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ABSTRACT

Depression has been postulated to relate to alterations in both anticipatory (i.e., motivation) and consummatory (i.e., hedonic

pleasure) stages of reward processing. However, few studies have concurrently examined the various processes of these stages.

Furthermore, little attention has been paid to whether these associations are sex-specific, despite increasing evidence of the

sex specificity of neural markers of internalizing disorders. The current study examines event-related potentials (ERPs) of re-

ward processing recorded during a monetary incentive delay task among a community sample of n=309 emerging adults in

relation to self-reported symptoms of depression. Regression modeling indicated that greater depressive symptom scores were

associated with reduced responsivity to reward feedback and increased responsivity to non-reward feedback (as indexed by the

Feedback-P3) but only for participants who were identified as female at birth. Individual differences in anticipatory processes

(as indexed by both the Cue-P3 and CNV) were not associated with depressive symptoms for either sex. Results of these models
suggest that depressive symptoms appear to be associated with consummatory reward processing for young women. It is possible
that other dimensions of negative affect could be more poignant for male participants or may provide an additional description of

the relationship between reward processing and depressive symptoms.

Behavioral and imaging-based neuroscience research has sug-
gested that aberrations in reward processing may play a role
in multiple forms of psychopathology, perhaps most notably
depression (Ng et al. 2019; Nusslock and Alloy 2017; Whitton
et al. 2015; Zhang et al. 2013). A core symptom of depression
is anhedonia, which can manifest as reduced or absent mo-
tivation to pursue activities an individual usually enjoys and/
or a diminished ability to derive pleasure (i.e., reward) from
them (American Psychiatric Association 2022; Gorwood 2008;
Treadway and Zald 2011). While “reward processing” is often
conceptualized as a general construct, it can be broken down
into two distinct temporal stages: an individual's motivation

toward or “wanting” of reward, followed by their “liking” or he-
donic experience in response to the receipt of a reward (Berridge
et al. 2009). Moreover, research has demonstrated that these
stages of reward processing (i.e., anticipation and consumption)
are supported by distinct anatomical and neurochemical path-
ways (Liu et al. 2011; Meyer et al. 2021; Nusslock and Alloy 2017).
Despite the centrality of reward processes in the purported eti-
ology of depression (Pizzagalli et al. 2011), research has focused
more heavily on the consummatory stage of processing (as noted
by Glazer et al. 2018), with less consideration of the reward pro-
cessing system holistically. For instance, depression may be spe-
cific to deficits in the hedonic processing of reward, which may
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lead to reductions in motivated behavior over time as an indi-
vidual learns that motivated effort is not effective. Alternatively,
it is possible that deficits in either the anticipatory (i.e., moti-
vational) or consummatory (i.e., hedonic) stages are sufficient
to contribute to increased symptoms of depression, resulting in
etiological heterogeneity within the syndrome. In order to inves-
tigate these possible patterns of association, the current study
utilizes event-related potentials (ERPs) from a monetary incen-
tive delay (MID) task to quantify individual differences across
the temporal sequence of reward processing in a sample of late
adolescents/emerging adults in order to evaluate how these
components relate to self-reported depression.

1.1 | Anticipatory Reward Processing

Anticipatory reward processing is framed as the process/es
that promote/s approach toward reward (Berridge et al. 2009;
Berridge and Robinson 2003; Glazer et al. 2018). Underlying
this behavior is a diffuse neural circuit centered around the ven-
tral pallidum, the nucleus accumbens, the hypothalamus, and
amygdalae (Nguyen et al. 2021), as well as their mesocortical
projections to the medial prefrontal, anterior cingulate, insu-
lar, and orbitofrontal cortices (Berridge et al. 2009; Haber and
Knutson 2010; Knutson et al. 2008; Kringelbach 2005; Leknes
and Tracey 2008). Anticipatory reward is a complex cognitive
process that involves recognizing the opportunity for reward and
deciding to pursue the opportunity to obtain it. As such, the stage
includes both evaluative (cue identification) and motor (response
preparation) stages (Glazer et al. 2018). The evaluative stage is
typically indexed by the cue-P3, a positive-going centro-parietal
ERP that typically peaks inside the 300-600-ms post-stimulus
window (Polich 2007). Most often, the P3 is associated with
working memory context updating and attentional allocation to-
ward, and evaluative processing of, the presented stimuli (Hajcak
and Foti 2020; Polich 2007) and is typically larger for valanced
stimuli, that is, those indicative of potential reward or loss, rela-
tive to neutral stimuli (Novak and Foti 2015).

This evaluative substage is followed by motor preparation, that
is, the planning of motor action that serves the motivated pur-
suit of reward. This stage is indexed by the contingent negative
variation (CNV), a broad slow-going negative deflection that
occurs between the cue and target stimuli (Brunia et al. 2011;
Walter et al. 1964). Some research indicates that CNV ampli-
tude is enhanced by reward incentives (Novak and Foti 2015;
Pfabigan et al. 2014; Schevernels et al. 2014; Vuillier et al. 2015).
However, other studies have observed no such effect of reward
on the CNV amplitude, suggesting that motor preparation
may be independent of incentive evaluation (Broyd et al. 2012;
Goldstein et al. 2006).

1.2 | Consummatory Reward Processing

Consummatory reward processing broadly refers to the cogni-
tive and affective processes associated with reward attainment
or omission (Berridge et al. 2009; Berridge and Robinson 2003;
Glazer et al. 2018; Knutson et al. 2001). Anatomically, this
stage involves the ventral pallidum and nucleus accumbens and
their projections to the frontal cortices (Nguyen et al. 2021).

Affectively, this stage is described as the hedonic experience
that comes with attaining a reward but is also sensitive to the
omission of an expected reward (Berridge and Robinson 2003;
Nguyen et al. 2021). One index of reward responding is the re-
ward positivity (RewP), a positive-going fronto-central ERP
elicited approximately 250-350ms after receiving a reward.
Notably, this signal tracks valence, with a related peak, the
feedback-related negativity (FRN), being observed in the same
temporal and anatomical position in response to the omission of
a reward (Hajcak et al. 2006; Miltner et al. 1997). Traditionally
framed as indexing reward responsivity or prediction errors
(Holroyd and Coles 2002), it has also been suggested that these
components reflect differences in reward sensitivity (Lange
et al. 2012; Threadgill and Gable 2016).

Another common index of rewarding processing is the
Feedback-P3 (Fb-P3), a centro-parietal ERP that peaks between
300 and 600ms directly following the RewP/FRN, which is
also implicated in consummatory reward processing (Glazer
et al. 2018). Sensitive to reward probability as well as gains
and losses, the Fb-P3 is moderated by reward magnitude (Foti,
Weinberg, et al. 2011; Hajcak et al. 2005; Pfabigan et al. 2011;
San Martin 2012) and is thought to index the processes by which
outcome-related information is categorized to maximize future
reward (Donchin 1981; Polich 2007) and/or the motivational sa-
lience of reward feedback (San Martin 2012).

