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Abstract

Anxiety and depression are highly prevalent, recurrent, and major public health problems.
Decades of research has uncovered associations between symptom dimensions of anxiety and
depression and abnormal neural activation across executive control-, threat-, and reward-related
networks. Recent studies have developed a hierarchical symptom structure of anxiety and depression
termed the trilevel model that reconceptualizes anxious and depressive disorders as sets of empirically
derived phenotypic symptom clusters. This model includes a broad factor (General Distress) comprised of
symptoms shared between anxiety and depression disorders and two intermediate factors (Fear and
Anhedonia) comprised of anxious and depressive symptom subsets (Prenoveau et al., 2010). However,
the neural correlates of trilevel symptom dimensions remain poorly understood. The objective of the
current study is to examine associations between shared (i.e., General Distress) and distinct (i.e., Fear
and Anhedonia) symptom dimensions of anxiety and depression and abnormal event-related potentials
(ERPs) across executive control, threat, and reward processing domains. 61 participants completed
trilevel symptom questionnaires and an executive control, threat reactivity, and reward processing task
while electroencephalogram (EEG) activity was recorded. First, all three symptom dimensions were
hypothesized to be associated with abnormal electrocortical activity during a stop-signal executive control
task. Second, Fear and Anhedonia were hypothesized to be associated with abnormal threat-related
electrocortical activity during an emotional reactivity task. Third, only Anhedonia was predicted to be
associated with abnormal reward-related electrocortical activity during a monetary incentive delay task.
Results from the executive control task revealed that General Distress was uniquely associated with
increased error-detection (i.e., Error-Related Negativity: ERN) and Fear was uniquely associated with
increased error awareness (i.e., Error-Positivity: Pe). By contrast, Anhedonia was unassociated with ERP
amplitudes during executive control. However, contrary to predictions, none of the trilevel symptom
factors were associated with threat-related electrocortical activity during the emotional reactivity task.
Finally, results revealed General Distress was associated with broadly decreased reward-related neural
activity across three ERP components elicited by reward cues (i.e., Cue-N2, Cue-P3, and Cue-Late
Positive Potential: Cue-LPP) and attenuated affective processing of reward feedback (i.e., Feedback-

LPP: FB-LPP) while Anhedonia and Fear were unassociated with reward-related ERPs. These results



reveal specific neural profiles uniquely associated with shared and distinct symptom dimensions of
anxiety and depression. Results have important implications for the detection of risk, diagnosis, and

treatment of anxiety and depression disorders.
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Introduction

Anxiety and depression are two of the most common mental illnesses in the world. According to
the World Health Organization in 2019, anxiety affects approximately 1 in 13 adult individuals while
depression is the leading cause of disability worldwide. Decades of research has identified
neurobiological correlates of anxiety and depression that has facilitated effective treatment approaches.
For example, anxiety is linked to hyperactivation in threat-related neural systems (Craske & Vervliet,
2013), supporting exposure therapy techniques that utilize behavioral conditioning to decrease
psychophysiological responses of fear. In contrast, depression is associated with hypoactivation in
reward-related neural circuitry (see Treadway & Zald, 2011 for review), supporting therapeutic
approaches such as behavioral activation that directly target deficiencies of motivation and pleasure.

However, due to vast inconsistencies in pathophysiological research, no reliable biomedical test
exists to evaluate risk, diagnosis, or treatment for anxiety and depression disorders. This is likely driven in
part by two major limitations associated with current diagnostic approaches that rely on the Diagnostic
and Statistical Manual of Mental Disorders (DSM; American Psychiatric Association, 2013) that classifies
disorders individually, atheoretically, and descriptively. First, anxiety and depression are highly comorbid
and contain several overlapping symptoms, such as negative affect representing low mood, suggesting
some shared degree of neural dysfunction may underpin similar symptom presentations. In support, both
disorders are associated with abnormal neural processing during executive control. Second, anxiety and
depression are heterogenous disorders comprised of distinct symptom subsets, suggesting separate
neurophysiological processes may also underpin their unique symptom dimensions. Together, these two
limitations lead to inconsistent pathophysiological research that is unable to separate neural correlates
unique to anxiety and depression from transdiagnostic neurophysiological dysfunction associated with
comorbidity.

While most prior pathophysiological research relies on DSM classification methods, recent
studies have reconceptualized anxiety and depression as clusters of phenotypic symptom presentations
rather than through arbitrary diagnostic cutoffs (Prenoveau et al., 2010; Naragon-Gainey et al., 2016).
Drawing heavily from previous research (Mineka et al., 1998; Zinbarg & Barlow, 1996), these studies

have developed a hierarchical symptom structure of anxiety and depression, termed the trilevel model



(Prenoveau et al., 2010; Naragon-Gainey et al., 2016). The trilevel model includes a general factor
reflecting shared symptoms, termed General Distress, and two specific intermediate factors reflecting
distinct symptom dimensions of anxiety and depression, termed Fear and Anhedonia. Trilevel model
approaches to pathophysiological research may reveal more accurate and precise neurophysiological
correlates associated with shared and distinct symptom profiles of anxiety and depression.

However, no extant research has investigated electrophysiological correlates of the trilevel model
to date. To fill this gap, the current study used electroencephalography (EEG) to examine associations
between shared (i.e., General Distress) and unique (i.e., Fear and Anhedonia) trilevel symptom
dimensions of anxiety and depression and abnormal executive control-, threat-, and reward-related neural
activity. To accomplish this, the current study was embedded within a parent RO1 that utilized functional
resonance magnetic imaging (fMRI) to investigate the neuroanatomical correlates of the trilevel model. In
the parent RO1, 140 participants aged 18-19 were recruited and trilevel symptoms were assessed at
baseline, 12 months, 24 months, and 36 months. Neuroimaging data and multimodal indices of threat and
reward processing (e.g., self-report, behavioral, and physiological) were collected at baseline and 36
months (see Table 1).

Although neuroimaging methods are spatially precise, they are balanced by poor temporal
resolution and therefore cannot decompose the dynamic time course of neural dysfunction. The current
study leveraged the strong temporal resolution of event-related potentials (ERPSs) to examine
associations between trilevel symptom dimensions and neural activity with millisecond-level precision,
complementing the strong spatial resolution of neurocimaging methods used in the parent RO1.
Participants enrolled in the parent RO1 were recontacted and recruited to complete a single in-person
assessment where EEG and trilevel symptom data were collected.

The objective of the current study is to identify the neural correlates of shared and distinct
symptom dimensions of anxiety and depression across executive control, threat, and reward processing
domains. Uncovering specific neurophysiological correlates associated with shared and distinct symptom
profiles of anxiety and depression has several significant applications to clinical science. First, naturally
occurring trilevel symptom clusters likely exhibit more reliable associations with underlying neural

dysfunction, potentially resolving inconsistencies in pathophysiological research driven by current DSM
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classification methods. Second, results can help develop novel clinical treatment approaches that directly
target neural systems underlying specific symptom presentations. Third, results can help potentially
identify individuals at risk for anxiety disorders, depression disorders, or both from their underlying
neurophysiological profile and facilitate early interventions. Finally, results will have implications for future
research seeking to evaluate the utility of neural activity as a prospective predictor of anxiety and
depression.

The structure of the introduction is as follows. First, | will introduce the trilevel model of anxiety
and depression and detail its historical development. Second, | will review contemporary research
supporting the three main hypotheses of the current study: 1) Shared and distinct trilevel factors of
anxiety and depression will be associated with abnormal neural profiles of executive control, 2) General
Distress and Fear will be uniquely associated with increased threat-related neural activity, and 3) only
Anhedonia will be associated with reduced reward-related neural activity. Primary analyses will focus on
directly testing each of these three predictions. If hypotheses are confirmed, follow-up analyses will test
whether associations remain significant while controlling for the opposing trilevel symptom factors. If
hypotheses are not confirmed, exploratory analyses will probe associations between ERP components

and each remaining trilevel symptom factor.

Trilevel Model

Unlike many physical disorders, anxiety and depression lack any reliable biological assessment
tools or medical tests to determine clinical diagnosis or to evaluate prospective risk. This may be due in
part to inconsistencies in pathophysiological research driven by symptom heterogeneity associated with
current diagnostic classification methods. Although the DSM has long been the widely accepted “gold
standard” for psychopathological diagnosis, disorders are classified atheoretically and descriptively
(Watson, 2005). Two major problems emerge from this diagnostic approach. First, high rates of
comorbidity between anxiety and depression suggest some degree of overlapping symptom dimensions
and likely reflect shared etiological processes and characteristics (Krueger, 1999). In support, phenotypic
and genetic studies (Kendler et al., 2003) find strong associations between anxiety and depression at the

symptom (Clark & Watson, 1991) and diagnostic level (Kessler et al., 2005). Ignoring substantial
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symptom overlap between anxiety and depression inconsistencies in the research by misidentifying
shared psychophysiological processes that may rather be transdiagnostic.

Secondly, different individuals diagnosed with the same disorder may display very different
phenotypic symptom presentations and etiologies (Watson, 2005), suggesting a high degree of within-
diagnosis heterogeneity. In support, an abundance of research indicates anxious and depressive
disorders are comprised of several diverse symptom clusters associated with their own set of underlying
psychophysiological processes (Brown et al., 1998; Treadway & Zald, 2012). Therefore, in addition to
substantial symptom overlap, these results indicate anxiety and depression also contain their own set of
unique symptom dimensions. Isolating specific neurophysiological correlates associated with discrete
symptom clusters is necessary to account for both overlap between anxious and depressive disorders as
well as high degrees of within-diagnosis symptom heterogeneity.

As an alternative, related research has reconceptualized anxiety and depression as clusters of
phenotypic symptom dimensions rather than through arbitrary diagnostic cutoffs. These phenotypic
structural models deconstruct diagnostic categories into distinct symptom clusters that represent shared
or unique features of anxious and depressive disorders. Clark and Watson’s (1991) influential tripartite
model identified three structural factors corresponding to shared and unique features of anxiety and
depression. These factors reflect psychometrically distinct symptom dimensions of negative affect,
positive affect, and physiological hyperarousal. While both disorders share symptoms of negative affect
(e.g., negative mood, elevated neuroticism, etc.), symptoms of physiological hyperarousal are unique to
anxiety disorders (e.g., elevated heart rate, shortness of breath, somatic tension, etc.) whereas symptoms
of decreased positive affect reflecting anhedonia are specific to depressive disorders (e.g., loss of
pleasure, decreased positive mood, etc.). However, anxiety disorders include diverse symptom clusters
(Brown et al., 1998) and are differentially associated with depression and to one another (Kessler et al.,
2005), suggesting a single factor may not sufficiently capture the diverse symptom heterogeneity between
different anxiety disorders (Zinbarg & Barlow, 1996).

To address this limitation, Mineka and colleagues (Mineka et al., 1998) proposed an integrative
hierarchical model that includes symptom-specific narrow factors in addition to a single general factor.

Each disorder is characterized by a unique combination of general and specific features that can be



12

differentiated from one another based on the relative strength of their associations. While this model
accounts for within-disorder heterogeneity by including narrow symptom dimensions, parallel research
focusing on comorbidity between anxiety and depression suggests a single general factor may be
insufficient to represent shared symptom clusters. Focusing on diagnostic comorbidity, Krueger (1999)
developed an alternative approach based on phenotypic and genetic structural models under the
assumption that comorbid diagnoses likely reflect shared etiological processes. Two factors emerged:
“fear” disorders encompassing several anxiety disorders (panic disorder, social anxiety disorder,
agoraphobia, and specific phobia) and “anxious-misery” disorders composed of both depression (major
depression and dysthymia) and anxiety disorders (generalized anxiety disorder and post-traumatic stress
disorder). These results suggest intermediate structural factors may be necessary to fully account for the
diversity of symptom clusters present in comorbid presentations.

To unify the integrative hierarchical model developed by Mineka and colleagues (Mineka et al.,
1998) with intermediate factors described by Krueger (1999), Prenoveau and colleagues (2010) proposed
the trilevel model that includes general, intermediate, and specific symptom clusters. This model accounts
for shared and distinct symptom profiles of anxiety and depression and has been validated in three
independent samples, including a sizable patient sample (Naragon-Gainey et al., 2016). A broad factor
called General Distress represents symptoms shared by anxiety and depression. Consistent with prior
models, negative affect loads most strongly onto General Distress. In addition to negative affect, a
psychometrically distinct symptom dimension called worry representing increased verbal rumination and
worrying thoughts also loaded strongly onto General Distress. Although worry is traditionally associated
with anxiety disorders and often referred to as anxious apprehension (Nitschke et al., 2001), these results
suggest both negative affect and worry are shared symptom dimensions of anxiety and depressive
disorders.

Similar to Krueger (1999), two intermediate trilevel factors termed ‘Fear’ and ‘Anhedonia’ are
composed of anxious and depressive symptom subsets. Fear represents symptom dimensions unique to
anxiety disorders and is loaded on most strongly by interoceptive-agoraphobic fears, social fears, and
fears of specific stimuli. In contrast, Anhedonia represents psychometric dimensions unique to depressive

disorders and is loaded on most strongly by items representing decreased motivation and positive affect.
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Together, these three trilevel dimensions account for shared and distinct symptom clusters of anxiety and
depression and are likely associated with their own set of discrete neurophysiological correlates that
underly shared and distinct phenotypic symptom presentations. As discussed below, there is substantial
evidence that each factor is associated with their own set of unique neural dysfunction across executive

control, threat, and reward domains.

General Distress, Fear, Anhedonia, and Neural Correlates of Executive Control

Substantial prior research has linked anxiety and depression to neural deficits in executive control
(Sylvester et al., 2012; Ottowitz et al., 2002). Neuroimaging studies have revealed associations between
anxiety disorders and abnormal activation in the anterior cingulate cortex (ACC) during speeded
cognitive-control tasks (see Mochcovitch et al., 2014 for review), a neural hub of cognitive control
(MacDonald et al., 2000; Bush et al., 2000). In parallel, decades of electrophysiological research have
linked anxiety disorders to an abnormally elevated ERP that covaries with ACC activation known as the
Error-Related Negativity (ERN; Gehring et al., 1993). The ERN is a frontocentral negative ERP deflection
peaking approximately 100 ms following response errors that signals an outcome has gone worse than
expected, reflecting increased error-detection (see Simons et al., 2010 for review). This component
indexes the activity of an executive system that monitors actions to detect discrepancies between
intended and actual outcomes (Holroyd et al., 2004; Yeung et al., 2004). More recent work suggests that
errors represent aversive events that pose threats to safety that may require immediate attention and
corrective action (Hajcak & Foti, 2008). According to these accounts, the ERN may be in part a neural
marker of defensive reactivity involved in mobilizing defensive motivational systems after mistakes
(Hajcak, 2012; Weinberg et al., 2012b). Together, these results suggest the ERN may be associated with
symptoms unique to anxiety disorders captured by the trilevel factor of Fear that show elevated levels of
threat-related processing. In support, trait but not state anxiety is associated with increased ERN (Olvet
and Hajcak, 2008), a symptom dimension that loads strongest onto the trilevel factor of Fear (Prenoveau
et al., 2010).

In addition to defensive reactivity, prior work indicates an elevated ERN is also associated with

symptoms of cognitive worry (Moser et al., 2005, 2012; Hajcak et al., 2003) and negative affect (Luu et
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al., 2000; Hajcak et al., 2003, 2004). According to these compensatory accounts (Moser et al., 2013),
symptoms of worry may decrease neural efficiency during executive control tasks (Eysenck & Calvo,
1992), leading to compensatory increases in error detection to normalize behavioral performance
(Eysenck et al., 2007), indexed by the ERN. While Fear-ERN associations are likely driven by increased
defensive reactivity associated with symptoms of trait-anxiety, General Distress-ERN associations may
reflect a compensatory mechanism to offset neural inefficiency associated with cognitive worry. Although
worry is traditionally associated with anxiety disorders, growing evidence suggests worry may be a
transdiagnostic symptom dimension of anxiety and depression (Kendler et al., 2003; Krueger, 1999;
Sellbom et al., 2008; Slade & Watson, 2006; Watson, 2005; Mennin et al., 2008). In support, General
Distress is most strongly loaded on by items representing worry and negative affect (Naragon-Gainey et
al., 2016). Together, these results suggest inefficient executive control indexed by elevated ERNs during
error-detection may also reflect shared neural dysfunction associated with General Distress representing
common symptom dimensions of anxiety and depressive disorders.

