is elicited by a cue signaling that a response is needed to an upcoming target 

stimulus. The CNV is a negative-going slow wave maximal fronto-centrally that indexes 

anticipatory attention and motor preparation for motivationally salient targets (Glazer et 

al., 2018). Previous studies of reward anticipation among HC show that CNV amplitude is 

larger after gain and/or loss cues than neutral cues (Novak et al., 2016, Oumeziane et al., 

2017). However, not all studies show CNV amplitude differences as a function of reward 

(Broyd et al., 2012). Prior work demonstrates that MDD exhibit smaller CNV amplitudes 

than HC across emotional and neutral faces (Vanderhasselt et al., 2014; Zhao et al., 2019). 

It is unclear whether this blunted CNV responses would generalize to reward and/or loss 

cues on the MID. CNV differences or lack thereof across reward and loss conditions may 

provide specificity to insights regarding the functional disruptions associated with MDD 

(i.e., general blunted anticipation vs. impaired modulation of anticipation during opportunity 

for reward).

This project focuses on secondary analysis of ERP data from one study focused on healthy 

control participants and two larger clinical trials examining (1) predictors and mechanisms 

of response to behavioral activatin (BA) for depression and (2) differential predictors 

and mechanisms of response to BA versus exposure therapy (EXP) for individuals with 

generalized anxiety disorder (GAD; a large proportion of whom also met criteria for current 

or lifetime MDD). ERPs provide a low-cost objective metric that may inform the potential 

effectiveness of behavior treatments for individuals with MDD. This study examines the 
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anticipation phase of the MID task in MDD (with and without comorbid anxiety disorders) 

and HC groups during simultaneous EEG-fMRI recording prior to patient enrollment in 

treatment. Although the treatments offer different rationales and strategies for behavior 

change, both seek to increase behavioral engagement of patients either through increased 

activity (BA) or reduction of avoidance (EXP). Thus, measurement of cognitive function 

during opportunities to gain reward and/or avoid loss (i.e., MID anticipation) is particularly 

relevant for both treatment approaches.The primary goals of this project are twofold: (a) 

identify whether individuals with MDD show smaller ERP amplitudes (cue N200, cue 

P300, CNV) than HC during reward and/or loss anticipation; and (b) whether smaller ERP 

amplitudes in MDD predict future therapy completion and behavioral treatment response 

across behavior therapy interventions based on previous ERP research demonstrating 

reduced ERP amplitude associated with depression (e.g., Nan et al., 2018; Santopetro et 

al., 2020) and poorer treatment outcomes in pharmacologic treatments (e.g., Olbrich & Arns, 

2013). For cross-sectional analyses, we hypothesize that: (1) MDD will show smaller N200 

and P300 amplitudes to gain cues than HC, reflecting reduced resources devoted to reward 

categorization; and (2) MDD will exhibit smaller CNV amplitudes across gain, loss, and 

neutral cues than HC, reflective of an overarching deficit in attention preparation for target 

stimuli. For longitudinal analyses, we predict that P300 amplitude to gain cues as a marker 

of adaptive attentional engagement will be positively associated with behavioral therapy 

attendance and post-treatment decreases in depression symptoms.A secondary goal is to 

determine whether differences between MDD and HC groups are driven by individuals with 

pure MDD versus comorbid MDD and anxiety disorders, as prior work suggests that these 

groups may show divergent patterns of brain activity (e.g., MacNamara et al., 2016).

Methods

Participants

This investigation compared two groups of participants: (1) individuals meeting criteria 

for lifetime MDD (MDD) with or without comorbid anxiety disorders; and (2) healthy 

individuals with no lifetime psychiatric diagnoses or illicit substance use problems (HC). 

For the MDD group, the present study combined data collected as part of two larger 

clinical trials focused on identifying whether neuroimaging and behavioral indices related 

to approach-avoidance behavior were predictive of treatment response in: (1) a randomized, 

unblinded clinical trial wherein enrolled participants had clinically-significant generalized 

anxiety disorder (GAD) symptoms and were randomized to complete either BA or 

EXP (Santiago et al., 2020) (ClinicalTrials.gov: # NCT02807480; Study 1); and (2) a 

non-randomized, unblinded clinical trial in which all enrolled participants had clinically

significant depression and completed BA therapy (ClinicalTrials.gov: #NCT02602340; 

Study 2). The HC group in the present analysis consisted of 40 healthy control participants 

enrolled in the Tulsa 1000 study, a naturalistic longitudinal study of treatment-seeking 

individuals with psychiatric symptoms as well as individuals without a history of psychiatric 

illness (Victor et al., 2018; NCT02450240). Both clinical trials and the T1000 study 

took place at the Laureate Institute for Brain Research, were approved by the Western 

Institutional Review Board, and were carried out in accordance with the Declaration of 
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Helsinki. Participants provided informed written consent and participant confidentiality was 

ensured.