1.3 | Reward Processing and Its Association With
Depression

Numerous studies have investigated depression-related changes
in both anticipatory and consummatory reward processing
ERPS, although the results presented for both stages are not
always consistent. Starting with anticipatory ERPs, several
studies have reported reduced cue P3 amplitude among individ-
uals with major depressive disorder relative to healthy controls
(Santopetro et al. 2021; White et al. 2021; Zhou et al. 2019). In
contrast, studies that have examined dimensional measures of
depressive symptoms among community-based samples have re-
ported no association between cue-P3 amplitude and depression
severity (Ait Oumeziane et al. 2019; Novak et al. 2016; Umemoto
and Holroyd 2017), suggesting that depression may only be asso-
ciated with lower attention to reward in clinical contexts.

Alternatively, some researchers have suggested that depres-
sion may not be associated with a change in the desirability of
reward but rather a lesser willingness to exert effort to obtain
rewards (Treadway et al. 2012). Consistent with this postulation,
several studies have reported reduced CNV amplitudes among
individuals with major depressive disorder (Ashton et al. 1988;
Van derhasselt et al. 2014), as well as patient samples character-
ized by having attempted suicide (Ashton et al. 1994; Hansenne
et al. 1996). However, a multitude of studies with similar sam-
ple sizes and clinical characteristics have failed to detect effects
associated with CNV amplitude (Ait Oumeziane et al. 2019;
Knott and Lapierre 1987; Kohler et al. 2011). Altogether, evi-
dence suggests that deficits in anticipatory processing of reward
stimuli may be more likely to manifest among individuals with
clinically significant depression rather than as a linear asso-
ciation. However, it is possible that variations in anticipatory
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reward processing are necessary but not sufficient mechanisms
of depression. For instance, many individuals could evidence a
blunted response to reward opportunities but only develop de-
pression in the context of an additional vulnerability. Therefore,
it is important to consider a holistic approach to understanding
how reward processes predict depression.

Consummatory processes have been the primary focus of most
research investigating depression and reward processing (see
Foti and Weinberg (2018) and Glazer et al. (2018) for commen-
tary). Across this literature, several studies have observed a
reduction in RewP amplitude when comparing child (Belden
et al. 2016) and mostly female adult patients with current and re-
mitted MDD (Foti et al. 2014; Klawohn et al. 2021; Liu et al. 2014;
Whitton et al. 2016) to matched healthy controls. Dimensional
assessments of female (Bress and Hajcak 2013; Foti, Kotov, et al.
Foti et al. 2011; Nelson, Perlman, et al. 2016) and mixed-sex
adolescent cohorts (Bress et al. 2012, 2015; Kujawa et al. 2014),
as well as emerging adults (Foti and Hajcak 2009; Umemoto
and Holroyd 2017; Weinberg et al. 2015), have reported com-
parable findings, and similar depression-related reductions in
the Fb-P3 amplitude have also been reported (Ait Oumeziane
et al. 2019; Luking et al. 2021). However, null results (Padrao
et al. 2013) or even potentiated RewP amplitudes have also been
described in MDD (Mies et al. 2011; Mueller et al. 2015) or with
increasing depressive symptoms (Ait Oumeziane and Foti 2016).
Meta-analyses of the consummatory reward literature similarly
suggest that the association between changes in ERP indices of
reward responding and depression may not necessarily be ro-
bust (Clayson et al. 2020) or may depend upon other factors like
the task used in the study (Moran et al. 2017) or the age of study
participants (Keren et al. 2018).

Beyond the response to reward feedback, a smaller body of re-
search has investigated the FRN as a measure of sensitivity to
loss or negative feedback and how individual differences in this
process may be associated with depression. Interestingly, unlike
the other components, the FRN literature has largely converged
around the negativity bias that is observed in depression, such
that clinically depressed adolescent girls (Webb et al. 2017)
and adults (Cavanagh et al. 2011; Tucker et al. 2003), as well
as adults with remitted depression (Santesso et al. 2008), all
report enhanced neural responses to loss or negative feedback.
Altogether, as with anticipatory processing, the evidence for
consummatory processing is mixed. While potentially more ro-
bust, this literature does further highlight the need for a holistic
approach in examining reward processing.

Few studies to date have taken such a holistic approach by exam-
ining both anticipatory and consummatory reward processing
simultaneously (see Glazer et al. (2018) and Meyer et al. (2021)
for relevant commentary). Two such studies, Novak et al. (2016)
and Umemoto and Holroyd (2017), found that higher depressive
symptoms were associated with only diminished consumma-
tory processing (i.e., RewP amplitude), whereas anticipatory pro-
cesses appear unrelated. It is worth noting, however, that in the
instance of the former study, this was only true when account-
ing for individual differences in impulsivity as a moderator.
More recently, Ait Oumeziane et al. (2019), Luking et al. (2021),
and Thompson et al. (2023) each observed that indices of both
anticipatory (i.e., the Cue-P3 or stimulus preceding negativity)

and consummatory (i.e., the RewP or Fb-P3) reward processing
were independently associated with increased depressive symp-
toms in adolescents. Collectively, these few studies generally
suggest that changes in anticipatory and consummatory reward
processing are separately associated with depression but may be
moderated by other factors.

Although there is no clear explanation for the mixed findings in
the literature, some researchers have offered evidence for moder-
ating factors, including those related to participant (e.g., impul-
sivity; Novak et al. 2016) or task design (e.g., gambling vs. other;
Moran et al. 2017). Interestingly, little research has specifically ex-
amined whether participant sex plays a moderating role in this as-
sociation. While most studies reported here were conducted with
mixed-sex samples, few of them approach an even distribution,
with 20 of 34 studies reporting at least 60% female participants
and only 3 reporting 60% or more male participants. Moreover,
across the studies reviewed above, approximately 70% of the in-
cluded participants were identified as female, aligning with the
demographics reported in the meta-analyses of Keren et al. (2018).
Sample composition is often skewed toward females in studies of
internalizing disorders, consistent with the epidemiological evi-
dence that women are more likely to garner a diagnosis of depres-
sion (Daly 2022). Interestingly, there is increasing evidence of
the sex-specificity of associations among ERPs and internalizing
disorders. This has most notably been reported for anxiety, where
meta-analyses have found that frequently reported associations
of the error-related negativity and anxiety are specific to females,
demonstrating the importance of examining sex as a moderator
(Moser et al. 2016). More recent literature has observed similar
effects in depression (Harold et al. 2023), and this potential mod-
eration is further emphasized by the heterogeneous or absent
findings observed in studies with mixed-sex samples (e.g., Ait
Oumeziane and Foti 2016; Nelson, Kessel, et al. 2016). And so,
given these noted effects, it is important for research to examine
participant sex as a moderator of the relationship between neural
indices of reward processing indices and depression.