In contrast to anxiety disorders, depressive disorders have been linked to another ERP elicited
during executive control tasks known as the Error-Positivity (Pe: Falkenstein et al., 2000; Holmes &
Pizzagalli, 2010; Olvet et al., 2010). The Pe is a positive deflection directly following the ERN from
approximately 200-500 ms and reflects attentional allocation after errors to optimize future performance
(Nieuwenhuis et al., 2001; Ridderinkhof et al., 2009; Steinhauser & Yeung, 2010; Boksem et al., 2006).
While the ERN is primarily involved in immediate error-detection, subsequent Pe amplitudes are
associated with increased reward sensitivity and post-error behavioral adjustments, suggesting this
component may track the motivational significance of errors and contribute to error awareness (Endrass
et al., 2005; Leuthold & Sommer, 1999; Nieuwenhuis et al., 2001; Boksem et al., 2006, 2008; see
Falkenstein et al., 2000 and Overbeek et al., 2005 for reviews). Decades of clinical research has linked
symptoms of anhedonia unique to depressive disorders to neural deficits in reward and motivational
processes that interfere with the ability to effectively learn from mistakes (Pizzagalli et al., 2008;
Treadway et al. 2012; Treadway & Zald, 2011). These studies suggest reduced Pe amplitudes among
major depressive disorder may be associated with decreased task engagement specifically associated

with motivational deficits present in anhedonia (Schrijvers et al., 2008, 2009). In support, Pe amplitudes
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are associated with depression severity and symptoms (Holmes & Pizzagalli, 2010) and have predicted
depression treatment outcomes (Alexopoulosa et al., 2007). Therefore, Anhedonia may uniquely be
associated with decreased Pe amplitudes reflecting motivational deficits that inhibit the ability to

effectively integrate error-related information to optimize future performance.

General Distress, Fear, and Neural Correlates of Threat

Substantial research has linked anxiety disorders to abnormal profiles of threat-related neural
activity across a variety of different experimental contexts (Craske & Vervliet, 2013). Neuroimaging
research has linked anxiety disorders with dysregulation in the amygdala and subgenual portion of the
anterior cingulate cortex (Rougemont-Biicking et al., 2011; Veit et al., 2002), two regions strongly
associated with threat-related neural processing (Delgado et al., 2008; Ghashghaei & Barbas, 2002).
Associations between anxiety disorders and amygdala activation are particularly strong following fearful
or threatening images (see Cisler & Koster, 2010 for review), suggesting an attentional and emotional
bias towards treat. In parallel, electrophysiological studies have linked anxiety disorders to two ERPs
following threatening stimuli known as the P300 and Late-Positive Potential (LPP; Bradley et al., 2003).
First, the P300 is a positive ERP peaking approximately 300-600 ms following motivationally salient and
emotionally significant stimuli representing stimulus categorization and early attentional processes (see
Polich, 2007 for review). Several studies have documented increased P300 amplitudes following
threatening images across a variety of anxiety disorders (Moser et al., 2008; Schienle et al., 2008). In
fact, cognitive-behavioral therapy treatment for anxiety-related phobia predicted decreases in P300
following threatening images, suggesting this component reflects increased attentional bias toward
negative stimuli (Leutgeb et al., 2009).

Second, the LPP is a positive ERP that reflects a combination of attentional and extended
emotional processing following motivationally salient stimuli (Schupp et al., 2004, 2006; Hajcak et al.,
2009). The LPP covaries with amygdala activity (Bradley et al., 2003) and has been referred to as the
affective counterpart of the P300 (Groen et al., 2008). Extensive prior research indicates fearful and
threatening stimuli increase LPP amplitudes (Huang & Luo, 2006; Schupp et al., 2006; Hajcak & Olvet,

2008), suggesting this component may capture a “negativity bias” during extended processing of
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emotional information (Smith et al., 2003). Recent research indicates several anxiety disorders display
increased LPP amplitudes following fearful images (Weinberg et al., 2011a; MacNamara et al., 2011,
2019), likely reflecting greater threat reactivity and emotion dysregulation (Dennis & Hajcak, 2009). In
fact, the LPP following threatening images has predicted treatment response in pediatric anxiety (Bunford
et al., 2017) may constitute a biomarker of risk for future development of anxiety disorders in children
(Kujawa et al., 2015; DeCicco et al., 2012).

Although no research has investigated P3 and LPP associations with the trilevel model, several
related studies have linked LPP amplitudes to increased automatic arousal (Cuthbert et al., 2000) and
trait anxiety (Mocaiber et al., 2009), two symptom dimensions that load most strongly onto the trilevel
symptom dimension of Fear. Furthermore, LPP amplitudes have also been linked to negative affect and
worry, two symptom dimensions that load strongest onto General Distress (MacNamara, 2018; Moser et
al., 2014). In concert, P300 studies indicate that trait anxiety and negative affect are both associated with
increased amplitudes following fearful and threatening images (Dennis & Chen, 2007; Moser et al., 2010).
Together, these results suggest General Distress and Fear will be associated with increased P3 and LPP

following threatening images during an emotional reactivity task.

Anhedonia and Neural Correlates of Reward

Symptoms of anhedonia are considered a cardinal feature of depression (Meehl, 1975) and are
typically absent in anxiety disorders (Shankman & Klein, 2003), suggesting anhedonia reflects a distinct
symptom dimension unique to depressive disorders. Recent research has documented robust
associations between depression and decreased sensitivity to reward-related stimuli across self-report,
behavioral, and neurophysiological measures that predict depression onset, severity, and course (Chase
et al., 2013), especially measures of anhedonia (Clark & Watson, 1991; Pizzagalli et al., 2008). These
results and an abundance of emerging literature suggest a specific role of anhedonic symptoms in
abnormal reward-related neurocircuitry (see Treadway & Zald, 2011 for review; Treadway et al. 2012).

However, reward processing does not begin or end with reward attainment and is instead a
heterogenous construct encompassing several discrete stages and psychological processes that

dynamically unfold over time. Broadly construed, substantial prior research has identified two temporally
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distinct stages of reward processing: reward anticipation and reward outcome (Breiter et al., 2001;
Knutson et al., 2001; Berridge & Robinson, 2003; Salamone & Correa, 2012; McClure et al., 2003;
Rogers et al., 2004). Reward anticipation is characterized by “wanting” and includes motivational
processes involving approach toward upcoming reward-related stimuli or actions while reward outcome is
associated with “liking” and reflects the hedonic impact of pleasure coupled with reward attainment
(Berridge et al., 2009; Knutson et al., 2001). An abundance of prior animal and human research indicates
anticipation and outcome stages are associated with distinct neurochemical, neuroanatomical, and
neurophysiological correlates, suggesting separate neural systems mediate each stage (Berridge et al.,
2009; Schultz, 2007; Liu et al., 2011).

While anhedonia has traditionally been defined as a “loss of pleasure” indicating deficiencies in
hedonic pleasure during reward outcome (Meehl, 2001), recent work indicates anhedonia also includes
more general motivational deficits associated with reduced anticipatory investment and effort, suggesting
deficits during reward anticipation as well (see Treadway et al. 2012 and Whitton et al. 2015 for reviews).
In support, prior neuroimaging studies have documented associations between depression and blunted
neural activity in the ventral striatum during both reward anticipation and outcome stages (Schultz, 2000;
Delgado et al., 2000; Knutson et al., 2003; Breiter et al., 2001), especially for anhedonic symptom profiles
(Keedwell et al., 2005). Therefore, isolating stage-specific associations between anhedonia and reward
processing deficits in depression is essential to precisely identify corresponding systems of neural
dysfunction. Understanding the fine-grained time course of these relationships is essential to develop
effective treatment approaches that more accurately and precisely target anticipatory motivational deficits,
reductions in hedonic pleasure, or both.

Converging with neuroimaging work (Wacker et al., 2009), recent ERP studies have linked an
outcome-related ERP known as the Reward-Positivity (RewP) to depressive disorders, especially
symptoms of anhedonia (Holroyd et al., 2008; Proudfit, 2015). The RewP is a frontocentral positivity
elicited 250 ms following positive (vs. negative) reward feedback signaling an outcome has gone better
than expected and covaries with activation in the basal ganglia, including the ventral straitum (Becker et
al., 2014; Carlson et al., 2011; Foti et al., 2011). Reinforcement learning theories argue the RewP reflects

powerful learning signals called a reward prediction error (Holroyd & Coles, 2002) that tracks expectation
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violations between predicted and actual outcomes via phasic increases in mesencephalic dopamine
signaling within the frontostriatal reward circuit (Holroyd & Coles, 2002; Montague, Hyman, & Cohen,
2004; Schultz, 2002). Emerging evidence suggests a blunted RewP amplitude in individuals with a family
history of unipolar depression (Kujawa et al., 2014) may prospectively predict risk, onset, and severity of
depressive disorders (Bress et al., 2013, 2015b), but remains unassociated with anxiety (Bress et al.,
2012, 2015a; Kujawa et al., 2014). Together, these studies provide strong evidence that the trilevel factor
of Anhedonia will be uniquely associated with blunted RewP amplitudes.

While neuroimaging methods can examine reward outcome and anticipation separately on the
timescale of seconds, ERP methods can probe neural activity with sub-millisecond precision. However,
despite strong neuroimaging evidence documenting reduced reward-related neural activation during
outcome and anticipation stages (Schultz, 2000, Delgado et al. 2000, Knutson et al., 2003, Breiter et al.,
2001; Keedwell et al., 2005; Gotlib et al., 2010; Morgan et al., 2013), far less research has examined
associations between depression and ERPs elicited during reward anticipation. To address this gap, the
current study leveraged the strong temporal resolution of ERP methods to go beyond the RewP and
decompose reward anticipation and outcome into distinct substages that rapidly unfold over time. Each
substage is comprised of unique reward-related ERP components that reflect independent psychological
processes, display distinct scalp topographies, and covary with separate neuroanatomical correlates (see
Glazer et al., 2018 for review). This approach allows for fine-grained temporal analysis that directly
measures different neural systems associated with pathophysiological reward dysfunction in depression.

Broadly construed, three substages of reward anticipation have been identified: cue-evaluation,
motor-preparation, and feedback-anticipation. During cue-evaluation, individuals evaluate cue stimuli that
may or may not predict potential future rewards. Cue-evaluation involves early stimulus categorization
and motivated attention that reflect initial preparation for an upcoming task-relevant event that may lead
to rewards. Next, during motor-preparation, individuals plan and prepare motor activity and exert effort
during the pursuit of upcoming rewards. Finally, individuals must prepare to receive the outcome of their
action during feedback anticipation which reflects anticipatory attentional processing before receiving and

consuming potential rewards.
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During cue-evaluation, three temporally distinct ERP components are elicited: the Cue-N2, Cue-
P3, and Cue-LPP. First, the Cue-N2 is a frontocentral negative-going ERP component that is typically
reduced for cue stimuli that signal potential future rewards compared to neutral cues unassociated with
rewarding outcomes (Donkers et al., 2005; Gehring et al., 1993; Folstein & Van Petten, 2008). This
component is thought to reflects a template mismatch between expected reward cues and actual cue
stimuli and has been found to covary with activation in the anterior cingulate cortex during conflict
monitoring (Potts, 2011; Novak & Foti, 2015; Pornpattananangkul & Nusslock, 2015; Dunning & Hajcak,
2007; Holroyd, 2004). Directly following the frontal Cue-N2, reward cues elicit a subsequent centroparietal
ERP component called the Cue-P3 that reflects stimulus categorization processes and context updating
in working memory with increased positive amplitudes (Johnson & Donchin, 1980; Donchin & Coles,
1998; see Polich, 2007 for review). Reward compared to non-reward cues increase the Cue-P3
amplitude, an effect that covaries with activation in the ventral striatum (Pfabigan et al., 2014), suggesting
this component also reflects motivated attention directed toward stimuli that predict potential future
rewards. Finally, after the Cue-P3, another parietal ERP component is elicited by reward cues called the
Late-Positive Potential (Cue-LPP). Although very few studies have examined the Cue-LPP, this
component likely reflects extended cognitive-emotional processes involved in cue-evaluation and may
constitute the “affective counterpart” of the Cue-P3 (Groen et al., 2008).

Following cue-evaluation, individuals must prepare and executive motor actions to pursue
upcoming rewards during the motor preparation stage. A frontocentral negative-going ERP called the
contingent-negative variation (CNV) is typically measured just prior to motor responses and covaries with
activation in the supplementary motor area and thalamus (Plichta et al., 2013). To elicit the CNV, reward
processing tasks typically present a target stimulus that requires a quick motor response. Therefore,
unlike self-directed actions, the CNV likely reflects a combination of anticipatory attentional processing to
efficiently perceive this stimulus in addition to motor-related preparation to facilitate quick responses
(Ikeda et al., 1996; Kotani et al., 2011). Although no extant studies have investigated associations
between anehdonic symptom clusters and the CNV during reward processing, prior work indicates
decreased effort (Falkenstein et al., 2003; Gomez et al., 2007) and motivation (Cant and Bickford, 1967;

Irwin et al., 1966) characteristic of anhedonia may reduce CNV amplitude (Novak & Foti, 2016). Finally,
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the feedback anticipation stage follows motor responses and directly precedes reward feedback. Another
frontocentral negative-going ERP is elicited just before feedback presentation, called the Stimulus-
Preceding Negativity (SPN), that covaries with activation in the insula cortex (Bocker et al., 1994; Kotani
et al., 2009; Brunia et al., 2000). The SPN is increased just prior to reward compared to neutral feedback
and reflects attentional and perceptual anticipatory preparation to receive upcoming feedback stimuli
(Chwilla & Brunia, 1991; Kotani et al., 2001, 2003; Masaki et al., 2006; Ohgami et al., 2004, 2006).

The current study will also examine two additional feedback-related ERP components during
reward outcome in addition to the RewP. First, the Feedback-P3 (FB-P3) is a positive-going centroparietal
ERP directly following the RewP and generally reflects the motivational salience of feedback (Donchin &
Coles, 1998; Johnson & Donchin, 1980; see Polich, 2007 for review). Despite functional and
neuroanatomical similarities, recent studies have shown the Cue-P3 and FB-P3 reflect unique variation
within anticipatory and outcome stages of reward processing (Novak et al., 2016; Pornpattananangkul &
Nusslock, 2015). While the Cue-P3 is primarily involved in motivated attention and stimulus
categorization, the FB-P3 also reflects the integration of salient outcome-related information into working
memory to update predictive models and maximize future rewards (Donchin, 1981; Polich, 2007; San
Martin, 2012). Lastly, the Feedback-LPP (FB-LPP) directly follows the FB-P3. Although few studies have
examined the FB-LPP, several studies have suggested this component is similar to its cue-related
counterpart (i.e., Cue-LPP) and reflects a combination of attentional and affective feedback processing
(see Glazer et al., 2018 for review)

Implications

The current study is the first to examine the electrophysiological correlates of the trilevel model
and has important implications for risk, diagnosis, and treatment of anxiety and depression disorders.
First, results will identify the neurophysiological correlates of shared and distinct symptom profiles of
anxiety and depression. This may help resolve inconsistencies in pathophysiological research that may
be driven, in part, by within-disorder symptom heterogeneity and between-disorder comorbidity
associated with current DSM classification methods. Second, results will isolate separate
neurophysiological profiles across executive control, threat, and reward processing task domains. Each

task is specifically designed to leverage the temporal resolution of ERP methods, deepening our



21

understanding of the precise time course of neural dysfunction in each domain. Third, results will help
separate individuals at risk for anxiety disorders, depression disorders, or both to help facilitate early
interventions. For example, each hypothesis in the current study includes at least one ERP component
that has been previously associated with increased risk for anxiety, depression, or both across several
developmental periods (i.e., the ERN, LPP, and RewP). Finally, results will help facilitate the future
development of novel clinical approaches that directly target neurophysiological pathways associated with
individual symptom presentations rather than general diagnostic categories. The goal of this precision
medicine approach is to develop targeted treatment approaches informed by contemporary

neurophysiology that ultimately treat individuals rather than disorders.