Participants were recruited from radio, internet, and paper advertisements. Individuals 

verbally consented to complete a screen by trained staff to assess preliminary study 

eligibility. Eligible participants were scheduled for a clinical interview session wherein 

trained staff administered informed consent and the MINI International Neuropsychiatric 

Interview (version 6.0 or 7.0)[Sheehan & Lecrubier, 2010; Sheehan et al., 2015] to assess 

lifetime disorders using Diagnostic and Statistical Manual of Mental Disorders, 4th Edition 

or 5th Edition (DSM-IV-TR or DSM-5) criteria [American Psychiatric Association 2000, 

2013]. Initial exclusion criteria for all groups were: (1) positive urine/breathalyzer screen 

for alcohol and drugs of abuse; (2) lifetime bipolar and schizophrenia spectrum disorders; 

(3) moderate-to-severe traumatic brain injury; (4) significant or unstable medical disturbance 

not controlled by medication; (5) current suicide plan/intent; and (6) fMRI contraindications 

(e.g., metal in body, pregnancy). Figure 1 depicts the CONSORT diagram. Other than 

symptom requirements relating to GAD and MDD, the inclusion/exclusion criteria were 

identical across the two clinical studies. However, we only included individuals in the 

present analysis if they met diagnostic criteria for lifetime MDD at baseline. All participants 

included in the present analysis were required to have usable EEG data for the MID task 

based on EEG quality checks described below. The final MDD group consisted of 60 

participants, 52% (n = 31) meeting criteria for a current major depressive episode and 98% 

(n = 59) meeting criteria for at least one past major depressive episode. With respect to 

comorbid diagnoses within the MDD group, 68% (n = 41) met criteria for at least one 

anxiety and/or stress disorder (see Table 2), while 7% met criteria for lifetime alcohol use 

disorder (n = 4). MDD participant medication information can be found in Table 3.

While cross-sectional analyses compared MDD and HC groups, longitudinal analyses 

focused on MDD participants who enrolled in therapy (n = 60, 100%). Longitudinal 

analyses: (1) compared MDD participants who completed at least 7 out of 10 weeks of 

group based therapy (n = 39) versus those who dropped out prior to completion (n = 21); 

and (2) therapy completers considered treatment responders (reflected by the reliable change 

index (RCI) formula, n = 19) to non-responders (n = 19) who did not show this decrease.

Baseline Clinical Interview and Questionnaires

Participants completed a demographic questionnaire, the MINI for DSM-IV or DSM-5 

(Sheehan & Lecrubier, 2010; Sheehan et al., 2015), PROMIS depression and anxiety 

subscales (Cella et al., 2010), and the Behavioral Inhibition/Behavioral Activation (BIS/

BAS) Scales (Carver & White, 1994) prior to simultaneous EEG-fMRI recording. MDD 

participants completed the Beck Depression Inventory II (BDI-II; Beck et al., 1996) at 

baseline, and individuals who completed therapy also filled out the BDI-II post-treatment. 

Both treatments consisted of manualized, ten-session interventions and were delivered in 

a group format (6-10 participants per group) for 90 min weekly. Details regarding therapy 

supervision, consultation, and fidelity can be found in supplemental material.
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MID Task

Participants completed two runs (562 s; 45 per run) of the MID task (Knutson et al., 2001) 

during simultaneous EEG-fMRI recording. On each trial, participants were first presented 

with a fixation circle (duration: 2-6 s), followed by a cue (duration: 2 s) indicating potential 

gain (circle), loss (square), or no gain/loss (circle or square) and a subsequent 2 s delay 

wherein a cross appeared on the screen. Degree of potential gain/loss varied as a function 

of the location of a horizontal line within the cue and was also indicated with text: (1) 

bottom of the cue = no gain/loss (+/−$0); (2) the middle of the cue = intermediate gain/loss 

(+/−$1); and (3) line at the top of the cue = highest gain/loss (+/−$5). To earn a gain or 

avoid a loss, participants were required to press a button within a certain duration of time 

(callibrated to individual reaction time [RT]) following onset of a white triangle (target). 