1.4 | The Present Study

Understanding if and how anticipatory and consummatory re-
ward processes intersect as multiple vulnerabilities that together
predict symptom severity and the role of participant sex in this
association may provide a more nuanced insight into depressive
psychopathology than investigating each process separately. As
such, the first aim of the present study was to use ERP indices
of both anticipatory and consummatory reward processing to
concurrently examine how these processes predict self-reported
depressive symptoms in a sample of n=309 late adolescents/
emerging adults.

In line with the existing literature, as we conducted a dimen-
sional assessment of depressive symptoms in a community sam-
ple, we hypothesized that higher self-reported symptoms would
(1) not be associated with the amplitude of the Cue-P3 but (2)
would be associated with lower CNV amplitude; (3) be asso-
ciated with a reduced response to reward, that is, a decreased
RewP or Fb-P3 to positive feedback amplitude; and (4) be asso-
ciated with a potentiated response to negative feedback, that is,
an increased FRN or Fb-P3 to negative feedback amplitude. We
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then sought to evaluate if/how these associations are moderated
by participant sex (defined as sex assigned at birth). Based on an
increasing body of literature demonstrating sex-specific effects
among ERPs and internalizing symptoms, we hypothesized that
the associations among reward processing ERPs and depressive
symptoms would only be observed for female participants.

2 | Methods
2.1 | Participants

The data used in the present study were captured from n=358
participants (52.23% female) aged M=18.55, SD=0.49years
who were part of the Family Life Project (FLP) and completed
the most recent round of data collection. Briefly, the FLP was
an epidemiological study that followed n=1292 children and
their families recruited at the time of the child's birth (approx-
imately 2003), in regions of Pennsylvania (n=519) and North
Carolina (n=773), to investigate the effects of poverty and ru-
rality on early child development; additional details regarding
the recruitment and maintenance of the FLP sample have been
reported elsewhere (Vernon-Feagans et al. 2013).

Between 2022 and 2023, n=358 participants agreed to partici-
pate in a clinic visit. EEG data were available for n =309 of these
participants, who ranged in age at the time of assessment from
17.52 to 19.66 years (M =18.55, SD =0.49). Of these participants,
50.16% were identified as female at birth, n=92 as African
American or Black, n=193 as White or Caucasian, and n=24
were identified as bi- or multi-racial. Of the n=49 participants
(65.31% female; n =16 African American or Black, n =29 White,
and n=4 bi- or multi-racial) who completed the clinic visit but
did not have usable EEG data, the data were missing for the fol-
lowing reasons: n=7 had no data recorded due to equipment
failure; n=9 had no data after processing due to poor or missing
mastoid electrodes; and n =33 elected not to complete the EEG
component of the visit. Finally, it should be noted that the n=49
participants without EEG data (either unusable or not recorded)
were more likely to be female (¥*(1)=6.99, p=0.008) but did not
differ with respect to their age at the clinic visit, racial identity,
or self-reported depression scores (p's >0.85) when compared to
the n =309 participants with EEG data.

2.2 | Study Procedure

All study procedures were approved by the NYU Langone
School of Medicine Institutional Review Board, with reliance
from the IRBs of both The Pennsylvania State University and
the University of North Carolina, Chapel Hill.

Due to restrictions during the Covid-19 outbreak, initial waves
of data collection were conducted entirely online. All FLP par-
ticipants were asked to complete a total of three online surveys
distributed between 2020 and 2023. Beginning in 2022, par-
ticipants were invited to complete an in-person clinic visit that
consisted of multiple assessments including anthropometric
measurement, cognitive function assessment, collection of bio-
logical samples, and an EEG protocol. Of note, this wave of data
collection represented the first time in the history of the FLP

study that participants were asked to travel to a data collection
site rather than having research assistants conduct assessments
in their home. To facilitate this, clinics were established within
one of the original recruitment counties in Pennsylvania and
North Carolina. Participants were provided gift cards for fuel
prorated by the approximate mileage they would be required to
travel. In addition, participants were paid $200 for completing
this visit, and an additional $125 if they consented to providing
biological samples. As described below, for the EEG assessment
participants were told that they would be playing a game and had
the opportunity to win “up to $50” in addition to their other pay-
ments. Informed participant consent, and if appropriate, assent,
was obtained electronically prior to the clinic visit.

2.3 | Patient-Reported Outcomes Measurement
Information System (PROMIS)—Depressive

Symptoms

Depression symptoms were assessed in each of the three online
surveys using an age-appropriate form (i.e., if a participant com-
pleted the survey prior to their 18th birthday they completed
the pediatric version of the scale, otherwise they completed the
adult scale) of the PROMIS—Depressive Symptoms scale. These
scales were initially developed based on a sample representa-
tive of the general US population (Irwin et al. 2010; Pilkonis
et al. 2011) and have since been validated across additional clin-
ical (e.g., pediatric oncology; Reeve et al. 2020) and general pop-
ulation samples (Klaufus et al. 2021; Pilkonis et al. 2014). They
have been shown to possess excellent reliability (>0.85; Irwin
et al. 2010) and moderate-to-high internal consistency and test—
retest reliability (Varni et al. 2014). Participants were asked to
rate items on a 5-point ordinal rating scale of “Never,” “Rarely,”
“Sometimes,” “Often,” and “Always”. A total of 8 items (possi-
ble score range of 8-40) assessed symptoms of depression over
the past 7days, including negative mood (e.g., sadness, guilt),
views of self (e.g., self- criticism, worthlessness), social cognition
(e.g., loneliness, interpersonal alienation), and decreased posi-
tive affect and engagement (e.g., loss of interest, meaning, and
purpose). Given the differences in the timing of online survey
completion and the clinic visits, to best estimate the concur-
rent experience of depression, for each participant, we used the
PROMIS data from the online survey that was closest in time
to their EEG assessment. The majority of participants com-
pleted the symptom questionnaire prior to the EEG assessment
(median: —130days; IQR: —271.5 to —31.5days; range: —1050 to
232days).

Of the 309 participants with EEG data, self-reported depressive
symptom scores were available for n=292 participants, with a
sample average score of M=18.00, SD=8.83, and scores across
the full possible range of the scale (8-40). PROMIS measures
generate T-scores that are based on responses provided by a ref-
erence population and have a mean of 50 and standard deviation
of 10. The average symptom score of our sample corresponds to a
T-score of M=55.7, SD=3.1 (range 35.30-82.40) a value slightly
above the population norm (i.e., a T-score of 50). Notably, there
was a significant difference in depression scores between fe-
male (M =20.07, SD=8.76; T-score =57.9) and male (M =15.95,
SD =8.44; T-score = 53.3) participants (t=4.09, p <0.001).
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2.4 | EEG Protocol and Recording

EEG data were recorded using a BioSemi ActiveTwo system
(BioSemi, Amsterdam, Netherlands) with DC amplifiers set at
a gain of 1 and a 24-bit A-D conversion resolution. This system
was paired with a 34-lead unipolar montage (which included ad-
ditional FC, and I, electrodes) of sintered silver electrodes placed
symmetrically at standard extended 10-20 locations over the
whole head using BioSemi electrode caps. Additional electrodes
were placed on the left and right mastoid processes, the left sub-
orbital ridge below the pupil level, and on the left radial styloid
process (to capture ECG data that are not analyzed in the present
work). Data for most recordings were digitized at 1024 Hz accord-
ing to the BioSemi zero reference principle (individual electrode
voltage is quantified relative to the common mode sense and
driven right leg loop). However, n=33 recordings were digitized
at 512Hz, and so in pre-processing, all recordings were downs-
ampled to 512Hz. Throughout the recordings, electrode DC off-
sets were maintained below 40V as a substitute for traditional
impedance measures.