Hypotheses

The objective of the current study is to leverage the temporal resolution of ERP methods to
identify the neural correlates of shared (i.e., General Distress) and distinct symptom dimensions of
anxiety and depression (i.e., Fear and Anhedonia) across executive control, threat, and reward
processing domains. Although no prior study has examined ERP correlates of the trilevel model, the three
major hypotheses of the current study were developed from related previous research described in the
preceding sections (see Table 2). First, all three trilevel factors will be associated with abnormal
electrocortical activity during an executive control task. Increased General Distress and Fear will be
associated with increased error detection (i.e., increased ERN) while heightened or maintained courses of
Anhedonia will be uniquely associated with reduced motivated attention following errors (i.e., decreased
Pe). Second, General Distress and Fear will be uniquely associated with increased threat-related
electrocortical activity during an emotional reactivity task (i.e., increased P300 and LPP). Finally,
increased Anhedonia will be uniquely associated with decreased reward-related ERPs during reward
anticipation (i.e., Cue-N2, Cue-P3, and Cue-LPP during cue-evaluation, CNV during motor preparation,
and SPN during feedback anticipation) and outcome stages (i.e., RewP, FB-P3, and FB-LPP). If primary
hypotheses are confirmed, follow-up analyses will test whether these associations remain significant

while controlling for opposing symptom dimensions.

Method
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Recruitment

The current study was embedded within a parent RO1. In the parent RO1, participants were
recruited at Northwestern University and the University of California, Los Angeles to examine positive and
negative valence functioning and the trilevel model from late adolescence to early adulthood. Participants
consisted of young adults (ages 18-19) that were preselected from a larger screening sample of 2,461
individuals based on individual differences in self-reported trait neuroticism and reward sensitivity scores
to maximize variance in threat- and reward-related sensitivity. Prior research indicates that baseline
scores of neuroticism (Eysenck Personality Questionnaire-Neuroticism scale; EPQ-N: Eysenck, Eysenck,
1975) and reward sensitivity (Behavioral Activation System-Reward Responsiveness scale; BAS-RR:
Carver & White, 1994) predicted the trilevel symptom factors of General Distress, Fear, and Anhedonia
over a 3-year period (Prenoveau et al., 2010). Therefore, participants were prescreened using these self-
report measures of threat (EPQ-N) and reward sensitivity (BAS-RR) to approximately capture a complete
distribution across the two dimensions. Remaining participants were then divided into five primary sectors
regarding trait reward sensitivity and trait threat sensitivity: High, High; Low, Low; High, Low; Low, High;
and Medium, Medium. Consistent with prior work (McClelland & Judd, 1993), the four remaining sectors
were excluded (i.e., Medium crossed with High or Low) to increase power for detection of interaction
effects. Participants who met these requirements proceeded to stage two of recruitment involving a
diagnostic evaluation using structured clinical interviews for the DSM-IV (SCIDs) and a functional
magnetic resonance (fMRI) screening scale. Following recruitment, 272 participants remained and were
enrolled in the 3-year longitudinal parent RO1 study (182 female, mean age=19.16 years, SD=0.52). Of
these, 140 participants were recruited through the parent RO1 at Northwestern University while 132
participants were recruited at the University of California, Los Angeles.

For the current project, participants already enrolled in the parent RO1 at Northwestern University
were re-contacted for an optional EEG assessment. Each EEG participant completed an identical battery
of questionnaires administered in the parent RO1 to extract trilevel symptom dimensions of anxiety and
depression. These self-report questionnaires were completed online at home within no more than 3 days
before or after arriving for the EEG assessment. Upon arrival, participants were consented and hooked

up to EEG before completing a series of computerized tasks that separately captured neural activity
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specifically associated with threat-, reward-, and executive control-related processing. First, participants
completed a resting EEG session where they viewed a fixation cross with their eyes open for 3 minutes
and subsequently closed for 3 minutes. Next, both the executive control (stop signal) and reward
processing (electrophysiological monetary incentive delay) tasks described below were administered and
counterbalanced for each participant. Lastly, the threat-related (emotional reactivity) task described below
was always administered last. This was done to prevent possible emotional priming influences on both
reward- and executive control-related ERPs (Pedersen & Larson, 2016). Participants were paid $60.00
for their participation in the two-and-a-half hour in-person session plus a bonus amount based on their
winnings from the eMID task where participants could win money based on their performance. Following

all three experiments, participants were unhooked from EEG, paid, and thoroughly debriefed.

Exclusion Criteria

The parent RO1 focused on neuroimaging techniques and therefore utilized prescreened
participants using a standard fMRI screening questionnaire with criteria such as traumatic brain injuries,
pregnancy, and immoveable metal inside the body. Next, other exclusion criteria were assessed using a
Structured Clinical Interview for DSM-IV (SCID). Exclusion criteria included a lifetime psychotic or bipolar
disorder, substance or alcohol abuse/dependence, and current use of antipsychotic medications.

Of the 140 participants enrolled in the parent RO1 at Northwestern University, 79 opted to
participate in the optional EEG assessment described in this study (57 females, mean age: 21.34, SD:
0.79). Participants were only retained for analysis in the present study if they had completed all three
tasks and the necessary questionnaire data used to calculate trilevel symptom data. Of the 79
participants recruited for this optional EEG assessment, five did not complete the trilevel symptoms data
guestionnaires, three did not complete the executive control stop signal task due to computer error during
the session, and six did not complete the threat emotional responsivity task (three due to computer error
and four due to time constraints during the session). After initial exclusion, 65 participants remained for
EEG processing. However, four additional participants were removed for excessive artifacts in their EEG
data with over 50% of trials rejected during the EEG preprocessing (see EEG acquisition and analysis

section for details). Specifically, two participants were removed for excessive artifacts in the reward
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electrophysiological monetary incentive delay task and two more for excessive artifacts in the emotional
responsivity task (see Table 8 for artifact rejection details).

After all exclusion, a total of 61 participants were retained for all statistical analyses (45 females,
mean age: 21.394, SD: 0.835). Of these 61 participants, 35 identified as White, 13 as Asian, 7 as Black, 1
as Native, and 5 as multiracial (19 Hispanic, 42 non-Hispanic). Among the two (BAS and EPQ-N scores)
x three (low, med, and high) screening categories used for recruitment in the parent R01, the BAS/EPQ-N
distribution among the 61 retained participants in the current study is as follows: high/high: 6, high/med: 2,
high/low: 10, low/low: 12, low/med: 5, low/high: 12, med/low: 7, med/med: 5. 30 out of the 61 completed
the EMID reward processing task before the stop-signal executive control task (with the remaining 31
completing the stop-signal task before the EMID reward processing task) and 8 reported current use of
psychotropic medications. In all analyses, task order and psychotropic use were entered as covariates to
control for medication and experiment order effects.

Questionnaire Measures of Trilevel Symptom Dimensions

In the parent RO1, trilevel symptom dimensions of General Distress, Fear, and Anhedonia are
derived from self-report symptom scales of anxiety and depression. Sets of individual items from each
scale were selected from those that matched the original trilevel model (Prenoveau et al., 2010) and more
recent follow-up study (Naragon-Gainey et al., 2016). All selected scales and individual items used in the
parent RO1 were administered at baseline and every 12 months for 3 years for a total of four
assessments. Identical sets of questionnaires and items were administered at the EEG assessment
described in the current proposal. Specifically, participants completed 67 items across several
guestionnaires described in the original trilevel factor structure (Prenoveau et al., 2010) including 10 items
from the Albany Panic and Phobia Questionnaire (Rapee et al., 1994), 8 items from the self-
consciousness subscale of the Social Phobia Scale (SPS; Mattick & Clarke, 1998; Zinbarg & Barlow,
1996), 7 items from the Fear Survey Schedule Il (FSS; Geer, 1965; Zinbarg & Barlow, 1996), 8 items from
the Inventory to Diagnose Depression (IDD; Zimmerman et al., 1986), and 34 items from the Mood and
Anxiety Symptoms Questionnaire (MASQ: Watson et al., 1995) that measure positive affect (9 items),
anxious-arousal/somatic tension (12 items), and mixed depression/anxiety (13 items). Following Naragon-

Gainey and colleagues (2016) follow-up replication study on trilevel model factor structure, participants
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completed an additional 34 items including 16 items from the Penn State Worry Questionnaire (PSWQ;
Meyer et al., 1990; Brown et al., 1992) and 18 items from the Obsessive-Compulsive Inventory Revised

(OCI-R; Foa et al., 2002).

Neural Indices of Executive Control: Stop-Signal Task (SST)

Participants completed the SST (see Figure 1) while EEG was recorded to measure neural and
behavioral differences in executive control during error-processing and response inhibition (Wessel &
Aron, 2013). The trial structure of the SST consists of the presentation of a left- or right-facing arrow
where participants respond as quickly as possible to the direction of the arrow. The order of task
presentation was counterbalanced with the reward-related EMID task described below. Before each trial,
a fixation cross was presented for a jittered time interval between 500 and 1000 ms. Next, a left- or right-
facing white arrow was presented, and participants were instructed to press the corresponding left or right
response-box key with their right index or middle finger as quickly as possible. The duration of the white
arrow was determined by an adaptive algorithm that decreased the duration by 10 ms after correct
responses and increased the duration by 10 ms after incorrect responses. However, on some trials,
participants were instructed to withhold their response as a measure of response inhibition. During these
trials, the color of the presented arrow changed from white to red after a brief delay period matched to
each participant reaction time to keep accuracy at roughly 80-90% (Wessel & Aron, 2015). Participant
were instructed that if they responded to the white arrow before it disappeared from the screen, or if they
withheld their response when the arrow changes colors from white to red, that trial would be counted as
“correct”. However, if participants did not respond to the white arrow, or if they pressed the response
button after the arrow changed from white to red, that trial would be counted as “incorrect”. Participants
were instructed to maximize both their speed and accuracy during the task.

This task will assess neural differences in executive control directly following mistakes of
response inhibition by comparing electrocortical responses following two kinds of responses: successful
button presses after white arrows (Correct-Related Negativity: CRN) and erroneous button presses
following red arrows (ERN and Pe). The stop-signal approach retains numerous advantages over other

related speeded executive control tasks, such as the Stroop, Flanker, go/no-go paradigms, by measuring
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the precise time window required for each participant to inhibit their dominant response tendency to
respond as quickly as possible to the direction of the arrow, providing both a neural and behavioral index
of response inhibition. There are 18 blocks for a total of 400 trials and the total task takes about 20

minutes to finish.

Neural Indices of Threat Processing: Emotional Response Task (ERT)

Participants completed the ERT (see Figure 2) while EEG was recorded to examine differences in
threat-related neural reactivity to emotional images. The trial structure of the ERT consists of passively
viewing an image presented on the screen during each trial. Before each trial, a fixation cross was
presented for 2000 ms. Next, a neutral or threatening image was presented for seven seconds while
participants passively viewed this image. Task stimuli consisted of threatening and neutral images taken
from the International Affective Picture System that were presented in separate blocks. 1000 ms following
image onset, participants received an audio cue. Following neutral images, the audio cue consisted of the
word “Look” where participants were instructed to simply view the picture naturally. After threatening
images, the audio cue consisted of the word “Maintain” where participants were instructed to view the
image naturally without trying to change their emotional reaction or look away from the monitor. The P300
was measured following each threatening and neutral image and the LPP was measured following each
audio cue as neural representations of threat-related emotional reactivity. The ERT consisted of 50
neutral and 50 threatening images, for a total of 100 trials taking 15 minutes to complete. Participants
completed the ERT last to prevent possible emotional priming effects on the reward and executive control

tasks.

Neural Indices of Reward Processing: Electrophysiological Monetary Incentive Delay Task (EMID)

Participants completed the eMID (see Figure 3) task while EEG was recorded to examine reward-
related neural processing (Broyd et al., 2012; Novak & Foti, 2015). The EMID design has successfully
decomposed the neural correlates across multiple stages of reward processing (i.e., cue-evaluation,
motor-preparation, feedback-anticipation, and outcome-processing) and was counterbalanced with the

SST described above. The eMID task is based on the classic monetary incentive delay task developed for



27

neuroimaging studies used by the parent RO1 of this proposal for fMRI sessions (Knutson et al., 2001,
Lutz & Widmer, 2014), with some minor modifications.

The trial structure of the EMID task consists of presenting a cue stimulus, responding quickly to a
target stimulus, and receiving positive or negative feedback. Before each trial, a fixation cross was
presented for 2000 ms. Next, one of two cues was presented that indicated whether participants could
win money in reward conditions or neither win nor lose money in neutral conditions. Reward cue stimuli
consisted of a circle with the word “Win” displayed in the top portion and “$1.50” displayed in the bottom
portion, indicating that participants had the opportunity to win $1.50 for correct responses on that trial.
Neutral cues consisted of a circle with the word “Win” displayed in the top portion and “$0.00” displayed in
the bottom portion, indicating that no money could be won or lost on this trial regardless of participant
performance. Participants were instructed to try their best to maximize positive feedback on every trial.
Following reward and neutral cues, the Cue-N2, Cue-P3, and Cue-LPP were measured during this cue-
evaluation stage as reward-related neural indices of cue-reactivity reflecting template mismatches,
context updating, and affective impact of reward and neutral cues.

After a brief delay consisting of a fixation cross, a target stimulus was presented (solid white
square). Participants were instructed to press single response-box button as quickly as possible following
the target stimulus with their right index finger. Participants were further instructed that if they responded
“quick enough” before the white square disappeared from the screen, that trial would be counted as
“correct” and result in positive feedback. However, if they responded “too slowly” after the white square
disappeared from the screen, that trial would be counted as “incorrect” and result in negative feedback.
The CNV was measured during this motor preparation stage consisting of the brief delay before the target
stimulus as participants prepared perceive the target stimulus and ready quick-as-possible responses.
After the white square disappeared, a fixation cross was presented for 1000 ms before performance
feedback was presented. The SPN was measured during this feedback anticipation period where
participants prepared to receive upcoming performance feedback on their recent responses.

Finally, after the 1000 ms delay, a feedback stimulus was presented indicating whether
participants responded “quick enough” represented by positive feedback or responded “too slowly”

represented by negative feedback. Feedback stimuli contained both performance- and reward-related
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information. During reward trials, positive feedback was delivered with the stimulus “+$1.50” indicating
that the participant responded quick enough on that trial and received a monetary gain of $1.50. Negative
feedback on reward trials consisted of the stimulus “-$0.00” indicating that the participant responded too
slowly on that trial and will not receive any monetary compensation. On neutral trials, positive and
negative feedback were delivered with the stimuli “+$0.00” and “-$0.00”. These stimuli were chosen to
indicate that participants did not win or lose any monetary amount on neutral trials, hence $0.00, while
still delivering performance feedback information, indicated by + and — signs, that informed the participant
whether they responded quick enough or too slowly on that trial. During this feedback evaluation stage,
the RewP, FB-P3, and FB-LPP were measured as an index of reward-related outcome processing. There
was a total of 150 trials and the total task takes about 30 minutes to finish. Before the EMID task,
participants completed 20 trials of an identical “practice” task. During practice, a research assistant
remained in the room with the participant and ensured they understood all of the stimuli and task
instructions before starting the subsequent EMID task.

Importantly, the EMID task utilized here implemented an adaptive algorithm that controlled how
long the target stimulus remained on the screen. Specifically, the duration of the target white square was
decreased by 20 ms after quick enough responses, making the task more difficult, and increased by 20
ms after too slow responses, making the task easier. This adaptive algorithm was used to manipulate
task difficulty on a trial-by-trial basis to keep positive and negative feedback fixed at approximately 50% in
both reward and neutral conditions. Outcome probability is a major factor that contributes to feedback-
related ERP amplitudes, especially the RewP and FB-P3 (see San Martin, 2012 for review), and it is
therefore essential to control for outcome probability during feedback-related ERP studies (see Novak &
Foti, 2011 for an example using the EMID task). Before the EMID task, participants completed 20 trials of
a reaction time task that consisted of a fixation cross jittered between 1500 and 2000 ms followed by a
target white square with a presentation duration of 500 ms where participants responded as quickly as
possible. An identical adaptive algorithm as used in the EMID task was used during the reaction time
task. The final reaction time for each participant after the last trial was used as the initial presentation

duration of the white square during the EMID task.