Task difficulty was based on RT collected during practice prior to the neuroimaging scan 

and was calibrated to a success rate of two-thirds of trials. After participants made their 

response, the computer screen went blank (interstimulus interval between delay and blank 

screen = 2 s). Then feedback was presented for 2 s indicating the result (+0, −0, +1, −1, +5, 

−5) on the trial (15 trials per run per conditions, i.e., 30 trials per condition overall). Trial 

order was pseudo-randomized, and all participants completed the runs in the same order. 

Participants earned $30 on average, which they were paid post-scan.

Simultaneous EEG and fMRI Data Collection

Details of fMRI image acquisitionare not reported in the current study but can be found 

in the parent study protocol paper (Santiago et al., 2020). EEG was recorded during fMRI 

using a 32-channel MR-compatible EEG system (Brain Products GmbH; Munich, Germany) 

referenced online to FCz. The electrodes were arranged according to the international 

10–20 system. One electrode was placed on the back for recording the electrocardiogram 

(ECG) signal. A Brain Products’ SyncBox device was used to synchronize the EEG system 

clock with the 10 MHz MRI scanner clock. Data acquisition sampling rate was 5 kHz, 

measurement resolution was 0.1 μV. EEG signals were hardware-filtered throughout data 

acquisition between 0.016 and 250 Hz.

EEG Preprocessing

EEG processing was completed using Brain Vision Analyzer (BVA) 2.1 (Brain Products 

GmbH, Munich, Germany). Gradient artifact in the EEG data from the fMRI recording 

was removed in accordance with recommendations from Debener et al. (2007). EEG were 

re-referenced offline to linked mastoids (e.g., Novak et al., 2015), down-sampled to 250 

Hz, and bandpass filtered from .01-30 Hz with a 12db/oct roll-off. Notch filters were 

applied (1 Hz bandwidth) to remove fMRI slice timing frequency (19.5 Hz and harmonics; 

see: Mayeli et al., 2021) and 60 Hz line noise (see: Luck, 2014). Ballistocardiogram 

(BCG) artifacts were reduced using average artifact subtraction (AAS) employing a semi

automated routine in BVA to detect R peaks in the ECG channel and create a template for 

BCG correction. Additionally, independent components analysis (ICA) using the extended 

infomax routine was employed to isolate remaining BCG artifact in addition to ocular 

artifacts (i.e., blinks,saccades). Automated routines were used to identify and exclude from 

analysis artifacts defined as more than 50 μV change between any two data points; trials 
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with absolute fluctuations exceeding 200 μV in any 200 ms interval and/or any change of 

less than 0.5μV in a 200 ms period (i.e., flatlining) (e.g., Angus et al., 2017). Participants 

were required to have at least 15 out of 30 usable cue trials (50% usable data; Bennett et 

al., 2017; Landes et al., 2018) to create single-participant averages for each of the three 

conditions (gain, loss, no gain/loss) and be included in analyses. Wilcoxin rank sum tests 

indicated groups did not differ in usable trials for gains (W = 1303, p = .47, median MDD = 

27, median HC = 27), losses (W = 1256, p = .70, median MDD = 27, median HC = 28), or 

no gains/losses (W = 1372, p = .22, median MDD = 27, median HC = 28).

ERP Quantification and Extraction

Figure 3 depicts grand average ERP waveforms stimulus-locked to cue onset across 

participants (n = 100) as a function of three conditions: (1) gain (+$,1 +$5 trials); (2) 

loss (−$1, −$5 trials); and (3) no gain/loss (+$0, −$0 trials). Measurement windows were 

based on prior studies (e.g., Broyd et al., 2012; Novak & Foti, 2015; Novak et al., 2015). 

Waveforms were baselined to 200 ms prior to cue onset (Bennett et al., 2019; Broyd et al., 

2012; Landes et al., 2018). Mean amplitudes were extracted for further statistical analysis 

using the following windows time-locked to cue onset: (1) N200 = 300-400 ms at Fz and Cz; 

(2) P300 = 300-600 ms at Pz and POz; and (3) CNV = 4050-4250 ms at Fz and Cz.