During the electrode cap setup, RAs used graduated plastic sy-
ringes to apply conductive gel into each electrode holder and
recorded the total volume of gel (mL) used when placing the
EEG cap and electrodes on each participant’'s head. The pur-
pose behind this measurement was to quantify individual dif-
ferences in hair volume, which may introduce systematic bias
in ERP amplitudes and account for these in our analysis (Lees
et al. 2024). After placing the cap and electrodes, the participant
was asked to sit quietly for a 3-min baseline recording not in-
cluded in the present work. Following this initial baseline, par-
ticipants completed the electrophysiological Monetary Incentive
Delay task (eMID; Broyd et al. 2012), which was presented
using Presentation (Version 21.21.0, Build: 06.06.19). After the

completion of the eMID task, participants were paid the full $50,
and the clinic visit was concluded.

2.4.1 | Electrophysiological Monetary Incentive
Delay Task

The MID task was originally developed to separate the neural re-
sponse to different stages of reward processing in fMRI research
(Knutson et al. 2000, 2001), with subsequent studies adapting the
protocol for EEG (Broyd et al. 2012). The general structure of each
trial is presented in Figure 1 and proceeds as follows: participants
were first presented with a cue stimulus (either a blue plus sign,
minus sign, or circle) that denoted the nature of the trial (i.e.,
gain—where participants are able to win points, loss—where par-
ticipants may lose points, neutral—where participants neither gain
nor lose points but still receive true feedback) for 250 ms, followed
approximately 2 s (randomly jittered +£50ms) later by a target stim-
ulus (a white square) to which participants were required to re-
spond via a single-button press as quickly as possible. Following
a second static 1500-ms ISI, participants were shown a feedback
stimulus indicating the outcome of the trial for 1500ms, and this
was followed by an inter-trial interval of 1000ms.

Regardless of the trial type, the feedback presented on each trial
was determined by comparing the participants’ response time
on that trial to a threshold time. If the trial response time was
below the threshold value, participants received positive feed-
back (i.e., a green check), but if the response time was above
the threshold value or participants responded prior to the pre-
sentation of the target, they received negative feedback (i.e., a
red X). The implications of a positive performance feedback
varied by trial type: Gain trials=won points, Loss trials=did
not lose points; Neutral trials=no effect on points. Similarly,

n=>50
~50%
B =50
~50%
n=20
Trial:
i Tar
Tnal?ler'lt&: (_Zue ’ IS1 1 al get. S| 2 Fegdbagk m
(250 ms) (250 + 25 ms) (1500 ms)
Response t
ERP RewP/FRN &
Component: EHmES i Feedback P3
Anticipatory Consummatory

FIGURE1 | Trial format of the electrophysiology monetary incentive delay (eMID) task. On each trial, participants are initially presented with

a cue stimulus indicating the trial type (i.e., gain, loss, neutral) and possible outcomes (i.e., gain points, fail to gain points, lose points, avoid losing

points, no loss or gain). Following the first interstimulus interval (ISI), participants were shown a target stimulus to which participants were required

to respond as quickly as possible. After a second ISI, participants were shown a feedback stimulus indicating the outcome of the trial. CNV, contin-

gent negative variation; FRN, feedback-related negativity; RewP, reward positivity.
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negative performance feedback resulted in: Gain trials =did not
win points; Loss trials =lost points; Neutral trials=no effect on
points.

Additionally, the threshold value was dynamically adjusted be-
tween each trial based upon the outcome of the previous trial, that
is, if participants received positive feedback, the threshold would
be lowered by 25ms to increase the difficulty of the subsequent
trial, but if they received negative feedback, it would be increased
by 25ms to make the subsequent trial easier. This adjustment was
implemented to force an individual error rate of approximately
50% and balance the number of successful (i.e., positive feedback)
and unsuccessful (i.e., negative feedback) trials.

Prior to starting the task, research staff provided a detailed
explanation of the task, ensuring participants understood the
difference in the trial type cues (i.e., the circle indicated neu-
tral trials, the plus sign indicated gain trials, and the minus
sign indicated loss trials). Most importantly, participants were
informed that their performance (i.e., successfully winning
points and avoiding losing points) was tied to the size of the
cash prize they would receive upon completing the task (all
participants received the full $50 for completing the EEG
protocol regardless of their task score). After receiving these
instructions, participants completed a short practice round of
15 trials (5 trials of each type) to familiarize themselves with
the task. These trials were also used to establish the initial
length of the dynamic response time threshold. Participants
were free to complete this practice round as many times as
were necessary to feel comfortable.

Following the practice trials, participants completed the full
eMID task. In the task, participants completed a total of 120 tri-
als (50 gain, 50 loss, 20 neutral trials) split as evenly as possible
into 3 blocks: block 1 consisted of 17 gain trials, 16 loss trials, and
7 neutral trials; block 2 consisted of 17 gain trials, 17 loss trials,
and 6 neutral trials; and block 3 consisted of 16 gain trials, 17
loss trials, and 7 neutral trials. Individual trials were presented
in a manner such that no two successive trials were identical.
Additionally, between blocks, a 1-min break was programmed
to provide participants with a short rest. During this rest period,
participants were provided general feedback on their perfor-
mance in the form of a score that was displayed on the moni-
tor. After completing the third block of trials, participants were
shown a screen that presented their final score.

2.5 | EEG Data Processing

EEG pre-processing was completed in Matlab R2019a using the
EEGLAB (v2021.1; Delorme and Makeig 2004) and ERPLAB
(v8.30; Lopez-Calderon and Luck 2014) toolboxes. As a first
step, the raw eMID task data were imported, and channel co-
ordinate information was added. Following this, as previously
mentioned, the recording was downsampled to 512Hz, tem-
porarily re-referenced to Cz, and then parsed through a bad
channel detection algorithm that is embedded in the FASTER
plug-in (v1.2.3b; Nolan et al. 2010). This algorithm uses three
parameters: (1) the mean Pearson correlation between the
channel of interest and other channels, (2) the variance of the
channel of interest relative to other channels, and (3) the Hurst

exponent to identify and flag bad channels using an associated
Z-score and a threshold value of 3. Identified bad channels
were removed from the recording before continuing with the
data processing; on average, M =2.31, SD =0.95 channels were
removed. As a note, given the size and relatively low density
of our electrode montage, we chose not to interpolate removed
channels.