EEG Acquisition and Analysis
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Continuous EEG data were recorded during all three tasks using NeuroScan amplifiers (DC to
100 Hz online, NeuroScan Inc.) within an electromagnetic-shielded booth. 58 passive Ag/AgCl scalp
electrodes were applied (following 10-20 standard) with conductive gel. One external electrode was
applied on the left and right mastoid. Four additional external electrodes were placed above and below
the left eye and beside both eyes. EEG data were digitized at a 500 Hz sampling rate and online
referenced to the left mastoid. Impedance was kept below 5 kQ and 10 kQ for the scalp and eye
electrodes, respectively.

Offline, all EEG processing was conducted using EEGLAB (Delorme & Makeig, 2004) and
ERPLAB (Lopez-Calderon & Luck, 2014) in MATLAB (Mathworks, 2017b). The initial EEG preprocessing
was identical for data collected from all three experiments. First, data were resampled at 250 Hz, re-
referenced to the average of both mastoids, and clean-lined with a sliding window to adaptively estimate
sine wave amplitude and subtract line noise. Next, for each participant two files were generated for each
participant. One file was created with a 0.01 high pass filter and the other was created with a 1.0 Hz high
pass filter. The 1.0 Hz filtered data was used only to prepare data for independent component analysis
(ICA) used to correct for ocular and muscular artifactual components. In this ICA prepared file, channels
with excessive noise were identified using visual inspection of continuous EEG data and kurtosis
measures calculated separately for each channel. Noisy channels were marked and removed from the
dataset. Next, large scalp artifacts were identified using a combination of visual inspection and an
automated artifact detection procedure applied to the continuous EEG data. Specifically, segments of
continuous data were marked as artifactual if any scalp electrode exceeded a voltage threshold of 500 pVv
in a 500 ms time window that moved across the full continuous data in steps of 250 ms, Segments of
continuous data marked with artifacts were then removed before conducting ICA on each file. Following
this procedure, the resulting ICA weights were applied to the 0.01 high pass filtered data saved earlier in
the pipeline before ICA was performed. ICA components corresponding to muscular and ocular artifacts
were then identified and removed from this 0.01 Hz dataset using visual inspection. Noisy channels
identified and removed earlier were then interpolated. Final processing steps were then applied to data

from each of the three tasks using separate pipelines specifically tailored to measure each ERP
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component within each experiment. These steps include low pass filtering, epoch extraction, baseline
correction, artifact rejection, and averaging.

For the stop signal task, data were low pass filtered at 30 Hz and epoched into segments time-
locked to the onset of correct and incorrect responses. Epochs were calculated by extracting 200 ms prior
to the response and 800 ms after the response. Each epoch was baseline corrected using the 200 ms
pre-response interval. Next, artifactual epochs were identified and removed using a combination of visual
inspection and three automated artifact rejection procedures performed on midline electrodes Fz, FCz,
Cz, CPz, Pz, and POz. First, epochs were rejected if any electrode exceeded a sample-to-sample
difference of 50 uV. Next, if any electrode did not exceed a difference of £ 0.25 uV in a 500 ms window,
that electrode was determined as flatlined and the epoch was rejected. Finally, epochs were rejected if
any electrode exceeded a 75 pV threshold in a 150 ms window that slid across the entire epoch every 75
ms. After artifact rejection, remaining single-trial epochs were averaged together separately for correct
and incorrect responses.

For the emotional reactivity task, data were low pass filtered at 10 Hz and epoched into segments
time-locked to the onset of neutral and threatening image presentation. Epochs were calculated by
extracting 7000 ms after image presentation and baseline corrected using the 200 ms pre-stimulus
interval. Artifactual epochs were identified and removed using a combination of visual inspection and
identical sample-to-sample and flatlined procedures described above. Next, epochs were rejected if any
electrode exceeded a 100 pV threshold in a 200 ms window that slid across the entire epoch every 100
ms. After artifact rejection, remaining single-trial epochs were averaged together separately for neutral
and threatening images.

For the EMID task, two data processing pipelines were applied. For the CNV and SPN, data were
low pass filtered at 10 Hz and epoched into segments time-locked to the onset of correct and incorrect
responses. Epochs from 2000 ms prior to the response and 2000 ms after the response were then
extracted. Baseline correction was performed for both the CNV and SPN using the 2000-1700 ms pre-
response interval. This was done for both components to ensure that motor-related activity from the CNV
did not contaminate the baseline period for the SPN (Pornpattananangkul & Nusslock, 2015). Artifact

rejection procedures were identical to the stop signal task described above. After artifact rejection,
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remaining single-trial epochs were averaged together separately for reward and neutral trials as well as
correct and incorrect responses. This resulted in four bins reflecting reward correct responses, reward
incorrect responses, neutral correct responses, and neutral incorrect responses.

For the cue- and feedback-related EMID trials, data were low pass filtered at 30 Hz and epoched
into segments time-locked to cue and feedback stimuli, respectively. Epochs were calculated by
extracting 200 ms prior to the cue and feedback stimuli and 1000 ms after cue and feedback stimulus
presentation. Each epoch was baseline corrected using the 200 ms pre-response interval. Artifact
rejection procedures were identical to the stop signal task described above. After artifact rejection,
remaining single-trial epochs were averaged together separately. For cue data, two bins were extracted
reflecting reward and neutral cues. For feedback data, four bins were extracted reflecting reward positive
feedback, reward negative feedback, neutral positive feedback, and neutral negative feedback.

For each task, participants were excluded from analysis if their artifact rejection rate was 50% or
greater in any condition or if their remaining trial count is below recommendations suggested by previous
literature. Two participants were excluded for excessive artifact rejection rates in the EMID task resulting
in less than 10 trials per feedback condition. Prior research recommends at least 20 trials per-condition
are required to sufficiently and optimally measure the RewP (Marco-Pallares et al., 2011). Two additional
participants were excluded due to excessive artifact rejection rates in the ERT task resulting in less than
10 trials per image condition. Previous research indicates at least 12 trials are required to accurately
measure the LPP amplitude during passive image viewing paradigms, such average as the ERT (Moran
et al., 2013). All remaining participants had an of over 20 trials per feedback condition in the EMID and
over 20 trials per image condition for the ERT (see Table 8 for artifact rejection details). In total, 61

participants were retained for statistical analysis.

ERP Measurement

Fully processed EEG data were entered into ERPLAB to export ERP components. Each ERP
component was measured by calculating the mean activity in a fixed time window that was identified from
visual inspection of the grand averaged waveforms and scalp topographies created by averaging across

all subjects.
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For the executive control SST, the measurement window for the ERN was determined by
identifying the peak amplitude for the incorrect — correct difference wave and measuring + 50 ms around
this peak, a standard approach utilized by many prior studies. Visual inspection of grand average
waveforms revealed this difference wave was maximal at electrode FCz and peaked at approximately
110 ms. Therefore, the ERN was measured at electrode FCz as the average activity from 60-160 ms, a
time window consistent with prior studies (Endrass et al., 2007, 2012a). For the Pe, visual inspection of
the Pe incorrect — correct difference in the grand average waveform revealed a rapidly increasing
positivity around electrode Pz that peaked at approximately 250 ms and then slowly decreased until
approximately 600 ms. Drawing from prior studies, the Pe was decomposed into an earlier and later
component (Endrass et al., 2007, 2012b; Murphy et al., 2012). For the early Pe, a mean measurement
window of £ 75 ms around this 250 ms peak was chosen based on visual inspection of the grand average
waveform, a time window generally consistent with prior studies (Gibbons et al., 2011). However, fewer
studies have examined the late Pe component, which displays no discernable peak in the grand average
difference waveform. To capture the extended positivity present in this difference wave, a time window of
+ 100 ms was chosen based on visual inspection of the grand average waveform. Although fewer studies
have examined this later Pe component, this time window is generally consistent with prior studies
(Endrass et al., 2007, 2012b; Ruchsow et al., 2005). The mean activity for each component was then
calculated as the average activity from 60-160 ms at electrode FCz for the ERN, 175-325 ms at electrode
Pz for the early Pe, and 400-600 ms at electrode Pz for the late Pe (see Table 3)

For the emotional reactivity task, three ERP components were extracted from visual inspection of
the grand average waveforms. First, images produced a clear and extended P300 component at
electrode Pz that was elevated for negative compared to neutral images. Based on visual inspection of
the grand average waveform, the P300 displayed a peak positive latency at approximately 600 ms and
was calculated using a + 200 ms window around this peak. The LPP component displayed an extended
fronto-central positivity that peaked following the audio cue at 1000 ms and lasted throughout the 7000
ms segmented time window. This component was decomposed into an early and later time window due
to this extended positivity and was calculated by simply dividing the 2000-7000 ms in half. Therefore, the

P300 was calculated as the mean activity at electrode Pz from 400-800 ms, the early LPP as the mean
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activity at electrode FCz from 2000-4500 ms, and the late LPP at electrode FCz from 4500-7000 ms (see
Table 4).

For the EMID task, ERP measurement time windows were determined from visual inspection of
the grand averaged waveforms and scalp topographies separately for cue, response, and feedback data.
First, during cue evaluation, the Cue-N2 peak latency was identified via visual inspection of the reward —
neutral difference wave, which peaked at approximately 275 ms at electrode FCz. The time window of
measurement for the Cue-P3 was determined by identifying the most positive peak in the grand average
waveform for all conditions, which peaked at approximately 425 ms. The Cue-LPP also displayed
maximal positivity at electrode Pz and was calculated as the average activity following the Cue-P3 up to
800 ms. Together, the mean measurement time windows were as follows: 225-325 ms at FCz for the
Cue-N2, 325-525 ms for the FB-P3, and 525-800 ms for the FB-LPP (see Tables 6-7).

Second, for response data, the CNV and SPN are both negative components that increase in
negativity before motor responses and upcoming stimuli, respectively. Therefore, measuring mean activity
around the peak latency for these components is untenable. Instead, the CNV was grouped into an earlier
and later component based on recommendations from previous research (Pornpattananangkul &
Nusslock, 2015) and the SPN was measured beginning from 1000 ms prior to feedback stimulus where
differences between conditions began to emerge. Both components were calculated at electrode FCz
where negativity was maximal. Therefore, the early CNV was measured as the mean activity from 1000-
500 ms prior to responses, the late CNV was measured as the mean activity from 500-0 ms right up until
responses, and the SPN was measured as the mean activity from 1000-2000 ms just prior to feedback
stimuli.

Finally, for feedback-related ERP components, time windows of measurement were determined
from visual inspection of the scalp topographies and grand average waveforms in addition to using prior
research as a guide (Sambrook & Goslin, 2015). Specifically, the time window for the RewP was
determined in the following way. First, the positive — negative feedback difference wave was maximal at
electrode Cz from visual inspection of the scalp topography. Next, the positive peak of the preceding P2
component and the subsequent negative peak of the RewP was identified using visual inspection of the

grand average waveform. Finally, the average of these two peak latencies was used to determine the
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peak RewP amplitude which resulted in approximately 248 ms. Next, the proceeding FB-P3 component
displayed peak positivity at electrode Pz at approximately 340 ms. To avoid overlap with the RewP, the
peak latency for the FB-P3 was chosen as 350 ms. Finally, the FB-LPP also displayed maximal positivity
at electrode Pz. The length of the FB-LPP component was determined via visual inspection of the grand
average waveform when differences between conditions began to converge. Therefore, the time windows
of mean measurement for feedback-related ERP components are as follows: 200-300 ms for the RewP at
electrode Cz, 300-400 ms for the FB-P3 at electrode Pz, and 400-800 ms at electrode Pz for the FB-LPP

(see Table 5).

Executive Control: SST Behavioral Measures

While primary analyses centered on neural indices of executive control, several behavioral
measures were also extracted from the SST (see Table 9). The SST requires participants to respond as
quickly as possible to a right- or left-facing white arrow. On “go” trials, this design allows for the
measurement of reaction time, reflecting the average time between the presentation of white arrows and
correct quick responses. In addition, “stop” trials comprise 10% of trials where the white arrow turns red
after a short delay, requiring participants to withhold their responses. When participants erroneously
respond on stop trials, their reaction times after these incorrect responses can also be measured. Both
reaction time measures were calculated for each participant reflecting successful go response times and
unsuccessful stop reaction times.

However, the SST used an adaptive algorithm that changes the delay time between the
presentation of white and red arrows on stop trials. This algorithm updates the delay duration after each
trial to keep accuracy at approximately 80-90%. The overarching advantage of this approach is controlling
for the confounding influence of response accuracy on ERN amplitudes, which increase in proportion to
the number of error (vs. correct) responses throughout a task (Clayson et al., 2020). By contrast, one
disadvantage of this approach is that response time measures are partially confounded by continual
changes in task difficulty that occur on a trial-by-trial basis. For example, when participants are performing
too well (e.g., over 90% accuracy), the algorithm increases task difficulty by shortening the delay duration

between white and red arrows, making it more difficult to withhold responses. In this case, it is difficult to
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separate stable individual differences in responses times from adaptive behavioral changes that
dynamically responds to changing task conditions. Although this confound makes it difficult to interpret
reaction time data from the SST, average reaction times on successful go and unsuccessful stop trials
were extracted to validate the task design as well as the total number of unsuccessful responses
compared to successful responses as an index of performance accuracy.

A final advantage of the adaptive algorithm utilized in the SST is that the difference between the
time when the stop process being (i.e., the presentation of the red stop signal arrow) and the point at
which the stop process finishes can be calculated as an index of response inhibition (Verbruggen &
Logan, 2009). This difference provides a measure of the optimal duration of response inhibition for each
participant reflecting the time it takes to override dominant response tendencies via executive control.
This stop-signal reaction time was calculated using the mean method described by Verbruggen & Logan,

2009.

Reward: EMID Behavioral Measures

Similar to the SST, the EMID task requires participants to respond as quickly as possible to target
stimuli. However, while the SST algorithm was used to keep accuracy at roughly 80-90% in accordance
with prior ERN studies (see Simons, 2010 for review), the EMID algorithm was used to keep positive and
negative feedback at approximately 50% in reward and neutral conditions. Feedback-related ERPs are
highly sensitive to the probability of positive and negative feedback with less common outcomes
producing increased positive amplitudes among the RewP and FB-P3 components (see San Martin, 2012
for review). Early EMID studies have empirically confirmed that altering the distribution of positive and
negative outcomes significantly impacts the RewP and FB-P3 (Novak & Foti, 2011). However, one major
disadvantage of the adaptive algorithm approach is that behavioral data are difficult to interpret as the
task difficulty changes on a trial-by-trial basis. Therefore, while behavioral data were calculated and
reported to validate the EMID task and adaptive algorithm (see Table 9), statistical analyses were not

performed on reaction times or accuracy rates.

Trilevel Symptom Dimensions: Factor Analyses
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Trilevel symptom dimensions are extracted using factor analytic approach described by Naragon-
Gainey and colleagues (2016). Raw data consisted of self-report questionnaire results from selected
guestionnaire items identical to those described in the original trilevel model (Prenoveau et al., 2010).
These data were analyzed using a latent variable software program (Mplus; Muthen & Muthen, 1998-
2020). Following prior recommendations for categorical outcomes (Muthen et al., 1998), robust weighted
least squares estimation (RMSEA) was utilized for data analysis. Root mean square of approximation was
used to evaluate model goodness of fit with a 90% confidence interval. Sufficient model fit was
determined using RMSEA values of 0.06 or below and Tucker-Lewis and comparative fit indices of 0.95
or above, following prior recommendations (Hu & Bentler, 1999). In Mplus, the DIFFTEST feature was
used to compare between competing models. Models are further evaluated based on their modification
indices and the strength of their parameter estimates.