Statistical Analyses

Statistical analyses were performed in R Studio 1.1.463 using functions within car, ggplot2, 
gmodels, nlme, psych, and multcomp packages and code guided by Field et al. (2012). 

For dimensional variables, histograms were plotted to evaluate univariate normality, and 

z-score transformations were used to detect outliers z > |3.291| (Tabachnick & Fidell, 2007). 

Outliers on a particular variable were removed entirely from analyses that included this 

variable. The following number of participants were indexed as ERP outliers and removed 

from respective analyses: (1) N200: n = 1 MDD; (2) P300: n = 1 HC and n = 2 MDD; 

and (3) CNV: n = 5 MDD. Levene’s test was used to confirm the group homogeneity of 

variance assumption prior to computation of parametric tests. Log transformations were used 

to normalize variables with substantial skew. For categorical variables, chi-square tests were 

computed between groups unless small cell sizes required the use of Fisher’s exact test. For 

continuous dependent variables compared between groups, Welch’s two-sample t-test was 

computed when assumptions were upheld, otherwise Wilcoxon rank-sum tests were used.

Cross-Sectional Analyses

Demographics and clinical characteristics.—Categorical differences in education, 

sex, and race/ethnicity were compared between MDD and HC. Welch’s two-sample t-test 

examined group differences in age, whereas depression, anxiety, and BIS/BAS scores were 

compared between groups using Wilcoxon rank sum non-parametric tests due to violated 

assumptions of normality and homogeneity of variance.

Behavioral performance.—Linear mixed effects (LME) models were computed for 

the two behavioral dependent variables (correct hits, log-transformed RT). Group (MDD, 

HC) was the between-subjects variable, condition (gain, loss, no gain/loss) was the within
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subjects variable. Maximized log-likelihood was employed for analysis. Participant was 

included as a random effect.

ERPs.—LME models were computed for each of the three dependent variables (N200, 

P300, and CNV mean amplitudes). Group (MDD, HC) was the between-subjects variable, 

while condition (gain, loss, no gain/loss) and electrode (Fz and Cz for all ERPs except 

P300, which used Pz and POz) were within-subjects variables. ERP mean amplitude was 

the dependent variable. Maximized log-likelihood was employed for analysis. Participant 

was included as a random effect. Cohen’s d effect size was computed for significant 

effects. Simultaneous post-hoc tests for significant effects were computed, using the Holm

Bonferroni method to adjust p values for multiple comparisons.

Longitudinal Analyses

MDD participants were classified as completers if they attended at least 7 out of 10 

therapy sessions (n = 39) and non-completers if they attended less than 7 sessions (n = 

21). These MDD subgroups were compared on study assignment (1 or 2) and baseline 

characteristics including sex, education, clinical diagnoses, questionnaire scores, average 

RT, and average P300 amplitude (Pz and POz). RT and P300 amplitude were chosen 

because they significantly differentiated MDD and HC groups in cross-sectional analyses. 

Within MDD therapy completers with post-treatment questionnaire data (n = 38), treatment 

responders using RCI, see: Table 3;n = 19) were compared to non-responders (n = 19) on 

ERP amplitude and RT.

Results

Cross-Sectional Analyses

Demographics and clinical characteristics (Table 1).—Groups did not differ as a 

function of non-White race/ethnicity (p = .64), or age (p = .18). However, groups differed 

in: (1) sex: the MDD group included more females than the HC group (χ2(1) = 4.07, p = 

.04); and (2) education (Fisher’s exact test p = .01): more MDD participants (n = 11, 18%) 

had attained masters or doctoral degrees than HC participants (0%). MDD reported higher 

PROMIS depression (W = 88, p < .001) and anxiety (W = 98, p < .001) symptoms than HC. 

Although MDD endorsed higher BIS scores than HC (W = 311, p < .001), groups did not 

differ on BAS scores (p = .08).