After removing bad channels, the recordings were DC-
corrected and subsequently band-pass-filtered using a 2nd-order
Butterworth infinite impulse response (IIR) filter with a 12dB
per octave roll-off and half-amplitude cut-off values of 0.1 and
30Hz. After filtering, data were re-referenced to the average of
the mastoid channels (M, and M,) and then decomposed using
Independent Component Analysis (specifically the implemen-
tation via the “runica” EEGLab function). Using the ICLabel
plug-in (v1.3; Pion-Tonachini et al. 2019), the computed inde-
pendent components were classified, and those marked as eye-
and muscle-activity artifacts, as well as channel/line noise with
a classification threshold of 90% or greater, were removed. For
some recordings, this threshold failed to identify any compo-
nents to remove, and in these instances (n=9), the ICA decom-
position was manually reviewed for artifactual components. On
average, M =1.73, SD =0.77 components were removed; of these,
98.80% were classified as eye activity, 0.45% as channel noise,
and 0.75% as muscle activity.

Following the removal of artifactual ICA components, the re-
cording was separately segmented around the Cue stimuli and
the feedback stimuli; the specific details regarding each compo-
nent and its derivation are described in the ERP measures and
quantification section. After segmentation, all segments con-
taining a voltage step > 1001V between successive 200-ms win-
dows (with a 50% overlap), a 30uV or greater change between
sampling points, or a voltage value beyond —100 to 100 uV were
marked as artifacts and removed.

2.5.1 | ERP Measures and Quantification

Given our focus on reward processing, neutral and loss trials
were not examined in the current analysis. Using the gain tri-
als, the Cue-P3 and CNV were derived as indices of anticipa-
tory reward processing. For the Cue-P3, data were segmented
from —200 to 1000 ms around the gain-cue stimuli and baseline-
corrected across the —200- to 0-ms window. Then, the Cue-P3
was quantified at Pz as the mean activity across the 250- to
550-ms post-stimuli window. After removing artifactual tri-
als, the mean number of trials used in deriving the Cue-P3 was
M=40.09, SD=10.95. To derive the CNV, data were segmented
from —200 to 2500ms around the gain-cue stimuli, baseline-
corrected across the —200- to 0-ms pre-stimuli window, and
then averaged. After averaging, the CNV was quantified at the
Cz electrode as the mean amplitude over the 1750-1950-ms post-
stimulus window, which coincides with the 200ms preceding
the participants’ response. After removing artifactual trials, the
mean number of trials used in deriving the CNV was M = 34.06,
SD=13.65.

To index consummatory reward processing, separate ERPs for
both the positive and negative feedback stimuli were derived.
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First, data were segmented from —200 to 1000ms around the
feedback stimuli and baseline-corrected across the —200 to 0-ms
window. The segmented data were then entered into a tempo-
ral principal component analysis (PCA) to determine the tim-
ing of early (i.e., the RewP/FRN) and late (i.e., Feedback-P3)
components (see supplement for more details). This analysis
identified two temporal components that aligned with the ERP
components. The first, TF02, was a positive deflection peaking
at 280 ms that resembled the RewP/FRN and represented 19.74%
of the variance. The second component, TF03, resembled the
Fb-P3 and was a positive deflection that represented 13.82% of
the variance with a peak at 444 ms. The peak latencies of these
temporal components were then used to define the measure-
ment windows for our components. For the positive feedback re-
sponse, the initial evaluative response to reward (i.e., the RewP)
was quantified as the mean activity across the 230-330-ms post-
feedback stimuli window at the Cz electrode. In addition, the
later reward salience response was indexed by the Fb-P3 and
quantified as the mean activity across the 344-544-ms post-
positive feedback stimuli window at the Pz electrode. The FRN
and Fb-P3 for negative feedback were both derived in the same
way but using data segmented around the negative feedback
stimulus. After removing artifactual trials, the mean number of
trials used in deriving the RewP/Fb-P3 for positive feedback was
M=19.33,SD =7.54, and the mean number of trials for the FRN/
Fb-P3 for negative feedback was M =16.97, SD =7.45. The mean
amplitudes for each ERP component can be found in Table 1,
and the grand average waveforms and associated topographies
for the anticipatory (i.e., the Cue-P3 and CNV) and consumma-
tory (the RewP/FRN and Fb-P3) ERP components are presented
in Figures 2 and 3, respectively.

Finally, while not a primary focus of the present study, resid-
ualized difference waves that contrast conditions (e.g., positive
minus negative feedback as is common for the RewP) were
generated, and zero-order bivariate correlations among these

components and depressive symptom scores were examined
and found to be non-significant (Table S1). As these were non-
significant, and previous work has suggested that subtraction-
based difference scores have the potential to mask suppressor
effects when investigating individual differences in psychopa-
thology (Meyer et al. 2017), they were not included in any fur-
ther analysis.

2.6 | Data Analysis

Zero-order Pearson's correlations among all variables of interest
were examined to characterize simple effects. Subsequently, a se-
ries of ordinary least squares regression models were examined
predicting the raw self-reported depression symptom scores. Our
first set of models examined the main effects of reward process-
ing ERPs in predicting depression scores and if these associations
were moderated by participant sex assigned at birth (dummy
coded such that female was coded 0 and male was 1). These models
included participant sex, cue-P3 amplitude, CN'V amplitude, either
the RewP/FRN or Fb-P3 amplitudes, and the interaction terms
between participant sex and each ERP amplitude. Additionally,
participant age at recording and the volume of electrode gel used
in setting up the EEG cap were both included as covariates. We
estimated separate models for the RewP/FRN and Fb-P3 to ensure
that each described stage of reward processing (i.e., cue evalua-
tion, motivated action toward reward, and response to reward)
was indexed by only a single ERP component.

Based on the results of these first models, we then estimated a
second set of models, separated by participant sex, to examine
these associations separately within each sex. These models
were estimated by including only the ERPs implicated in the
prior models and the interactions among these components, as
well as participant age at recording and the volume of electrode
gel as covariates.

TABLE1 | Descriptive statistics of zero-order bivariate correlations among electrode gel volume, depressive symptom score, and ERP amplitudes.