Initial RO1 analyses from trilevel symptom data collected at baseline revealed similar results to
Naragon-Gainey and colleagues (2016), confirming the presence of an acceptable trilevel structural
model in the RO1 sample. An identical factor analysis will be performed on trilevel symptom data collected
independently at the EEG assessment described in this proposal. However, the EEG assessment
included far less participants than the RO1 and therefore may or may not produce an acceptable model fit.
If a stable model cannot be extracted from the EEG assessment alone due to insufficient power,
parameter estimates extracted from each participant at baseline in the RO1 will be applied to the raw
symptom data collected at the EEG assessment to calculate trilevel factor scores for General Distress,

Fear, and Anhedonia.

ERPs and Trilevel Symptoms: Regression Analysis

The primary goal of this proposal is to examine associations between trilevel symptom
dimensions and electrocortical activity collected at the same time. Associations between ERP
components and symptom dimensions will be tested using linear regression analyses. Gender, age,
handedness, and current medication use (i.e., psychotropic drugs) will be entered as covariates in each
model. These regression analyses will test the core hypotheses of this proposal: 1. During an executive

control task, General Distress and Fear will be associated with elevated ERN while Anhedonia will be
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associated with decreased Pe, 2. General Distress and Fear will be associated with elevated P300 and
LPP following threatening images during an emotional response task, and 3. Anhedonia will be uniquely
associated with several reduced ERPs during a reward processing task during anticipation (Cue-P3,
CNV, and SPN) and outcome (RewP) stages. If any hypotheses are confirmed, follow-up regression
analyses will be performed by entering the remaining symptom dimensions as covariates. These follow-
up analyses will test whether hypothesized associations between electrocortical activity and symptom
profiles representing shared or unique features of anxiety and depression remain significant above and

beyond the remaining symptom dimensions.

Power Analyses

Power analyses were conducted a priori in G*Power 3.1 (Faul et al., 2009) using the “Correlation:
Bivariate normal model” test from the “Exact” test family. A meta-analysis (Moser et al., 2013) found that
the association between anxious apprehension and the ERN contained a moderate effect size (r = .35).
Although no meta-analyses examining the LPP-anxiety and RewP-depression associations exist, one
prior study (MacNamara & Hajcak, 2009) found a significant association with moderate size between
anxiety symptoms and the LPP (r = .36) while a recent finding from our lab (Glazer et al., 2019) found a
significant, moderately sized association between depression symptoms and the RewP (r =.313). To
guide sample size determination, these effect sizes were used with the following specified parameters: “a
err prob” = .05, “Power (1- 3 err prob) = .80”, and “Correlation p HO = 0.” To detect these moderate
associations, results from power analyses indicate a required sample size of approximately 61
participants for the ERN association, approximately 71 participants for the RewP association, and

approximately 58 participants for the LPP association.

Results

Results Overview

For each of the three tasks, separate repeated measures ANOVAs were performed on each ERP
component to evaluate differences between task conditions. Each ANOVA controlled for psychotropic

medications, experiment order, and handedness. Greenhouse-Geisser correction was used for all
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ANOVA analyses and follow-up t-tests were performed to explore significant effects. For each significant
effect, a difference score was calculated by subtracting ERP amplitude in one condition from the other.
Linear regression analyses were performed to evaluate the relationship between these ERP difference
waves and trilevel symptom factors. In each linear regression model, covariates were entered to control
for psychotropic medication, experiment order, handedness, gender, and age. For each significant result,
a second step was added with the addition of the opposing two trilevel symptom factors entered as

covariates.

Executive Control SST Results

SST Behavioral Results

Four behavioral variables were extracted from the SST to verify the validity of the task based on
prior studies (Wessel & Aron, 2015): go-trial reaction time (GoRT), reaction time on failed stop-trials
(FsRT), stop-signal reaction time (SSRT), and accuracy (see Table 9). First, accuracy scores were
between 80-90% (M: 0.833, SD: 0.031), confirming the adaptive algorithm worked as expected. Second,
to validate the task, a two-way ANOVA was performed on reaction time condition (FSRT vs. GORT) with
psychotropic medications, experiment order, and handedness entered as covariates. Results confirmed a
significant effect of condition (F(1, 57) = 8.595, p = .005, np? = .131) with slower reaction times for GORT
(M: 406.725 ms, SD: 85.308) compared to FsRT (M: 351.630 ms, SD: 71.666), validating the SST
paradigm. Finally, as an exploratory analysis, correlations between GoRT, FsRT, and SSRT and each of

the three trilevel symptom factors were performed. No significant effects emerged (ps > .09).

SST ERP Results

Two-way (correct vs. error response) repeated measures ANOVAs were performed separately for
each ERP component (i.e., ERN, early Pe, and late Pe; see Figures 4-6). In each ANOVA, psychotropic
medications, experiment order, and handedness were entered as covariates.

ERN. Results revealed a significant main effect of outcome (F(1, 57) = 8.595, p = .005, np? =
.131) with increased ERN negative amplitude for error responses (M: 3.739, SD: 4.031) compared to

correct responses (M: 5.312, SD: 3.528). No other significant effects emerged (ps > .495).
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Early Pe. Results revealed a significant main effect of outcome (F(1, 57) = 76.832, p < .001, np? =
.574) with increased early Pe positive amplitude for error responses (M: 3.287, SD: 4.449) compared to
correct responses (M: -2.912, SD: 4.822). No other significant effects emerged (ps > .262).

Late Pe. Results revealed a significant main effect of outcome (F(1, 57) = 71.469, p < .001, np? =
.556) with increased late Pe positive amplitude for error responses (M: 8.592, SD: 5.164) compared to

correct responses (M: 0.065, SD: 3.441). No other significant effects emerged (ps > .262).

SST Regression Results

For each ERP component (i.e., ERN, early Pe, and late Pe; see Figure 18), difference waves
were created by subtracting correct response conditions from error response conditions. Three linear
regressions were performed by entering this difference wave ERP component as a predictor of each
trilevel symptom factor (i.e., General Distress, Fears, and Anhedonia). For each regression, psychotropic
medication, experiment order, handedness, gender, and age were entered as covariates. Significant
effects were followed up with a second step adding the opposing trilevel symptom factors as additional
covariates.

ERN. Results revealed a significant model fit between ERN difference wave amplitude and
General Distress (R? = .261, F(1, 55) = 5.245, p = .001), but associations were not significant with Fear (p
=.732) or Anhedonia (p = .200). Increases in General Distress scores significantly predicted increases in
ERN difference wave amplitude (B8 = .281, t(59) = 2.428, p = .018). In the second step with Fear and
Anhedonia entered as additional covariates, the association between General Distress and ERN
difference wave amplitude remained significant (8 = .275, t(53) = 2.303, p = .025).

Early Pe. Results revealed no significant associations early Pe difference wave amplitude and
General Distress (p = .232), Fear (p = .570), or Anhedonia (p = .651).

Late Pe. Results revealed a significant model fit between the late Pe difference wave amplitude
and Fear (R? =.114, F(1, 59) = 2.547, p = .038), but no significant associations emerged for General
Distress (p = .974) or Anhedonia (p = .846). Increases in Fear scores significantly predicted increases in

late Pe difference wave amplitude (8 = .331, t(59) = 2.639, p = .014). In the second step with Fear and
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Anhedonia entered as additional covariates, the association between General Distress and ERN

difference wave amplitude remained significant (8 = .331, t(53) = 2.493, p = .016).

Threat ERT Results

Two-way (correct vs. error response) repeated measures ANOVAs were performed separately for
each ERP component (i.e., P300, early LPP, late LPP; see Figures 7-8). In each ANOVA, psychotropic
medications, experiment order, and handedness were entered as covariates.

P300. Results revealed a significant main effect of condition (F(1, 57) = 27.226, p < .001, np? =
.323) with increased P3 positivity for threatening (M: 7.510, SD: 6.520) compared to neutral (M: 4.171,
SD: 4.819) images. No other significant effects emerged (ps > .187).

Early LPP. Results revealed a significant main effect of condition (F(1, 57) = 6.634, p = .013, np?
=.104) with increased early LPP positivity for threatening (M: 1.310, SD: 5.453) compared to neutral (M: -
0.510, SD: 4.142) images. No other significant effects emerged (ps > .307).

Late LPP. Results revealed no significant effect of condition (p = .133) with no differences
between late LPP positivity for threatening (M: -0.043, SD: 5.246) compared to neutral (M: -1.135, SD:

4.493) images. No other significant effects emerged (ps > .116).

ERT Regression Results

For each ERP component (i.e., ERN, early Pe, and late Pe), difference waves were created by
subtracting neutral image conditions from threatening image conditions. Three linear regressions were
performed by entering this difference wave ERP component as a predictor of each trilevel symptom factor
(i.e., General Distress, Fears, and Anhedonia).

P300. Results revealed no significant associations between P3 difference wave amplitude and
General Distress (p = .150), Fear (p = .246), or Anhedonia (p = .070).

Early LPP. Results revealed no significant model fits between image P3 difference wave
amplitude and General Distress (p = .855), Fear (p = .754), or Anhedonia (p = .806).

Late LPP. No regression analyses were performed for the late LPP due to no significant

differences between conditions as revealed in the ANOVA analyses above.
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Reward EMID Results

EMID Behavioral Results

To validate the EMID task adaptive algorithm produced a rate of approximately 50% positive and
negative feedback, accuracy was calculated separately for reward and neutral conditions. Results
revealed reward (M: 0.500 SD: 0.021) and neutral (M: 0.503, SD: 0.022) conditions both produced
approximately 50% accuracy, validating the EMID paradigm (see Table 9). Reaction times for correct and
incorrect responses were calculated separately for reward and neutral conditions, although these

behavioral measures were not analyzed due to the use of an adaptive algorithm.

EMID Cue ERP Results

Two-way (condition: reward and neutral) repeated measures ANOVAs were performed separately
for each ERP component (i.e., Cue-N2, Cue-P3, and Cue-LPP; see Figures 9-11). In each ANOVA,
psychotropic medications, experiment order, and handedness were entered as covariates.

Cue-N2. Results revealed a significant main effect of cue-condition (F(1, 57) = 15.587, p <.001,
ne? = .215) with decreased negativity for reward (M: 2.759, SD: 4.008) compared to neutral (M: 0.676, SD:
3.771) cues. No other significant effects emerged.

Cue-P3. Results revealed a significant main effect of cue-condition (F(1, 57) = 24.656, p < .001,
ne? = .302) with increased positivity for reward (M: 11.144, SD: 5.150) compared to neutral (M: 7.786, SD:
3.488) cues. No other significant effects emerged.

Cue-LPP. Results revealed a significant main effect of cue-condition (F(1, 57) = 22.277, p < .001,
ne? = .281) with increased positivity for reward (M: 7.764, SD: 3.994) compared to neutral (M: 4.621, SD:

2.907) cues. No other significant effects emerged.

EMID Cue Regression Results

For each ERP component during cue-evaluation (i.e., Cue-N2, Cue-P3, Cue-LPP; see Figure 19),
difference waves were created by subtracting neutral cues from reward cues. For each trilevel symptom
dimension (General Distress, Fear, and Anhedonia), separate linear regressions were performed to

evaluate distinct associations with reward and punishment difference waves. A total of three linear
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regressions were performed by entering these reward and punishment difference waves as a predictor of
each trilevel symptom factor (i.e., General Distress, Fears, and Anhedonia).

Cue-N2. Results revealed a significant model fit between General Distress and Cue-N2
difference waves amplitudes (R? = .238, F(1, 55) = 4.754, p = .001). Increases in General Distress scores
significantly predicted decreases in Cue-N2 difference wave amplitude (8 = -.241, t(59) = -2.014, p =
.049). However, when Fear and Misery were entered as covariates in an additional step, this association
became marginal (8 = -.243, t(59) = -1.996, p = .051). Reward and punishment difference waves
amplitudes were unassociated with Fear (p = .632) or Anhedonia (p = .965).

Cue-P3. Results revealed a significant model fit between General Distress and Cue-P3 difference
waves amplitudes (R2 = .269, F(1, 55) = 5.426, p < .001). Increases in General Distress scores
significantly predicted decreases in Cue-P3 difference wave amplitude (8 = -.300, t(59) = -2.564, p =
.013). This association remained significant when Fear and Misery were entered as covariates in an
additional step (8 = -.306, t(59) = -2.535, p = .014). Reward and punishment difference waves amplitudes
were unassociated with Fear (p = .184) or Anhedonia (p = .619).

Cue-LPP. Results revealed a significant model fit between General Distress and Cue-LPP
difference waves amplitudes (R? = .261, F(1, 55) = 5.232, p = .001). Increases in General Distress scores
significantly predicted decreases in Cue-LPP difference wave amplitude (8 = -.288, t(59) = -2.418, p =
.019). This association remained significant when Fear and Misery were entered as covariates in an
additional step (8 = -.301, t(59) = -2.380, p = .021). Reward and punishment difference waves amplitudes

were unassociated with Fear (p = .074) or Anhedonia (p = .213).

EMID Response ERP Results

Two (accuracy: correct and incorrect) x two (condition: reward and neutral) repeated measures
ANOVAs were performed separately for each ERP component (i.e., Early CNV, Late CNV, and SPN). In
each ANOVA, psychotropic medications, experiment order, and handedness were entered as covariates.

Early CNV. Results revealed a significant main effect of condition (F(1, 57) = 18.042, p < .001,
np? = .240) with an increased early CNV negativity for reward (M: -5.126, SD: 3.281) compared to neutral

(M: -3.240, SD: 2.759) responses. No other significant effects emerged.
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Late CNV. Results revealed a significant main effect of condition (F(1, 57) = 12.571, p = .001, np?
=.181) with an increased late CNV negativity for reward (M: -7.358, SD: 4.903) compared to neutral (M: -
5.547, SD: 3.931) responses. No other significant effects emerged.

SPN. Results revealed a significant main effect of outcome (F(1, 57) = 5.286, p = .025, np? =
.085) with an increased SPN negativity for incorrect (M: -.020, SD: 4.142) compared to correct (M: 1.150,
SD: 3.455) responses. No other significant effects emerged.

EMID Response Regression Results

Early CNV. Results revealed no significant associations between early CNV reward and neutral
difference wave amplitudes for General Distress (p = .137), Fears (p = .480), or Anhedonia (p = .818).

Late CNV. Results revealed no significant associations between early CNV reward and neutral
difference wave amplitudes for General Distress (p = .433), Fears (p = .203), or Anhedonia (p = .522).

SPN. Results revealed no significant associations between early CNV correct and incorrect

difference wave amplitudes for General Distress (p = .633), Fears (p = .161), or Anhedonia (p = .715).

EMID Outcome ERP Results

Two (outcome: positive and negative feedback) x two (condition: reward and neutral) way
repeated measures ANOVAs were performed separately for each ERP component (i.e., RewP, FB-P3,
and FB-LPP; see Figures 14-17). In each ANOVA, psychotropic medications, experiment order, and
handedness were entered as covariates.

RewP. Results revealed a significant main effect of outcome (F(1, 57) = 19.644, p < .001, ny? =
.256) with increased positivity for positive (M: 10.055, SD: 5.475) compared to negative (M: 7.498, SD:
4.578) feedback. Results also revealed a significant main effect of cue-condition (F(1, 57) = 30.516, p <
.001, np? = .349) with increased positivity for reward (M: 11.022, SD: 6.180) compared to neutral (M:
6.531, SD: 3.989) feedback. There was also a significant outcome x cue-condition interaction (F(1, 57) =
14.193, p <.001, np? = .199). To unpack the interaction, positive — negative feedback difference waves
were calculated separately for reward and neutral conditions. Follow-up t-tests revealed the RewP
difference wave for reward feedback was significantly greater than neutral feedback (t(60) = 3.914, p <

.001). No other significant effects emerged.
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FB-P3. Results revealed a significant main effect of outcome (F(1, 57) = 42.745, p < .001, np? =
.429) with increased positivity for positive (M: 12.311, SD: 5.530) compared to negative (M: 9.241, SD:
5.308) feedback. Results also revealed a significant main effect of cue-condition (F(1, 57) = 78.795, p <
.001, np? = .580) with increased positivity for reward (M: 13.709, SD: 6.131) compared to neutral (M:
7.844, SD: 4.727) feedback. There was also a significant outcome x cue-condition interaction (F(1, 57) =
17.364, p <.001, np? = .233). To unpack the interaction, positive — negative feedback difference waves
were calculated separately for reward and neutral conditions. Follow-up t-tests revealed the RewP
difference wave for reward feedback was significantly greater than neutral feedback (t(60) = 3.231, p =
.002). No other significant effects emerged.