Behavioral performance (Table S1, post-hoc tests are listed in Table S3).—For 

RT, the group main effect F(1, 95) = 4.06, p < .05) indicated that MDD were faster than HC 

across conditions (d = .39, Figure 4A), while the condition main effect (F(2, 190) = 51.50, 

p < .001) showed that participants responded more quickly to gains and losses than no gains/

losses (both post-hoc p < .001 and d = 0.79 and 0.80, Figure 4B). Post-hoc tests examining 

each MDD subgroup and HC indicated that both pure and comorbid MDD groups exhibited 

faster RT than HC (p < .01 and p = .02, respectively). No significant effects emerged for 

correct hits (all p > .40). The influence of sex and education as well as current vs. past MDD 

were evaluated using linear mixed models and are reported in supplemental material.
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Mean ERP amplitudes. (Table S2, post-hoc tests with are listed in Table S3).—
Between-group differences did not emerge for N200, or CNV amplitudes. For the N200 a 

main effect of electrode (F(1, 485) = 21.45, p < .001) depicted in Figure S1 indicated that 

N200 amplitudes were larger at Fz (M = −0.26, SD = 2.06) than Cz (M=0.48, SD=1.98; 

d=.47 For the CNV a main effect of electrode (F(1, 465) = 29.65, p < .001) illustrated in 

Figure S2 showed that CNV amplitudes were larger at Cz (M = −3.56, SD = 3.18) than 

Fz (M = −1.75, SD = 3.03; d = 57). A main effect of group emerged for P300 amplitude 

(F(1, 95) = 4.06, p < .05), and Figure 4C demonstrates that MDD displayed smaller P300 

amplitudes than HC (d = 0.42). To determine whether the MDD-HC difference in P300 

amplitude was driven by participants with pure (n = 18) versus comorbid MDD (n = 40), 

post-hoc tests computed between each MDD subgroup and HC indicated that both pure 

MDD and comorbid MDD groups showed smaller P300 amplitudes than HC (p = .03 and p 
< .001, respectively). Although a main effect of condition emerged for P300 amplitude (F(2, 

475) = 8.05, p < .001) illustrated in Figure S3, post-hoc tests indicated that no condition 

differences were significant after adjustment for multiple comparisons (all p ≥ .16). The 

influence of sex and education as well as current vs. past MDD were evaluated using linear 

mixed models and are reported in supplemental material, the results of which maintained 

support for group differences reported above.

Longitudinal Analyses

Table 2 and Figure 5 indicate that MDD therapy completers exhibited higher baseline P300 

amplitudes (Welch’s t(51) = 2.61, p = .01, Cohen’s d = .69) than non-completers. Flowever, 

completers and non-completers did not differ as a function of study assignment, therapy 

type, sex, education, frequency of major depressive episodes or comorbid anxiety disorders, 

baseline internalizing symptoms, or baseline RT. Table 3 shows that BDI-II treatment 

responders and non-responders did not differ on study assignment, therapy type, baseline 

BDI-II scores, P300 amplitudes, or RT.

Discussion

The goal of the current study was to determine utility of ERPs recorded during the 

anticipation phase of the MID task in: (1) distinguishing MDD from HC; and (2) predicting 

treatment outcomes (attendance and symptom reduction) for MDD completing behavior 

therapy. First, results indicate that individuals with MDD do in fact display lower P300 

amplitude responses to cue stimuli relative to individuals with no mental health conditions. 

The group difference was not modulated by the condition of the cue, suggesting broad 

attention blunting to stimuli regardless of relevance for upcoming opportunities to obtain 

gains or avoid losses. This finding is similar to other studies reporting links between blunted 

P300 amplitude and depression using other cognitive paradigms such as the flanker task 

(e.g., Santopetro et al., 2020) and oddball task (Nan et al., 2018). Second, the hypothesis 

of blunted N200 amplitude to cues among the MDD group was not supported. This 

distinguishes the current pattern of results from previous studies showing blunted N200 

among individuals with MDD in the flanker task (e.g., Alderman et al., 2015; Clawson et al., 

2013) and the color-word Stroop task (e.g., Holmes & Pizzagalli, 2008). Thus, the current 

pattern of results would indicate that individuals with MDD display overall decrements in 
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attention categorization (P300) but not with selective attention or discerning of conditions 

(N200) in the MID paradigm. The CNV also did not demonstrate differences across group 

or condition, indicating that in these data attentional preparation was not influenced by 

opportunities for loss or gain nor diagnostic group.