1 2 3 5 6 7 8 9
1. Age —
2. Gel volume 0.30%** —
3. Depression score 0.08 -0.09 —
4. Cue-P3 0.01 —0.05 —0.02
5.CNV -0.03 0.06 0.03 0.40%** —
6. RewP -0.02 -0.15*% -0.03 0.14* —0.28%** —
7.FRN —-0.05 —0.22%** 0.03 0.07 —0.33%** 0.74*** —
8. Fb-P3, e —-0.03 —0.01 0.02 0.17** —-0.16* 0.47%%* 0.31%** —
9. Fb-P3yiiive -0.01 -0.15* 0.06 0.09 —0.24%F  0.28%FF 047 0.620F  —
Mean 18.55 15.76 18.00 5.01 —5.30 16.63 14.18 7.96 8.24
SD 0.49 10.02 8.83 4.38 5.98 7.66 7.51 5.68 5.75
Abbreviations: CN'V, contingent negative variation; Fb-P3, feedback-P3; FRN, feedback-related negativity; RewP, reward positivity.
<o
*+kp <0.001.
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FIGURE 2 | Grand average waveforms for the Cue-P3 and CNV anticipatory reward processing ERP components. Plot A presents the grand av-

erage Cue-P3 waveform as derived at the Pz electrode, and Plot B presents the grand average CNV waveform as derived at the Cz electrode. In both

plots, the waveform for the gain condition is presented, and polarity is such that positive values are plotted up. The shaded region indicates the win-
dow of measurement for each ERP component: 250-550 and 1750-1950 ms post-stimulus for the Cue-P3 and CNV, respectively. Plots C and D present
the scalp topography across the measurement windows of the Cue-P3 and CNV, respectively. CNV, contingent negative variation.

Ordinary least-squares regression models were estimated in R
using the “stats” package (R Core Team 2013), and model figures
were created using the “ggplot2” package (Wickham 2016). Prior
to being entered into the models, age at clinic visit, gel volume,
and the ERP amplitude parameters were all mean-centered (using
either the full-sample (Table 2) or sex-specific means (Table 3)).
Lastly, statistical significance was evaluated at p <0.05.

3 | Results

Zero-order correlations among the ERP amplitudes of interest,
participant age, depression score, and EEG gel volume are re-
ported in Table 1. As expected, most of the ERPs were signifi-
cantly correlated (r's >10.14l, p's <0.03) with one another, with the
notable exception of the Cue-P3, which was not associated with
the FRN or Fb-P3 for negative feedback amplitude (p's>0.27),
suggesting that an individual's initial attention toward potential
reward is not associated with their response to negative feedback
and/or loss sensitivity. Moreover, it is worth noting that while
the RewP and Fb-P3 for positive feedback (r=0.47, p<0.001)

and the FRN and Fb-P3 for negative feedback (r=0.47, p<0.001)
were positively associated, there is also variance unique to each
component, which suggests that, in some capacity, they represent
unique processes. As such, the regression models were estimated
separately for both the RewP/FRN and Fb-P3.

Unexpectedly, depression scores were not significantly asso-
ciated with any of the investigated ERPs (p's>0.45), suggest-
ing that, at a simple level, depression scores are not associated
with changes in the separate indices of reward processing in
this sample of emerging adults. It is also worth noting that the
RewP (r=-0.15, p=0.02), FRN (r=-0.22, p<0.001), and Fb-
P3 for negative feedback (r=-0.15, p=0.02) were significantly
correlated with the volume of electrode gel used, confirming its
inclusion as a covariate in our models.

3.1 | Reward Processing and Depression

The first aim of the present study was to concurrently examine if
anticipatoryand consummatory ERPindices of reward processing
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Grand average waveforms for the RewP/FRN and feedback-P3 consummatory reward processing ERP components. Plot A presents

the grand average RewP and FRN waveforms as derived at the Cz electrode, and Plot B presents the grand average feedback-P3 waveforms as derived
at the Pz electrode. In both plots, the waveforms for both the positive (green, solid-line) and negative (red, dashed-line) feedback conditions are pre-
sented, and polarity is such that positive values are plotted up. The shaded region indicates the window of measurement for each ERP component:
230-330 and 344-544ms post-stimulus for the RewP/FRN and Feedback-P3, respectively. Plot C presents the scalp topography across the measure-
ment window for the RewP (top) and FRN (bottom), and Plot D presents the topography for the positive (top) and negative (bottom) feedback-P3
across its measurement window. Fb-P3, feedback-P3; FRN, feedback-related negativity; RewP, reward positivity.

are related to depression symptom scores. Additionally, we also
wanted to see if these associations were moderated by sex. The
models evaluating these aims are presented in Table 2. Across
both models, the main effect for participant sex was significant
(t's<—-2.61, p's<0.01) indicating that, on average, male partici-
pants scored an estimated 3.03-3.21 points lower than their
female counterparts. In line with our hypotheses, the main ef-
fect for the anticipatory Cue-P3 was non-significant (p's>0.44).
Interestingly, the main effects for the CNV were non-significant
(p's>0.14) in contrast to our hypotheses. Moreover, the interac-
tions between the anticipatory ERP amplitudes and participant
sex were also non-significant (p's>0.41). Collectively, these re-
sults suggest that, on average, anticipatory reward processes are
not associated with depressive symptom scores.

With respect to consummatory reward processing, contrary
to our hypotheses, the main effects for the RewP and the FRN
(left column of Table 2) were non-significant (p's>0.25) as

were their interaction with participant sex (p's>0.65), indi-
cating that on average, the initial response to reward was not
associated with depressive symptom scores. However, with
respect to later stages of consummatory reward processing
(right column of Table 2), the main effect for Fb-P3 amplitude
for positive feedback was significant (b=-0.56, p=0.006),
indicating that for female participants a diminished response
to positive feedback was associated with an elevated depres-
sive symptom score. Moreover, the interaction term between
Fb-P3 amplitude for positive feedback stimuli and participant
sex was also significant (b=0.83, p=0.004) indicating that
being male moderates this association. To further probe this
effect, we plotted the sex-specific regressions (Figure 4A) and
conducted a simple slope analysis, finding that the response
to positive feedback was negatively associated with depres-
sion symptoms for female participants (b=-0.56, t=-2.77,
p=0.006) and non-significant for male participants (b=0.26,
t=1.33, p=0.18).
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TABLE 2 | Results from the ordinary least-squares regression models examining how reward processing ERPs predict depressive symptoms.

RewP/FRN Fb-P3
Fixed effects b (SE) t Fixed effects b (SE) t
Intercept 19.89 (0.86) 23.01%%* Intercept 19.94 (0.88) 22.55%*
Age 1.36 (1.35) 1.01 Age 0.99 (1.31) 0.76
Gel volume —0.10 (0.06) —1.54 Gel volume —0.11 (0.06) —1.73F
Sex (male) —3.41 (1.21) —2.83** Sex (male) —3.21(1.23) —2.61**
Cue-P3 —0.21(0.27) -0.77 Cue-P3 —0.12(0.24) —-0.48
CNV 0.23(0.19) 1.21 CNV 0.25(0.17) 1.47
RewP —0.17 (0.19) -0.92 Fb-P3, . —0.56 (0.20) —2.77**
FRN 0.20 (0.18) 1.15 Fb-P3ypuiive 0.45(0.23) 1.947
Sex x Cue-P3 0.16 (0.35) 0.45 Sex x Cue-P3 —0.02(0.33) -0.07
Sex X CNV —0.21 (0.26) -0.83 Sex X CNV —0.16 (0.24) -0.67
Sex x RewP 0.10 (0.24) 0.40 Sex X Fb-P3, . - 0.83(0.28) 2.91%*
Sex x FRN —0.11 (0.25) -0.46 Sex X Fb-P3ypuiive —0.50 (0.29) -1.75f
R%p 0.07 0.22 R%,p 0.10 0.02
df,F 11,195 1.31 df, F 11,195 2.08

Note: Unstandardized coefficients. Prior to being entered into the model, all continuous variables (age, gel volume, and ERP amplitudes) were mean-centered using the
full-sample average, and sex was dummy-coded such that female was set to 0 to serve as the reference group. Models were fit with complete data from n =205 subjects.