FB-LPP. Results revealed a significant main effect of outcome (F(1, 57) = 25.658, p < .001, np? =
.310) with increased positivity for positive (M: 7.745, SD: 3.990) compared to negative (M: 5.193, SD:
3.250) feedback. Results also revealed a significant main effect of cue-condition (F(1, 57) = 25.063, p <
.001, np? = .580) with increased positivity for reward (M: 7.775, SD: 3.886) compared to neutral (M: 5.164,

SD: 3.433) feedback. No other significant effects emerged.

EMID Outcome Regression Results

RewP. Results revealed no significant associations between RewP reward — neutral difference
wave amplitudes for General Distress (p = .716), Fears (p = .970), or Anhedonia (p = .470). For the
positive — negative feedback difference wave in the reward condition, no significant associations emerged
with General Distress (p = .060), Fears (p = .643), or Anhedonia (p = .670).

FB-P3. Results revealed no significant associations between RewP reward — neutral difference
wave amplitudes for General Distress (p = .396), Fears (p = .326), or Anhedonia (p = .400). For the
positive — negative feedback difference wave in the reward condition, no significant associations emerged
with General Distress (p = .273), Fears (p = .893), or Anhedonia (p = .600).

FB-LPP. Results revealed a significant model fit between General Distress and FB-LPP positive
— negative feedback difference wave amplitudes (R? = .251, F(1, 55) = 5.015, p = .001). Increases in
General Distress scores significantly predicted decreases in FB-LPP difference wave amplitude (8 = -

252, t(59) = -2.244, p = .029; see Figure 19). This association remained significant when Fear and
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Misery were entered as covariates in an additional step (8 = -.260, t(59) = -2.271, p = .027). General
Distress was not significantly associated with the reward - neutral difference wave amplitude (p = .292).
No significant associations emerged between the FB-LPP the positive — negative feedback difference
wave or the reward — neutral difference wave for Fear (p = .497, p = .553) or Anhedonia (p = .638, p =

426).

Discussion

The current study examined associations between shared (General Distress) and distinct (Fear
and Anhedonia) symptom dimensions of anxiety and depression and ERP components elicited during
executive control, threat, and reward processing tasks. As predicted, General Distress was uniquely
associated with an increased ERN amplitude during the executive control task. By contrast, Fear was
uniquely associated with increased Pe amplitudes while Anhedonia was unassociated with ERP
amplitudes during executive control. However, contrary to hypotheses, none of the trilevel symptom
factors were associated with ERP amplitudes elicited during the ERT threat processing task. Instead,
General Distress was associated with broadly decreased reward-related neural activity during cue-
evaluation across several ERP components (Cue-N2, Cue-P3, and Cue-LPP) as well as attenuated FB-
LPP amplitudes during feedback processing. By contrast, Anhedonia and Fear were unassociated with
reward-related ERPs. Finally, each result remained significant when controlling for the two opposing
trilevel symptom dimensions, suggesting trilevel factors are well-suited to identify unique
neurophysiological correlates of shared and distinct symptom dimensions of anxiety and depression.
Results reveal important implications for risk, diagnosis, and treatment of anxiety and depression
disorders.

In the following discussion sections, | will first discuss results from the executive control task
(SST) that revealed significant effects for General Distress and Fear, but not Anhedonia. Second, | will
discuss results from the threat processing task (ERT) which revealed no significant associations with any
of the three trilevel factors. Third, | will discuss results from the reward processing task (EMID) that
revealed significant effects for General Distress, but not for Fear or Anhedonia. Forth, | will consider an

important experimental confound that may have significantly distorted feedback-related ERPs during the
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reward processing EMID task. Lasty, | will explore limitations of the present results and potential future

directions before concluding.

Executive Control and General Distress

Results from the executive control task (SST) revealed that General Distress was uniquely
associated with increased ERN amplitudes. The ERN signals an outcome has gone worse than expected
and reflects conflict monitoring processes that covary with activation in the ACC (see Simons et al., 2010
for review; Holroyd et al., 2004; Yeung et al., 2004; Gehring et al., 1993). Decades of clinical
psychophysiological research suggest increased ERN amplitudes may constitute a heritable, trait-like
biomarker that prospectively predicts risk, onset, and treatment of anxiety disorders (Olvet & Hajcak,
2008; Anokhin et al., 2008; see Meyer, 2016 and 2017 for reviews). For example, the ERN is stable in
child and adult populations (Weinberg et al., 2011b; Meyer et al., 2014; Larson et al., 2010) and has
predicted the onset and symptom severity of various anxiety disorders across several different
development periods (Meyer et al., 2015, 2018, 2021). These associations are especially robust for
anxiety disorders charactered by symptom dimensions shared with depression, such as Generalized
Anxiety and Obsessive-Compulsive Disorders (Endrass et al., 2008; Gehring et al., 2000; Weinberg et al.,
2010, 2012a, 2015; Xiao et al., 2011). Elevated ERN amplitudes have also predicted better treatment
outcomes to SSRIs and cognitive behavioral therapy in young adults diagnosed with principal anxiety
disorders (Gorka et al., 2017), yet remained elevated after treatment in youth and adolescents with social
anxiety disorders (Kujawa et al., 2016). Together, these studies suggest the ERN may index a potential
endophenotype reflecting trait-like vulnerability for anxiety disorders.

The present results provide novel evidence that ERN-anxiety associations are driven by symptom
dimensions shared with depression rather than symptoms specific to anxiety disorders. Contrary to
predictions, Fear was unassociated with ERN amplitudes, suggesting General Distress is uniquely
associated with the ERN. In support, several previous studies indicate elevated ERN amplitudes are
associated with symptoms of cognitive worry, which are shared with depression and load strongest onto
General Distress, but not symptoms of anxious arousal, which are specific to anxiety disorders and load

strongest onto Fear (Weinberg et al., 2012a; Vaidyanathan et al., 2012; Hajcak et al., 2003; Moser et al.,
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2005, 2012). Furthermore, symptoms of worry among healthy college undergraduates are also
associated with increased ERN amplitudes (Moser et al., 2011; Hajcak et al., 2003), suggesting the
worry-ERN relationship may reflect a transdiagnostic phenotype that characterizes a continuum of
executive control dysfunction rather than a distinct category (Watson, 2005; Brown & Barlow, 2009). The
present results are the first to demonstrate ERN-specific associations with the trilevel factor of General
Distress continue hold above and beyond unique symptom dimensions of Fear and Anhedonia,
supporting the transdiagnostic utility of the ERN as an index of shared, rather than distinct, symptom
dimensions of anxiety and depression.

Despite increased ERN amplitudes, General Distress was unassociated with behavioral
measures of reaction time (i.e., GORT and FsRT) or response inhibition (i.e., SSRT). Compensatory error
monitoring theories maintain that this pattern of increased ERN amplitude without corresponding deficits
in behavioral performance is driven by the deleterious impact of cognitive worry on executive control,
reflecting the “hidden cost” of anxiety (Moser et al., 2013; Berggren & Derakshan, 2013). Under these
accounts, worrisome thoughts compete for limited cognitive and attentional resources that would
otherwise be allocated to the executive control task (Beilock, 2008, 2010). This cognitive interference
reduces neural efficiency (Eysenck & Calvo, 1992; Eysenck et al., 2007), requiring compensatory
increases in cognitive effort to achieve comparable behavioral performance. In other words, symptoms of
worry decrease neural efficiency, but not necessarily effectiveness, which is maintained via increased
compensatory effort indexed by the ERN (Moran et al., 2012; Moser et al., 2012). As task difficulty
increases, ERN amplitude decreases (Pailing & Segalowitz, 2004; Scheffers & Coles, 2000), and
compensatory effort may become insufficient to offset the deleterious impact of worry on performance
(Beilock, 2008, 2010; Ramirez et al., 2012; Beilock & Carr, 2005). However, the current results suggest
that the SST was of low enough difficulty where increased ERN amplitudes associated with elevated
General Distress scores were sufficient compensatory neural responses that maintained normal levels of

behavioral performance.

Executive Control and Fear
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Beyond the ERN, increased late Pe amplitudes for error compared to correct responses were
significantly associated with Fear, but not General Distress or Anhedonia. Several studies have linked the
late Pe to attentional control and context updating mechanisms involved in adaptive post-error behavioral
adjustments during executive control tasks (Moser et al., 2011; Schroder et al., 2017, 2020), especially
processes involved in error awareness (Endrass et al., 2005; Leuthold & Sommer, 1999; Nieuwenhuis et
al., 2001). For example, when participants subjectively reported their error awareness after each trial,
unreported errors continued to elicit an ERN yet did not elicit a Pe (Nieuwenhuis et al., 2001; Endrass et
al., 2005; Overbeek et al., 2005; O’Connell et al., 2007; Shalgi et al., 2009; Dhar et al., 2011; Murphy et
al., 2012). In the current study, the Fear-Pe relationship is likely driven in part by increased attentional
processing and conscious awareness of mistakes, although this effect did not result in performance
differences as Fear was unassociated with behavioral measures. Compensatory models of error
monitoring suggest this pattern of results may reflect a compensatory attentional mechanism that
enhances context updating after mistakes to offset the deleterious effect of Fear-related anxiety
symptoms on behavioral performance (Moser et al., 2013).

In contrast to compensatory models that rely on cognitive aspects of error processing, alternative
defensive reactivity theories propose that errors represent aversive events that pose threats to safety that
may require immediate attention and corrective action (Hajcak & Foti, 2008). These theories draw from
recent evidence that the Pe also indexes motivational and affective processing of errors that are essential
to facilitate behavioral change and improve future performance (Ridderinkhof et al., 2009; Endrass et al.,
2012b; Pailing & Segalowitz 2004; Kim et al., 2017; Leuthold & Sommer, 1999). Errors are known to elicit
a rapid cascade of physiological processes before and beyond their neurocognitive effects, such as
changes in skin conductance, heart rate variability, and potentiated startle reflexes (Hajcak et al., 2003,
2004, 2008). According to these accounts, the ERN and Pe may reflect neural markers of defensive
reactivity involved in mobilizing defensive motivational systems after mistakes (Hajcak, 2012; Weinberg et
al., 2012b), suggesting an enhanced Pe may reflect hypervigilance to internal signals of threat. In
support, decades of prior research have documented a hyperactive threat processing among fear-related
anxiety disorders and symptom dimensions (Craske & Vervliet, 2013). Therefore, while General Distress-

ERN associations may be due to the impact of cognitive worry on neural efficiency during executive
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control, Fear-Pe associations may be driven by this hypervigilance to threating information that emerges
with the conscious awareness of error recognition. Furthermore, Fear-Pe and General Distress-ERN
associations remained significant while controlling for the two opposing trilevel symptom dimensions,
indicating these associations are independent and unique. Together, these results that the ERN and Pe
index unique error-related neural dysfunction that may differentiate between shared symptom profiles of
anxiety and depression and specific symptom profiles related to anxiety disorders. The ERN and Pe may
therefore constitute promising neurophysiological correlates of differential risk, diagnosis, and treatment
for anxiety and depression disorders.

The present results may also resolve several inconsistencies among prior studies. First, unlike
the ERN, associations between the Pe and anxiety disorders among prior research are less frequently
studied and are often inconsistent. For example, several studies have reported associations between
anxiety disorders and increased ERN amplitudes across several different development periods but failed
to observe significant associations between anxiety and Pe amplitudes among these same participants
(Weinberg et al., 2010; Ladouceur et al., 2006; McDermott et al., 2009; Ruchsow et al., 2005). By
contrast, in a more recent intervention study, increased Pe amplitudes predicted better treatment
responses to cognitive behavioral therapy in a sample population with social anxiety and major
depressive disorders (Kinney, 2021). Second, our results revealed that Anhedonia was unassociated with
either the ERN or the Pe, contrary to predictions. Previous research investigating the ERN in depressed
populations is also mixed, with some studies reporting depression disorders are associated with
increased ERN amplitudes (Chiu & Deldin, 2007; Holmes & Pizzagalli, 2008, 2010) and others reporting
no differences or significantly attenuated ERN amplitudes (Olvet et al., 2010; Ruchsow, Herrnberger, et
al., 2004, 2006; Schrijvers et al., 2008, 2009). Our results provide novel empirical evidence that these
inconsistences among prior studies may be due to the relative distribution of shared and distinct
symptoms among their sample populations, consistent with previous suggestions (Olvet et al., 2010).
That is, only samples with relatively increased symptoms of Fear unique to anxiety disorders may display
significant associations with Pe amplitudes while increases in shared symptoms of General Distress may

not. On the other hand, depressed samples with elevated shared symptoms of General Distress may
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display increased ERN amplitudes, especially those high in worry, while those with primarily increased
symptoms of Anhedonia unique to depression disorders may not.

The present results also suggest an alternative explanation for inconsistent anxiety-Pe
relationships reported among prior studies may be due to ERP measurement differences that may
significantly impact associations with Fear. Fear was only significantly associated with enhanced late Pe
amplitudes in the current study while most studies have focused only on the early Pe component. Using
independent and principal component analysis, prior studies have shown that only the late, centroparietal
Pe is essentially related to the conscious awareness of mistakes while earlier and frontocentral Pe
components are not (Endrass et al., 2007, 2012a, 2012b). In fact, using single-trial analysis, Murphy and
colleagues (2012) demonstrated that the centroparietal Pe peak latency precisely tracked the emergence
of error awareness rather than error commission, with increased latency associated with diminished Pe
amplitudes. It is possible that Fear-Pe relationships may reflect extended motivated attentional processes
involved in the conscious awareness of mistakes, rather than quicker, automatic processes such as error

detection characteristic of the ERN.

Threat

Results revealed that none of the three trilevel symptom factors were associated with P3 and LPP
components elicited by threatening images during the ERT, contrary to predictions that General Distress
and Fear would increase threat-related P3 and LPP amplitudes. Despite no significant associations with
trilevel factors, ERP results revealed that threatening images elicited increased P3 and early LPP
amplitudes compared to neutral images, indicating the task successfully elicited threat-related neural
activity reported in prior studies (see Hajcak & Foti, 2020 for review). These results conflict with several
prior studies that have linked similar threat-related increases in LPP amplitudes to anxiety disorders and
symptom dimensions of anxiety. For example, prior work has observed increased threat-related LPP
amplitudes across several anxiety disorders characterized by symptom dimensions of Fear (Bar-Haim,
Lamy and Glickman, 2005; Mocaiber et al., 2009; Kujawa et al., 2015, 2016), such as panic (Pauli et al.,
1997) and phobia disorders (Moser et al., 2008; Miltner et al., 2005; Michalowski et al., 2009). Related

research has also linked unique symptom dimensions of anxiety to increased threat-related LPP
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amplitudes, such as automatic arousal and trait anxiety (Cuthbert et al., 2000; Mocaiber et al., 2009;
MacNamara & Hajcak, 2010; MacNamara et al. 2011) which load strongest onto the trilevel Fear factor.
Although increased threat-related LPP amplitudes have even predicted familial risk for fear-related
anxiety disorders (Nelson et al., 2015), our results indicate anxiety-LPP associations may be less robust
than this line of literature suggests.

By contrast, this threat-related LPP effect has also been observed among anxiety disorders that
share several symptom dimensions with depression, such as generalized and social anxiety disorder
(MacNamara & Hajcak, 2010; Kujawa et al., 2016). Two studies have replicated these effects for shared
symptom dimensions of worry and negative affect that load strongest onto the General Distress factor
(Moser et al., 2014; MacNamara, 2018). Although few LPP studies have parsed symptom dimensions of
anxiety and depression, in one recent study both generalized anxiety disorder and symptom dimensions
of anxiety were associated with increased LPP amplitudes for emotional images, even when controlling
for depression diagnosis and dimensional depression symptom scores (MacNamara et al., 2016). In
opposition to these prior studies, the current study found no association with General Distress, suggesting
that increased threat-related LPP amplitudes may not emerge when symptom dimensions of anxiety and
depression are carefully separated via the trilevel model.