The lack of condition modulation in the group P300 effects in combination with previous 

literature regarding P300 blunting in individuals with MDD indicates that the attentional 

decrements associated with MDD are not specific to reward anticipation context. Consistent 

with the present results, a recent meta-analysis of fMRI and EEG effects in reward tasks 

indicated that MDD-related differences in anticipation may not be specific to reward versus 

loss contexts (Keren et al., 2018). The current findings extend this literature, as the authors 

of the meta-analysis noted a relative dearth of research examining EEG reactivity during 

anticipation (Keren et al., 2018). It is notable that the present analysis did not examine target 

elicited ERPs or reward consumption elicited due to conceptual focus on the anticipation 

period as well as task design considerations and limitations noted below and that the current 

pattern of results do not preclude reward-specific differences in MDD relative to HC in the 

consummatory phase of reward processing noted in other studies (e.g., Keren et al., 2018).

Longitudinal data indicated pre-treatment P300 amplitude was also higher for MDD 

participants who went on to complete therapy relative to those who did not. This finding 

extends previous evidence that the P300 distinguishes individuals with MDD from HC 

participant to differentiating individuals who go on to complete behavioral treatments 

from those who do not. Notably, MDD completers and non-completers did not differ on 

frequency of depressive episodes or symptom severity. Findings indicate that individuals 

with higher attentional engagement with cue stimuli were more likely to complete behavior 

therapy (EXP and BA), information that may be useful in informing treatment decisions. 

Specifically, research has demonstrated that brief (e.g., Funderburk et al., 2020) and even 

single session (e.g., Gawrysiak et al., 2009) behavior therapies are beneficial for treating 

MDD or comorbid anxiety conditions. Thus, P300 reactivity may be helpful in directing 

individuals to treatments that they are more likely to complete. Although the current study 

did not include a medication treatment, previous work has demonstrated that baseline P300 

latency predicts response to sertraline treatment (Isintas et al., 2012) and that resting-state 

EEG robustly predicted response to sertraline in a placebo controlled trial (Wu et al., 2020). 

Thus current results add to burgeoning evidence of the utility of EEG metrics in informing 

treatment decisions for MDD.

The current study possesses several limitations. First, the MID task was initially designed 

for fMRI data collection, not for measuring ERP responding to target cues. Thus, the design 

included variability in target presentation timing and duration that led to offset potential and 

motor confounds in the ERP data during target response. Furthermore, feedback is related 

to performance and reward consumption, leading to discrepancies in the number of trials 

available for analyzing feedback potentials(i.e., RewP, FRN) and conceptual differences 

with reward anticipation which are beyond the scope of the current study. However, these 

limitations did not influence ERP responding to cue stimuli during the anticipation phase, 

which is an understudied area within this literature (Keren et al., 2018). Second, this 

study does not distinguish between EXP or BA in terms of treatment completion due 
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to lack of power to examine differences between treatmants; thus this research cannot 

distinguish between potential nuances in effects between treatment modalities. Third, 

although MDD is a highly heterogeneous condition, the present analyses do not account 

for differential presentations of the disorder, including the presence of current versus past 

MDE; however examination of the cross-sectional effects can be found in the supplemental 

material and both groups showed at least a trending effect in the same direction for P300 

amplitude results. It is notable that depression-anxiety comorbidity and symptom severity 

did not influence primary effects observed. Fourth, although fMRI data were collected 

simultaneously with EEG data for this task, the present report does not integrate fMRI and 

ERP data. As our primary research questions focused on the degree of neural resources 

allocated to stimulus processing in MDD, ERP metrics possessing resolution on the order 

of milliseconds were ideal to address these particular questions. Finally, sex and education 

were not equivalent across groups in the cross sectional analysis. Follow-up LMEs including 

sex and education as predictors are included in supplement. Notably these analyses are 

underpowered to rigorously characterize the effects. Furthermore, sex and education did 

not differ between the completer and non-completer groups examined in the longitudinal 

analyses. Future integration of EEG and fMRI data will be useful for targeting spatial 

resolution of neural processing alterations in MDD.

Despite these limitations, the current investigation benefits from the testing of well

characterized ERP components and longitudinal therapy data to show that blunted resource 

allocation (P300 amplitude) to stimulus attention present in MDD when compared to HC is 

also linked to future non-completion of behavioral therapy for MDD patients. P300 metrics 

may show utility in a precision-medicine approach to treatment selection for individuals 

with MDD, directing patients to treatment options which they are more likely to complete. 

Therefore, these results extend a growing body of literature indicating the utility of EEG 

measures in predicting treatment considerations for depression (e.g. Isintas et al., 2012; Wu 

ert al., 2020).