Abbreviations: CNV, contingent negative variation; Fb-P3, feedback-P3; FRN, feedback-related negativity; RewP, reward positivity.

p<0.1;
#*p <0.01;
5 <0.001.

TABLE 3 | Results from the ordinary least-squares regression models examining how the Fb-P3 predicts depressive symptoms in female and male

participants separately.

Females (n=101)

Males (n=107)

Fixed effects b (SE) t b (SE) t
Intercept 20.03 (0.93) 21.58%%x 16.62 (0.97) 17.20%%
Age 1.93(1.77) 1.09 —0.61 (2.01) -0.30
Gel volume —0.05 (0.09) —0.49 —0.12(0.08) -1.47
Fb-P3, e —0.52(0.20) —2.65** 0.27 (0.20) 1.38
Fb-P3y 0 iive 0.38(0.21) 1.75" -0.11 (0.18) ~0.62
Fb-P3, i XFD-P3g o ~0.00 (0.02) ~0.18 ~0.00 (0.03) -0.08
R%,p 0.10 0.08" 0.04 0.52
df,F 5,95 2.05 5,101 0.84

Note: Unstandardized coefficients. Prior to being entered into the model, all continuous variables (age, gel volume, and ERP amplitudes) were mean-centered using the

sex-specific average.
Abbreviation: Fb-P3, feedback-P3.
p <0.1;

**p <0.01;

*#*p <0.001.

Additionally, the main effect for the Fb-P3 response to negative
feedback was very near to significant (b=0.45, p=0.05), indi-
cating that in female participants, a greater response to nega-
tive feedback was associated with greater depressive symptoms.

Moreover, the interaction term between Fb-P3 amplitude for neg-
ative feedback stimuli and participant sex also trended toward
significance (b=-0.50, p=0.08), indicating that this association
differed for male participants. Follow-up probes (Figure 4B)
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Sex-specific associations between feedback-P3 amplitude to positive and negative feedbacks and depressive symptom scores. Plot A

presents the associations between depressive symptom scores and the amplitude of the feedback-P3 ERP to positive feedback, and Plot B presents

the associations between depressive symptom scores and the amplitude of the feedback-P3 ERP to negative feedback. In both plots, the association is

presented separately for male (orange, dashed-line) and female participants (green, solid-line). Together, these plots indicate that only female partic-

ipants demonstrated associations between higher depressive symptom scores and reduced responsivity to positive feedback and greater responsivity

to negative feedback.

again revealed that the association between the response to neg-
ative feedback and depressive symptoms (Figure 4B) was very
near to significant and positive for female participants (b=0.45,
t=1.94, p=0.05) and non-significant for male participants
(b=-0.05, t=—-0.30, p=0.76). Together, the combined results of
these models suggest that changes in the later stages of consum-
matory reward processing are associated with depressive symp-
tom scores but only in young women.

3.2 | Multidimensional Reward Processing in
Depression

As the significant effects presented in Table 2 were confined
to the model including the Fb-P3, we restricted our subse-
quent analysis to this later stage of consummatory processing.
Moreover, as this first model observed separate effects for male
and female participants, to ensure parsimony, our subsequent
analyses estimated sex-specific models (Table 3).

With respect to female participants (Table 3; left column), the
Fb-P3-specific model retained the significant main effect for
the response to positive feedback (t=-2.65, p=0.009) and a
trending effect for negative feedback (t=1.75, p=0.08) that was
observed in the prior model. Notably, the interaction term be-
tween the two Fb-P3 parameters was not significant (p=0.85),
and alongside the main effects indicates that in young women,
greater depressive symptoms were independently predicted by a
blunted response to reward and a potentiated response to nega-
tive feedback. For male participants (Table 3; right column), the
model revealed no association between positive and negative Fb-
P3 amplitudes, including their interaction term, and depressive
symptom scores (p's >0.17), indicating that the depressive symp-
tom scores of these young men were not predicted by individual
differences in reward processing.

4 | Discussion

The present study sought to concurrently investigate how an-
ticipatory and consummatory reward processing predict self-
reported depression in a sample of late adolescents/emerging
adults. Overall, we found that anticipatory reward processes,
as indexed by the Cue-P3 and CNV, were not associated with
self-reported depressive symptom scores. With respect to con-
summatory reward, the initial response to reward (as indexed by
the RewP/FRN) was surprisingly not associated with depression
scores. However, the later stage of consummatory reward pro-
cessing, as indexed by the Fb-P3, was associated with depressive
symptom scores, but only for those participants who were iden-
tified as female at birth. These results suggest that depression-
related alterations in reward processing could be confined to
consummatory processes, and these changes may be specific
to women.

With respect to anticipatory processes, the present lack of asso-
ciation between cue-P3 amplitude and depressive symptoms is
generally consistent with existing literature. Studies that have
reported blunted cue-P3 amplitudes were conducted with adult
participants meeting clinical diagnostic criteria for major depres-
sion in comparison to healthy controls (Santopetro et al. 2021;
White et al. 2021; Zhou et al. 2019). Whereas comparable adult
studies examining depression as a continuous dimension tend to
generally not detect associations with Cue-P3 (Ait Oumeziane
et al. 2019; Novak et al. 2016; Umemoto and Holroyd 2017),
two more recent studies in young and middle adolescents have
observed reductions in Cue-P3 amplitude (Luking et al. 2021;
Thompson et al. 2023). As such, given that we conducted a di-
mensional assessment of a large community-based mostly adult
sample, rather than clinical/diagnostic categorizations, it is not
unexpected to have not found any association between the Cue-
P3 and depressive symptoms.
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The absence of an association between the CNV (representative
of the motivated pursuit of reward) and depressive symptoms
is contrary to our hypothesis as well as other studies (Ashton
et al. 1988, 1994; Van derhasselt et al. 2014) However, given the
lack of evidence of an association for the preceding anticipatory
process represented by the Cue-P3, it is perhaps not surprising
to not detect associations with preparatory mechanisms. Indeed,
this is in line with work from Ait Oumeziane et al. (2019) who
also found no association between depressive symptoms and
CNV amplitude, suggesting that there is no deficit in this aspect
of anticipatory reward processing. That said, other studies have
observed that the association between anticipatory ERPs and de-
pression may depend on other person-level characteristics such
as impulsivity (Novak et al. 2016). It is possible that such charac-
teristics also function as a vulnerability for depression, and hence
when combined with altered anticipatory reward processing, an
association emerges. Accordingly, future efforts investigating in-
dices of motivated effort toward reward and depression may wish
to evaluate and analyze such person-level factors.