Although previous research generally supports a connection between anxiety disorders and
threat-related ERPs, the present null results add to an increasingly complex, inconsistent, and often
contradictory emerging literature. For example, while some studies have observed increased threat-
related LPP amplitudes were associated with shared symptoms of worry and negative affect that load
strongest onto the General Distress factor (MacNamara, 2018; Moser et al., 2014), other studies reported
decreased LPP amplitudes to various emotional stimuli were associated with familial risk for distress
disorders, including major depression and generalized anxiety (Nelson et al., 2015). Furthermore, in one
study, shared symptoms of worry were associated with increased threat-related LPP amplitudes even
when controlling for state-related anxiety symptoms (Burkhouse et al., 2015) while another study reported
high worriers displayed reduced LPP amplitudes to threatening and emotional stimuli (Grant et al., 2015).
Prior studies investigating generalized anxiety disorder have also reported increased LPP amplitudes

(MacNamara & Hajcak, 2010), decreased LPP amplitudes (Weinberg & Hajcak, 2010), or observed no
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significant effects (Weinberg et al., 2016). In a rare study that parsed symptom dimensions of anxiety and
depression, anxiety disorders were unrelated to LPP amplitudes regardless of comorbidity with
depression (Weinberg et al., 2016), an effect consistent with the null effects reported here.

Although a stable relationship between the threat-related P3 and LPP and symptoms of anxiety
and depression may not exist, one alternative reason for the present null effects may be state-related
influences on LPP amplitudes, especially related to fatigue and exhaustion. In the current study, all
participants completed the ERT last (i.e., approximately two-hours into study) to prevent carry over effects
on subsequent tasks from potentially increased state-anxiety levels, an effect reported in prior research
(Pedersen & Larson, 2016). Furthermore, several prior studies have linked decreased P300 and LPP
amplitudes to increased fatigue (Sabeti et al., 2018; Cheng et al., 2007; Faber et al., 2012; Mun et al.,
2014), suggesting the current results may have been driven by decreased task engagement (Hopstaken
et al., 2016; Boksem et al., 2005). For example, depression disorders and symptom dimensions of
depression have been associated with blunted LPP amplitudes to positive and emotional stimuli (Sandre
et al., 2019; Weinberg et al 2016; MacNamara et al., 2016), putatively reflecting decreased task
engagement and affective processing of positive information. Furthermore, several studies have shown
that state-related symptoms of anxiety and depression, such as state-anxiety and state-related decreases
in motivation, have significantly and independently impacted threat-related LPP amplitudes beyond trait-
related symptoms dimensions, such as trait-anxiety and worry (Weinberg et al., 2016; Chronaki et al.,
2018; MacNamara & Hajcak, 2009; Kujawa et al., 2016). In another study, working memory load was
found to decrease LPP amplitudes, but this effect was attenuated by increased state anxiety symptoms
(MacNamara et al., 2011). Together, these inconsistencies suggest state-related influences may
constitute an important confound when investigating trait-like symptom dimensions of anxiety and
depression. One limitation of the current study is that state-like measures of anxiety and depression were
not included. Future studies should consider the influences of state-related measures on P3 and LPP

amplitudes during threat processing tasks in the context of anxiety and depression.

Reward and General Distress
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Contrary to predictions, results from the EMID reward task revealed General Distress was
associated with decreased cue-related neural activity during the EMID reward processing task, while no
significant effects emerged for Anhedonia or Fear. Specifically, General Distress was associated with
broadly decreased reward-related neural activity across three separate ERP components elicited during
cue-evaluation (i.e., Cue-N2, Cue-P3, and Cue-LPP). Although many studies have examined feedback-
related ERPs during outcome processing in the context of anxiety and depression, to the author’s
knowledge the present results are the first to directly link shared symptoms of anxiety and depression to
cue-related ERP components during reward processing. Therefore, future studies of anxiety and
depression that examine reward-related ERP components during cue-evaluation are needed to confirm
these preliminary results.

Taken together, results indicate General Distress was associated with sustained reductions in
ERP amplitudes for reward compared to neutral cues from approximately 200-800 ms post-cue onset.
Significant effects emerged across three separate ERP components associated with distinct
neurophysiological correlates, scalp topographies, and psychological processes (see Glazer et al., 2018
for review). First, the Cue-N2 is a conflict monitoring ERP component that covaries with activation in the
ACC and tracks template mismatches between expected reward cues and neutral cue stimuli
(Pornpattananangkul & Nusslock, 2015; Donkers et al., 2005; Gehring et al., 1993; Folstein & Van Petten,
2008). Results revealed General Distress was associated with decreased template mismatches between
reward and neutral cues, reflecting reduced reward-related conflict monitoring during cue-evaluation
(Nieuwenhuis et al., 2003; Yeung et al., 2004). Next, the Cue-P3 reflects stimulus categorization and
context updating and covaries with activation in the ventral straitum in addition to several other regions
(Goldstein et al., 2006; Hughes et al., 2013; Pfabigan et al., 2014; Donchin & Coles, 1998; Johnson &
Donchin, 1980; see Polich, 2007 for review). Recent studies have also linked the Cue-P3 to motivated
attention that facilitates goal-oriented actions and approach-related behaviors to maximize upcoming
potential rewards (Broyd et al., 2012; Goldstein et al., 2006; Pfabigan et al., 2014; Pornpattananangkul &
Nusslock, 2015; Novak & Foti, 2015). The present results suggest General Distress is associated with
reduced motivational significance and attenuated context updating of reward compared to neutral cues.

Finally, although few studies have examined the LPP during reward processing, related studies suggest
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the Cue-LPP encodes the affective impact of emotional stimuli in working memory (Olofsson et al., 2008)
and covaries with activation in the amygdala and visual cortex (Bradley et al., 2003). In contrast to the
threat-related LPP elicited by threatening images in the ERT, a passive image viewing task that did not
require any behavioral responses, the reward-related Cue-LPP elicited during cue-evaluation likely
indexes additional cognitive-affective encoding of reward cues to facilitate upcoming behavioral
responses and reward pursuit during subsequent motor preparation and feedback anticipation stages
(Von Borries et al., 2013; San Martin et al., 2013; Trimber & Luhmann, 2017). Together, these results
suggest General Distress was broadly associated with reduced conflict monitoring, motivated attention,
and affective impact of reward cues.

Initially, these findings appear to conflict with the results from the executive control task (SST)
where General Distress was associated with increased conflict monitoring, as indexed by the ERN.
Although few studies have examined associations between anxiety and depression disorders and cue-
related ERPs during the EMID, important differences between executive control and reward processing
tasks may provide valuable insight. Recall that compensatory error processing models suggest General
Distress is associated with increased conflict monitoring due to worry-driven neural inefficiency, requiring
compensatory increases in the ERN to normalize behavioral performance (Moran et al., 2012; Moser et
al., 2012, 2013). This effect is presumably related to increased neural competition between top-down,
goal-orientated cognitive control systems directed toward task performance and bottom-up, stimulus-
driven attentional systems directed toward salient and threating information (Eysenck et al., 1992, 2007).
When no external source of threat or distraction is present, internal worry may become distracting and
deplete goal-driven neural resources (Moser et al., 2013). These two competing systems are described in
a recent dual mechanisms of control theory (DMC: Braver et al., 2007; Braver, 2012). Under this account,
proactive control involves anticipatory maintenance of goal-related information efficiently sustained over
time while reactive control involves transient stimulus-driven reactivation of goal-related information that
rapidly mobilizes cognitive resources only when they are immediately required.

Emerging evidence from studies that implement similar cue-response experimental tasks as the
EMID indicate anxiety disorders, especially symptoms of increased cognitive worry, bias reactive control

systems via decreased cue-related processing and increased compensatory response-related processing
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(Gray et al., 2005; Fales et al., 2008; Krug & Carter, 2010, 2012). Unlike response errors generated in
executive control tasks that may require transient reactivation in a “just in time” or “late correction”
manner, reward and neutral cues in the EMID task do not require any behavioral responses. In fact, there
is a lengthy 3000 ms delay between cue and target presentation in the EMID task used in the current
study. It is possible that cue-evaluation during the EMID favors proactive maintenance of task goals and
rules not only in service of conflict monitoring, indexed by the Cue-N2, but also during stimulus
categorization and extended affective processing, indexed by the Cue-P3 and Cue-LPP. According to this
interpretation, General Distress is associated with sustained attenuation of reward-related ERPs during
cue-evaluation due to an overreliance on reactive control that prevents proactive categorization,
integration, and affective evaluation of reward cues.

However, under DMC accounts, reduced proactive control should also attenuate sustained “slow
wave” activity, such as the CNV and SPN, perhaps even more-so than quicker cue-related ERPs. By
contrast, General Distress was not associated with either the CNV or the SPN in the current study,
suggesting potentially intact reward-related neural functioning during motor preparation and feedback
anticipation. As mentioned previously, these results are preliminary and require future studies to confirm
these unique associations between General Distress and cue-related neural dysfunction during reward
anticipation. One promising route would be to manipulate the EMID delay between cue and target
presentation to probe whether shorter durations may produce results similar to speeded cognitive control
tasks.

Finally, General Distress was also associated with a decreased FB-LPP difference between
positive and negative feedback during outcome processing. While the FB-LPP reflects similar processes
associated with context updating and motivational salience as the Cue-LPP, positive and negative
feedback in the EMID task also delivers important performance information that can be used to update
predictive models and maximize future rewards across both reward and neutral conditions. Therefore, it is
possible that the FB-LPP may also index goal-directed processes characteristic of proactive control.
However, outcome processing stages are difficult to interpret in the present study due to an important
experimental confound that likely introduced strong salience effects on feedback-related ERPs, discussed

in detail in the following sections. This experimental confound may have artificially inflated differences
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between feedback conditions, especially differences between positive and negative feedback, which were
associated with General Distress, and therefore these results should be replicated in future studies that

control for this experimental confound.

Reward and Anhedonia

Contrary to predications, Anhedonia was unassociated with reward-related ERPs during
anticipation and outcome in the EMID task, including the RewP. Although substantial prior research has
linked depression disorders and symptoms of anhedonia to reduced RewP amplitudes (Proudfit, 2015),
the null relationship reported here may be due to statistical power concerns. For example, a-priori power
analyses indicate 78 participants were required to detect Anhedonia-RewP associations. For this reason,
79 participants were recruited and completed the EMID task. However, in the current study, only
participants who completed all three tasks and the trilevel symptom questionnaires were included,
resulting in a final sample size of 61. This approach was chosen to analyze the neural correlates of
trilevel symptom dimensions across executive control, threat, and reward processing domains within the
same subjects. Although a priori power analyses indicated that our final sample size of 61 is appropriately
powered for all other hypotheses examined in the present study, this final sample size may be
underpowered to detect specific Anhedonia-RewP associations. Although a priori power calculations were
not conducted to determine the appropriate sample size to detect associations between Anhedonia and
reward-related ERPs during anticipation stages due to a lack of prior research in this area, these
anticipation-related associations may also require similarly increased sample sizes to detect significant
effects. Future studies should examine whether increased sample sizes may produce significant
associations between trilevel factor scores of Anhedonia and the RewP and whether increased sample
sizes may also produce significant associations among other stages of reward processing, such as cue-
evaluation, motor preparation, and outcome processing.

An alternative explanation for the null Anhedonia-RewP association in the current study is that
our feedback-related ERP data were significantly impacted by an experimental confound. Specifically,
results from a recent study using an identical EMID task design suggest that feedback-related ERPs in

the current study, including the RewP, may have been artificially inflated due to stimulus frequency
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differences in the presentation of feedback stimuli (Glazer and Nusslock, 2022). Previous studies have
confirmed that outcome probability, that is the proportion of positive and negative feedback, significantly
impacts RewP amplitudes, with less common outcomes producing increased RewP positivity (San Martin,
2012). The current study attempted to control for this potential experimental confound in the EMID task
using an adaptive algorithm that kept the ratio of positive to negative feedback at approximately 50% in
both the reward and neutral condition. Although this algorithm successfully produced a positive-to-
negative feedback ratio of 50%, Glazer and Nusslock (2022) showed that there are two types of outcome
probability: a given feedback stimulus, or stimulus-level (i.e., +$1.50), and what that stimulus abstractly
represents, or representation-level (i.e., monetary gain). At the representation-level, the ratio of positive
and negative feedback in the current study was successfully kept at 50% for both the reward and neutral
condition. However, at the stimulus-level, positive and negative feedback stimuli consisted of “+$1.50”
and “-$0.00” in the reward condition and “+$0.00” and “-$0.00” in the neutral condition. In this way, the
negative feedback stimulus of “-$0.00” was presented twice as often as the positive feedback stimuli
because it was used to denote negative feedback in both the reward and neutral condition.

Using temporospatial principal component analysis, Glazer and Nusslock (2022) showed that
infrequent outcomes at the stimulus-level (i.e., “+$1.50” and “+$0.00") elicited strong salience effects
across several feedback-related ERP components that may artificially inflate RewP and FB-P3
differences between positive and negative feedback conditions. Therefore, it is likely thar reward-specific
variation in the RewP captured by differences between positive and negative feedback conditions, a
measure linked to Anhedonia, was confounded by an overlapping positivity driven by the salience of
infrequent feedback stimuli. This experimental confound makes it difficult to draw conclusions from the
lack of an association between Anhedonia and feedback-related ERPs in the current study. Furthermore,
this overlapping positivity may have also contributed to the significant relationship between General
Distress and the FB-LPP component. Therefore, the association between General Distress and FB-LPP
amplitudes reported in the current study may have been driven by increased salience of infrequent
feedback stimuli (i.e., stimulus-level) rather than reward-specific variation captured by the difference
between positive and negative feedback outcomes (i.e., representation-level). However, importantly, this

experimental confound was specific to feedback stimuli and only impacted reward outcome stages (i.e.,
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RewP, FB-P3, and FB-LPP) while anticipatory ERP components were unaffected. Future research should
further examine associations between feedback-related ERPs and trilevel symptom factors while
controlling for both representation-level and stimulus-level outcome probability effects.

Limitations.

The current study has several limitations. First, as described above, feedback-related ERPs in the
reward EMID task were likely distorted due to differences in stimulus frequency that have recently been
shown to inflate differences between positive and negative feedback conditions (Glazer et al., 2022). This
experimental confound makes it difficult to interpret novel associations between General Distress and FB-
LPP amplitudes as well as the null associations between Anhedonia and RewP amplitudes. However,
importantly, this experimental confound was limited to feedback stimuli and therefore did not influence
reward-related ERPs elicited during anticipation stages. Second, no state measures were administered in
the current study due to time constraints and therefore state-related differences in anxiety and depression
symptom dimensions may have contributed to the present results. For example, previous research
suggests state-related differences in anxiety, motivation, and especially fatigue may have contributed to
the null associations between trilevel symptom dimensions and threat-related ERP amplitudes during the
ERT task. Third, the participant sample consisted of mostly females recruited from the community that
displayed a normalized distribution of trilevel symptom scores. Although the strength of this approach
allowed for regression analyses that examined linear relationships between symptom dimensions and
electrocortical activity, this approach is also unable to detect nonlinear associations that may depend on a
more extreme symptom distribution. For example, it is possible that Fear-ERN associations may depend
on severe symptom presentations while the GD-ERN relationship may emerge even among non-anxious
individuals at increased risk for anxiety disorders. Future research is needed to probe trilevel model
symptom distributions and their corresponding neural correlates in clinical samples of anxiety and
depression.