Supplementary Material

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

• P300 amplitude is smaller for individuals with major depressive disorder 

compared to healthy controls

• Other cue elicited event-related potentials during the monetary incentive delay 

task do not differ between individuals with depression and healthy individuals

• Among individuals with depression, P300 amplitude is predictive of 

behavioral treatment completion
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Figure 1. 
CONSORT diagram of participant recruitment and inclusion/exclusion criteria.
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Figure 2. 
MID task design. This figure provides an overview of stimulus type and duration for gain 

trials (left) and loss (right) trials. Analyses for the present study focus on event related 

potentials during presentation of each cue stimulus.
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Figure 3. 
Grand average waveforms for the anticipation phase of the MID task, stimulus-locked to the 

onset of gain, loss, and no gain/loss cues for major depressive disorder (MDD; n = 60) and 

healthy control (HC; n = 40) groups.
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Figure 4. 
(A) Group main effect showing that MDD exhibited faster reaction time (RT) than HC 

across conditions; (B) Condition main effect indicating that gains and losses elicited faster 

RT than no gains/losses; and (C) Group main effect demonstrating that MDD exhibit smaller 

P300 amplitude than HC. Error bars reflect ±1 standard error.
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Figure 5. 
P300 grand average waveforms across MID cue conditions are overlaid for MDD therapy 

completers and non-completers at Pz and POz electrode sites. Completers exhibited higher 

baseline P300 amplitudes than non-completers across conditions and electrodes. Error bars 

reflect ±1 standard error.
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Table 1.

Group demographic and clinical characteristics.

MDD (n = 60) HC (n = 40)

Frequency Frequency Statistics

Sex: Female 42 (70%) 20 (50%) χ2(1) = 4.07, p = .04

Race/Ethnicity: Non-White 14 (23%) 11 (28%) χ2(1) = 0.22, p = .64

Asian 1 (2%) 1 (2%)

Black 5 (8%) 1 (2%)

Hispanic 0 (0%) 1 (2%)

Native American 4 (7%) 6 (15%)

Other 4 (7%) 2 (5%)

White 46 (76%) 29 (74%)

Education (Categories) Fisher’s Exact Test p = .01

High School, GED or Less 10 (17%) 6 (15%)

Some College 23 (38%) 19 (48%)

Graduated 4-Year College 16 (27%) 15 (37%)

Advanced Degree 11 (18%) 0 (0%)

M (SD) M (SD) Statistics

Age (Years) 34.12 (10.87) 31.19 (10.41) Welch’s t(86) = −1.35, p = .18

PROMIS Depression (T score) 59.25 (6.51) 43.90 (6.33) W = 88, p < .001

PROMIS Anxiety (T score) 61.88 (6.28) 45.76 (7.41) W = 98, p < .001

Behavioral Activation Scale (BAS) 37.90 (7.10) 40.58 (4.28) W = 1429, p = .08

Behavioral Inhibition Scale (BIS) 23.48 (4.47) 17.38 (3.22) W = 311, p < .001

Note. MDD = major depressive disorder. HC = healthy control. GED = general educational development. PROMIS = Patient-Reported Outcomes 
Measurement Information System. Missing data: (1) PROMIS Depression: MDD n = 5; (2) PROMIS Anxiety: MDD n = 8; and (3) BAS and BIS 
(MDD n = 1).
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Table 2.

Baseline characteristics as a function of MDD therapy completion (n = 60).

Completers (n = 39) Non-completers (n = 21)

Frequency Frequency Statistics

Study (S) 1 or 2 15 S1, 24 S2 11 S1, 10 S2 χ2(1) = 1.08, p = 0.30

Therapy Type 32 BA, 7 EXP 14 BA, 7 EXP χ2(1) = 1.81, p = 0.18

Sex: Female 26 (67%) 16 (76%) χ2(1) = 0.59, p = 0.44

Education (Categories) Fisher’s Exact Test p = .65

High School, GED or Less 8 (21%) 2 (10%)

Some College 14 (36%) 9 (43%)

Graduated 4-Year College 11 (28%) 5 (24%)

Advanced Degree 6 (15%) 5 (24%)

Therapy Type 32 BA, 7 EXP 14 BA, 7 EXP χ2(1) = 1.80, p = .18

Current MDE 21 (54%) 10 (48%) χ2(1) = 0.21, p = .65

Past MDE 38 (97%) 21 (100%) Fisher’s Exact Test p = 1

Any Comorbid Anxiety Disorder 27 (69%) 14 (67%) χ2(1) = 0.04, p = .84

Lifetime GAD 21 (54%) 13 (62%)