Turning to consummatory reward processes, the results asso-
ciated with the indices of initial response to reward, that is, the
RewP and FRN, tell a similar story. In contrast to past literature
that observed diminished RewP and potentiated FRN ampli-
tudes with increasing depressive symptoms and/or depression
status (Bress et al. 2015; Klawohn et al. 2021; Nelson, Perlman,
etal. 2016; Proudfit 2015; Whitton et al. 2016), the present analysis
found no such association for either male or female participants.
This lack of association suggests that individual differences in
evaluating an outcome as better or worse than expected were
not associated with self-reported depressive symptoms in our
sample. While unexpected considering the breadth of literature
implicating changes in the RewP in depression (Proudfit 2015),
these results do align with recent meta-analytical results that
have suggested that the collective evidence for this association
may not be robust (Clayson et al. 2020) or is confined to ado-
lescents and absent in people over the age of 18years (Keren
et al. 2018), like the majority of participants included in the pres-
ent study.

Interestingly, while these earlier consummatory processes were
not associated with depressive symptoms, a later stage indexed
by the Fb-P3 was. We observed that with increasing depres-
sive symptoms, the Fb-P3 amplitude was diminished for pos-
itive feedback and potentiated for negative feedback in young
women, and these associations were non-significant in young
men. Invoked as a marker of outcome salience, the Fb-P3 is
thought to, separately from the RewP, capture the motivational
salience and categorization of feedback and its integration with
working memory to maximize future reward (Glazer et al. 2018).
And so, in line with past comparable research (Ait Oumeziane
et al. 2019; Luking et al. 2021), these associations suggest that
while their initial evaluative response to reward remains intact,
young women who report higher levels of depressive symptoms
weigh positive feedback as less salient and negative feedback as
more salient; an interpretation supported by both the dimin-
ished response to reward and negativity bias frameworks of de-
pression (Pizzagalli and Roberts 2022; Whitton et al. 2015). It is
worth noting that these findings do not imply that depression is
associated with both reduced response to reward and increased
response to non-reward but rather suggest that either could be

sufficient to increase susceptibility to depressive symptoms, at
least among females.

Focusing on the sex-specific nature of the present findings, past
literature has emphasized the importance of examining the po-
tential moderating effects of participant sex (Gatzke-Kopp 2016).
This is particularly important in psychopathology research, given
that a greater prevalence of depression has been noted among
adolescent and adult women (Daly 2022). Indeed, increasing ev-
idence indicates moderation by sex of the associations between
ERP components and symptoms of anxiety and depression
(Harold et al. 2023; Moser et al. 2016). It is not clear why males
do not demonstrate this association. Despite having a lower av-
erage depression score, males did evidence the same full range
of depression severity as females, and so sufficient variance was
available. Thus, for the same severity of depressive symptoms, a
different neural mechanism may underlie depression pathology
for males. It could be that males and females manifest anhedonic
tendencies in different ways, particularly at subthreshold levels of
symptom severity. For instance, males may be more inclined to
lose interest in social reward at low levels of depression but con-
tinue to engage in the reward domains incorporated in the present
experiments (e.g., performance evaluation and monetary reward).
Social reward processes are being increasingly recognized as of-
fering unique insights for depression research (Kujawa 2024), and
future studies would do well to consider if these processes and
their role in depression may differ by sex.

Alternatively, it is possible that biological sex moderates a multi-
final phenotype for blunted reward processing such that females
are more likely to display depression and withdrawal and males
are more likely to display irritability and impulsivity. Indeed,
blunted reward processing has been implicated in externaliz-
ing behavior problems (Beauchaine and Gatzke-Kopp 2012)—a
form of psychopathology more prevalent among males and char-
acterized by impulsivity. With this in mind, wider or more di-
rect assessments of other affective dimensions, like impulsivity,
might offer future studies more information regarding the re-
lationship between reward processing and psychopathology in
male participants.

4.1 | Limitations and Future Directions

Within our participants, while a full range of self-reported symp-
tom scores on the PROMIS—Depressive Symptoms survey was
observed, there was a degree of flooring, whereby the mean and
median values are nearer to the minimum possible score than to
the middle of the possible range. It is therefore possible that our
results would not necessarily directly translate to and/or align
with cohorts that report higher depressive symptoms, particu-
larly changes in anhedonia, or those recruited based upon an
existing clinical depressive diagnosis. Moreover, our symptom
scores and EEG data were temporally separated, and while we
did not have a strong hypothesis regarding the temporal direc-
tion of causation in the relationship between depression and
changes in reward processing, it is worth acknowledging that
this could contribute noise to the data.

Furthermore, while the PROMIS questionnaire used in the
present study broadly evaluates depression, it does not provide
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a nuanced evaluation of the various symptom dimensions of
depression. It has been postulated that aberrations in reward
processing and anhedonia mark an endophenotype that may
underlie depressive symptoms (Pizzagalli 2014; Whitton
et al. 2015), and so, it may be that the relationship between re-
ward processing and depression is dependent on a specific symp-
tom experience, and future studies should consider widening the
breadth of dimensions of depression they evaluate. In a similar
vein, the heterogeneity of depression speaks to the possibility
that different neural profiles could be associated with similar
(i.e., equifinal) or different (i.e., multifinal) profiles of depressive
symptoms. Concurrently examining multiple stages of reward
processing is only a first step in investigating this possibility, and
future research should consider how to evaluate neural profiles
and how these could be used to describe an individual's unique
experience of depression.

Lastly, only a single rating of depressive symptoms was used,
and this was across two versions of the PROMIS, one pediat-
ric and one adult. While these versions were completed in an
age-appropriate manner and evaluate the same construct, it is a
difference to be acknowledged. Additionally, neither of the ver-
sions captured information regarding lifetime depressive status.
Given that reward-related impairments observed in acute MDD
persist into remission (Whitton et al. 2016) and symptom se-
verity moderates these changes (Pizzagalli et al. 2008; Whitton
et al. 2021), it may be possible that an individual can possess
the underlying neural biomarker and/or vulnerability while not
reporting current symptoms, thus obscuring the association.
Therefore, we would encourage future studies to capture and
account for participant lifetime history of depression when in-
vestigating changes in reward processing.

4.2 | Conclusions

Overall, in a sample of late adolescents/emerging adults, the as-
sociation between reward processing and depressive symptoms
appears to be confined to the consummatory processes of young
women. It may be that this sex-specific association is attribut-
able to an experience of negative affect that centers on sadness
and worthlessness and is perhaps more common in women or
at least more acceptably expressed by women. Furthermore, it
may be that examining other dimensions of negative affectiv-
ity, for example, anger and irritability, could be more poignant
for male participants or, at the very least, provide an additional
description of the relationship between reward processing and
depressive symptoms.
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