Lifetime SAD 10 (26%) 4 (19%)

Lifetime PTSD 4 (10%) 3 (14%)

Lifetime PD 7 (18%) 3 (14%)

Lifetime OCD 0 (0%) 1 (5%)

Lifetime Alcohol Use Disorder 2 (5%) 2 (10%) Fisher’s Exact Test p = .61

Baseline Questionnaire Scores M (SD) M (SD) Statistics

PROMIS Depression 59.31 (6.87) 59.12 (5.82) Welch’s t(36) = 0.10, p = .92

PROMIS Anxiety 61.23 (6.82) 63.23 (4.93) Welch’s t(42) = 1.21, p = .23

Behavioral Activation Scale (BAS) 36.79 (7.01) 39.90 (6.99) Welch’s t(41) = 1.64, p = .11

Behavioral Inhibition Scale (BIS) 23.55 (4.75) 23.24 (4.12) W = 359, p = .52

Beck Depression Inventory II 20.90 (9.84) 21.57 (6.19) Welch’s t(56) = 0.32, p = .75

Baseline MID P300 Amplitude * 2.08 (2.53) 0.54 (1.93) Welch’s t(51) = 2.61, p = .01

Baseline MID RT * 240.69 (28.97) 238.68 (31.89) Welch’s t(38) = 0.27, p = .79

Note.

*
These metrics showed a significant difference between MDD and HC in cross-sectional analyses; raw RT scores are presented for group means 

and standard deviations but RT was log-transformed prior to t-test entry.

MDD = major depressive disorder. BA = behavioral activation. EXP = exposure. MDE = major depressive episode. GAD = generalized anxiety 
disorder. SAD = social anxiety disorder. PTSD = posttraumatic stress disorder. PD = panic disorder. OCD = obsessive compulsive disorder. 
PROMIS = Patient-Reported Outcomes Measurement Information System. MID = monetary incentive delay. RT = reaction time. Missing data: (1) 
PROMIS Depression: Completers: n = 1; Non-completers: n = 4; and (2) PROMIS Anxiety: Completers n = 3 and Non-completers n = 4. Outliers 
removed from: (1) RT analyses: n = 1 Completer and n = 1 Drop-Out; and (2) P300 amplitude analyses: n = 1 Completer and n = 1 Drop-Out.
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Table 3.

Relationship of variables to reliable change index (RCI)-based treatment response within MDD therapy 

completers with post-treatment data (n = 38).

Responders* (n = 19) Non-Responders (n = 19)

Frequency Frequency Statistics

Study (S) 1 or 2 5 S1, 14 S2 10 S1, 9 S2 χ2(1) = 2.75, p = .10

Therapy Type 17 BA, 2 EXP 14 BA, 5 EXP Fisher’s Exact Test p = .40

M (SD) M (SD) Statistics

Baseline BDI-II score 23.37 (10.57) 18.63 (8.93) Welch’s t(35) = 1.49, p = .15

Post-Treatment BDI-II score 7.53 (5.08) 18.32 (11.71) W = 289, p < .01

Baseline MID P300 Amplitude ** 2.64 (2.23) 1.84 (2.48) Welch’s t(34) = 1.02, p = .32

Baseline MID RT ** 241.02 (26.52) 242.33 (31.36) Welch’s t(35) = 0.10, p = .92

Note.

*
Treatment response was defined using the reliable change index (RCI) formula = (subject post-treatment BDI-II score - baseline BDI-II score)/

(standard error of the difference [SEdiff] between the two BDI-II scores across subjects). SEdiff = standard deviation of the difference between 

the two BDI-II scores across subjects [SDdiff]*square root(1 − reliability [r] of the BDI-II). Subjects with BDI-II RCI scores > +1.96 were 

categorized as treatment responders. According to Beck et al. (1996), BDI-II r = .92, and within this sample, SDdiff = 10.54, so SEdiff = 2.98.

**
These metrics showed a significant difference between MDD and HC in cross-sectional analyses; RT was log-transformed prior to group 

statistics. MID = monetary incentive delay. RT = reaction time. The following outliers were removed: (1) P300 amplitude: n = 1 responder and n = 
1 non-responder; and (2) RT: n = 1 responder.
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