Lastly, although the parent RO1 collected trilevel symptom measures on these same participants
at four separate time-points across a three-year longitudinal period, analyses in the current study were
limited to cross-sectional data collected during a single EEG assessment. The final sample size was

limited to participants already enrolled in the parent RO1 who volunteered to participate in this optional
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EEG assessment, which was conducted at variable timepoints depending on participant availability to
maximize final sample size. Only participants that completed all tasks and questionnaire measures were
included to evaluate the neural correlates of the trilevel symptom dimensions in the same subjects.
However, while a secondary goal of the current study was to evaluate associations between
electrocortical activity and change in trilevel symptoms over time, the final sample size of 61 participants
was inadequate to detect these longitudinal effects with sufficient statistical power. Extending the current
results to longitudinal and prospective analyses are promising directions for future research. Finally, this
sample size may also have been insufficient to detect associations between Anhedonia and RewP

amplitudes, which an a priori power analyses indicated may require at least 78 participants.

Conclusions

The current study is the first to examine associations between shared (i.e., General Distress) and
distinct (i.e., Fear and Anhedonia) symptom dimensions of anxiety and depression and abnormal
electrocortical activity during executive control, threat, and reward processing tasks. Each task leveraged
the strong temporal resolution of ERP to measure several different ERP components that reflect
independent psychological processes, display distinct scalp topographies, and covary with separate
neuroanatomical correlates. Results revealed that General Distress was uniquely associated with
increased ERN amplitudes and Fear was uniquely associated with increased Pe amplitudes during the
executive control task. The ERN and Pe may therefore constitute promising neurophysiological correlates
of differential risk, diagnosis, and treatment for anxiety and depression disorders. However, contrary to
predictions, no significant associations emerged between threat-related ERPs and trilevel symptom
factors were found. Finally, results revealed novel associations between General Distress and broad
reductions in cue-related ERPs during the reward processing task across the Cue-N2, Cue-P3, and Cue-
LPP. These results suggest General Distress may be characterized by increased conflict monitoring
during executive control and stage-specific reductions in reward-related brain function during cue-
evaluation. Together, these results reveal for the first time that shared and distinct trilevel symptom
dimensions of anxiety and depression are associated with specific neurophysiological profiles of

electrocortical activity across separate processing domains. This preliminary evidence supports the



60

potential clinical utility of electrophysiology and trilevel models that may ultimately help detect risk,

improve diagnosis, and develop targeted treatments informed by contemporary neurophysiology.
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Figures.
Figure 1.

Executive Control: Stop Signal Task (SST)
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Stop Signal (10%)
~50 ms based on reaction time
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Figure 1 shows the SST trial structure. On 90% of trials, a white arrow is presented for a duration
matched to the participant reaction time. Participants respond as quick as possible. On 10% of trials, a
red arrow (“stop signal”) replaces the white arrow a short time after presentation depending on participant
reaction time. Participants are instructed to withhold their response on these trials. The error-related
negativity (ERN) and error-positivity (Pe) are measured following erroneous responses after red arrows
while the correct-related negativity (CRN) and Pe on correct trials are measured following correct
responses after white arrows. A fixation cross is presented during the inter-trial-interval (ITI) jittered

between 500 and 1000 ms.



62

Figure 2.

Threat: Emotional Responsivity Task (ERT)

ERP Component: P300 Late-Positive Potential (LPP)
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Figure 2 shows the ERT Trial Structure. Before each trial, a fixation cross is presented for 2000
ms. Next, a threatening or neutral image is presented that remains on the screen for 7000 ms. 1000 ms
after image presentation, an audio cue is delivered through speakers. After neutral images, the audio cue
“Look” is presented instructing participants to view the picture naturally. After threatening images, the
audio cue “Maintain” is presented instructing participants to feel what they naturally feel without changing

their emotion.
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Figure 3.

Reward: Electrophysiological Monetary Incentive Delay Task (EMID)
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Figure 3 shows the EMID Trial Structure. Before each trial, a fixation cross is displayed for 2000
ms during the inter-trial-interval (ITI). After the ITI, cues before each trial displayed for 1000 ms indicate
whether participants can win money (“Win $1.50”) in reward conditions or receive performance-only
feedback not associated with monetary outcomes in the neutral condition (“Win $0.00”). The Cue-N2,
Cue-P3, and Cue-LPP are measured following these reward and neutral cues. Next, a fixation cross is
displayed and jittered between 1500 and 2000 ms after the cue where participants “get ready” to respond
to an upcoming target stimulus. The CNV in measured before the response. Next, a target stimulus (white
box) is displayed for a duration matched to participant reaction time to keep outcomes at 50%. After the
response, another fixation cross is displayed for 2000 ms where the SPN is measured in anticipation of
feedback. Finally, feedback in presented for 1500 ms that represents positive (i.e., participants responded
quickly enough) or negative (i.e., too slow responses) feedback. In reward conditions, positive feedback
indicates monetary earnings of $1.50 while negative feedback indicates no earnings (i.e., $0.00). The

RewP, FB-P3, and FB-LPP are measured after the feedback stimulus.



Figure 4.

Executive Control SST: ERN Waveforms
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Figure 4 shows the average waveforms for the executive control SST at electrode FCz. In each
panel, shaded regions indicate the error-related negativity (ERN) mean measurement period time-locked
to the response at 0 ms. Panel A: Grand average waveform showing the ERN for correct responses
(heavily dashed black line), incorrect responses (lightly dashed black line), and the incorrect — correct
responses difference wave (solid black line). Panel B: Average waveform showing the ERN for correct
(dashed lines) and incorrect (solid lines) responses separated by low (black lines) and high (blue lines)
median split General Distress scores. Panel C: Average waveform showing correct — incorrect ERN

difference wave for median split General Distress scores.



Figure 5.

Executive Control SST: Pe Waveforms
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Figure 5 shows the average waveforms for the executive control SST at electrode Pz. In each
panel, shaded regions indicate the early and late error-positivity (Pe) mean measurement period time-
locked to the response at 0 ms. Panel A: Grand average waveform showing the early and late Pe for
correct responses (heavily dashed black line), incorrect responses (lightly dashed black line), and the
incorrect — correct responses difference wave (solid black line). Panel B: Average waveform showing the
early and late Pe for correct (dashed lines) and incorrect (solid lines) responses separated by low (black
lines) and high (blue lines) median split Fear scores. Panel C: Average waveform showing correct —

incorrect early and late Pe difference wave for median split Fear scores.
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Figure 6.

Executive Control SST: ERN and Pe Scalp Topographies
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Figure 6 shows the scalp map topographies for the executive control SST generated from
incorrect — correct difference waves as the mean amplitude in the window of measurement for the ERN,
early Pe, and late Pe. Panel A: Grand average scalp topographies for the ERN (left), early Pe (middle),
and late Pe (right). Panel B: Scalp topographies for the ERN (left) and late Pe (right) median split by

General Distress (high: bottom left, low: top left) and Fear (high: bottom right, low: top right) scores.



Figure 7.

Threat ERT: P300 and LPP Waveforms
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Figure 7 shows the average waveforms for the threat ERT. In each panel, threatening or neutral

images are presented at 0 ms followed by a “maintain” or “look” audio cue presented at 1000 ms. Panel

A: Grand average waveform showing at electrode Pz showing the P300 following neutral (heavily dashed

line) and threatening (lightly dashed line) images as well as the threat — neutral difference wave (solid

line). Shaded region indicates mean measurement period for the P300. Panel B: Grand average

waveform showing at electrode FCz showing the early and late LPP following neutral (heavily dashed
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line) and threatening (lightly dashed line) images as well as the threat — neutral difference wave (solid

line). Shaded region indicates mean measurement period for the early LPP (left) and late LPP (right).

Figure 8.

Threat ERT: P300 and LPP Scalp Topographies

Early LPP Late LPP

Figure 8 shows the scalp map topographies for the threat ERT. Topographies were generated
from threat - neutral difference waves as the mean amplitude in the window of measurement for the P300

(left), early LPP (middle), and late LPP (right).



Figure 9.

Reward EMID: Cue-N2 Waveforms
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Figure 9 shows the average waveforms for the cue-evaluation period of reward anticipation
during the EMID task at electrode Fz. In each panel, shaded regions indicate the Cue-N2 mean
measurement period time-locked to the cue stimulus at 0 ms. Panel A: Grand average waveform showing
the Cue-N2 for reward cues (lightly dashed black line), neutral cues (heavily dashed black line), and the
reward — neutral cue difference wave (solid black line). Panel B: Average waveform showing the Cue-N2
for reward cues (lightly dashed black line) and neutral cues (heavily dashed black line) separated by low
(black lines) and high (blue lines) median split General Distress scores. Panel C: Average waveform

showing reward — neutral cue difference wave for median split General Distress scores.



Figure 10.

Reward EMID: Cue-P3 and Cue-LPP Waveforms
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Figure 10 shows the average waveforms for the cue-evaluation period of reward anticipation
during the EMIDs task at electrode Pz. In each panel, shaded regions indicate the Cue-P3 (left) and Cue-
LPP (right) mean measurement period time-locked to the cue stimulus at 0 ms. Panel A: Grand average
waveform showing the Cue-P3 and Cue-LPP for reward cues (lightly dashed black line), neutral cues
(heavily dashed black line), and the reward — neutral cue difference wave (solid black line). Panel B:
Average waveform showing the Cue-P3 and Cue-LPP for reward cues (lightly dashed black line) and
neutral cues (heavily dashed black line) separated by low (black lines) and high (blue lines) median split
General Distress scores. Panel C: Average waveform showing reward — neutral cue difference wave for

median split General Distress scores for the Cue-P3 and Cue-LPP.
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Figure 11.
Reward EMID: Cue-N2, Cue-P3, and Cue-LPP Scalp Topographies
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Figure 11 shows the scalp map topographies for the cue-evaluation period of reward anticipation
during the EMID task. Topographies were generated from reward — neutral difference waves as the mean
amplitude in the window of measurement for the Cue-N2 (left column), Cue-P3 (middle column), and Cue-
LPP (right column). Panel A: Grand average scalp topographies for the Cue-N2 (left), Cue-P3 (middle),
and Cue-LPP (right). Panel B and C: Median split scalp topographies for the Cue-N2 (left), Cue-P3

(middle), and Cue-LPP (right) for low (top row) and high (bottom row) General Distress Scores.
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Figure 12. Reward EMID: CNV and SPN Waveforms.
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Figure 12 shows the average waveforms for the motor preparation and feedback anticipation
periods of reward anticipation during the EMID task at electrode FCz. In each panel, ERPs are time-
locked to the response at 0 ms and indicate the feedback presentation time at 2000 ms. Panel A: Grand
average waveform with shaded regions showing the early CNV (left) and late CNV (right) for correct (solid
lines) and incorrect (dashed lines) responses separated by reward (black lines) and neutral (blue lines)
conditions. Panel B: Grand average waveform with shaded regions showing the early CNV (left) and late
CNV (right) for reward (lightly dashed lines) responses, neutral (heavily dashed lines) responses, and
reward — neutral difference wave (solid line). Panel C: Average waveform with shaded region showing the
SPN mean measurement period just prior to feedback presentation grouped by correct responses (lightly
dashed line), incorrect responses (heavily dashed line), and correct — incorrect response difference

waves (solid line).

Figure 13.

Reward EMID: CNV and SPN Scalp Topographies
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Figure 13 shows the scalp map topographies for the motor preparation and feedback anticipation
periods of reward anticipation during the EMID task. Topographies for the early CNV (left) and late CNV
(middle) were generated from reward — neutral difference waves while the SPN topography (right) was

generated from the correct — incorrect difference wave.



Figure 14.

Reward EMID: RewP Waveforms
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Figure 14 shows the average waveforms for the feedback evaluation stage of reward outcome
anticipation during the EMID task at electrode Cz. In each panel, ERPs are time-locked to the feedback
stimulus at 0 ms and shaded regions indicate the mean measurement period for the RewP. Panel A:
Grand average waveform showing the RewP for positive feedback (lightly dashed line), negative
feedback (heavily dashed line), and positive — negative feedback (solid line). Panel B: Grand average
waveform showing the RewP for reward feedback (lightly dashed line), neutral feedback (heavily dashed
line), and reward — neutral feedback difference wave (solid line). Panel C: Grand average waveform
showing the RewP for reward feedback (black lines) and neutral feedback (blue lines) separated by
positive feedback (lightly dashed lines), negative feedback (heavily dashed lines), and positive — negative

feedback difference waves (solid lines).



Figure 15.

Reward EMID: FB-P3 and FB-LPP Waveforms
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Figure 15 shows the average waveforms for the feedback evaluation stage of reward outcome
anticipation during the EMID task at electrode Pz. In each panel, ERPs are time-locked to the feedback
stimulus at 0 ms and shaded regions indicate the mean measurement period for the FB-P3 (left) and FB-
LPP (right). Panel A: Grand average waveform showing the FB-P3 and FB-LPP for positive feedback
(lightly dashed line), negative feedback (heavily dashed line), and positive — negative feedback (solid
line). Panel B: Grand average waveform showing the FB-P3 and FB-LPP for reward feedback (lightly
dashed line), neutral feedback (heavily dashed line), and reward — neutral feedback difference wave
(solid line). Panel C: Grand average waveform showing the FB-P3 and FB-LPP for reward feedback
(black lines) and neutral feedback (blue lines) separated by positive feedback (lightly dashed lines),

negative feedback (heavily dashed lines), and positive — negative feedback difference waves (solid lines).



Figure 16.

Reward EMID: FB-P3 and FB-LPP Waveforms and General Distress
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Figure 16 shows the average waveforms for the feedback evaluation stage of reward outcome
anticipation during the EMID task showing median-split high and low General Distress. In each panel,
ERPs are time-locked to the feedback stimulus at 0 ms and shaded regions indicate the mean
measurement period for the FB-P3 (left) and FB-LPP (right). Panel A: Average waveform for the Reward
condition showing the FB-P3 and FB-LPP for reward positive feedback (solid lines) and reward negative
feedback (dashed lines) for median-split high (blue) and low (black) General Distress scores. Panel B:
Average waveform for the Neutral condition showing the FB-P3 and FB-LPP for neutral positive feedback
(solid lines) and neutral negative feedback (dashed lines) for median-split high (blue) and low (black)
General Distress scores. Panel C: Average waveform showing the FB-P3 and FB-LPP for positive
feedback (lightly dashed lines), negative feedback (heavily dashed lines), and positive — negative
feedback difference waves (solid lines) separated by median-split into low (black) and high (blue) General

Distress scores.
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Figure 17.

Reward EMID: RewP, FB-P3, and FB-LPP Scalp Topographies
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Figure 17 shows the scalp map topographies for the feedback evaluation stage of reward

outcome anticipation during the EMID task. Panel A. Topographies show the mean measurement activity
of the RewP generated from positive — negative feedback (left), reward — neutral feedback (middle-left),
positive — negative feedback in the reward condition (middle-right), and positive — negative feedback in

the neutral condition (middle-left). Panel B: Topographies show the mean measurement activity of the FB-
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P3 generated from positive — negative feedback (left), reward — neutral feedback (middle-left), positive —
negative feedback in the reward condition (middle-right), and positive — negative feedback in the neutral
condition (middle-left). Panel C: On the left, topographies show the mean measurement activity of the FB-
LPP generated from positive — negative feedback (left) and reward — neutral feedback (middle left). On
the right, topographies show the mean measurement activity of the FB-LPP generated from positive —
negative feedback difference waves median split by high low (middle right) and high (right) General

Distress scores.
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Figure 18.

Executive Control SST: General Distress/Fear Regression Scatter Plots
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Figure 18 shows the regression scatter plot for the executive control SST. Panel A: Displays the
relationship between General Distress (y axis) and ERN difference wave amplitude (x axis) calculated as
incorrect — correct responses. Regression analysis controlled for experiment order, handedness,
psychotropic medication, gender, age, and the opposing trilevel symptom factors of Fear and Anhedonia.
The ERN is a negative component that is increased for incorrect compared to correct responses;
therefore, the plot shows that increases in General Distress are associated with increases in ERN
difference wave amplitude. Panel B: Displays the relationship between Fear (y axis) and Pe difference
wave amplitude (x axis) calculated as incorrect — correct responses. Regression analysis controlled for
experiment order, handedness, psychotropic medication, gender, age, and the opposing trilevel symptom
factors of Fear and Anhedonia. The Pe is a positive component that is increased for incorrect compared
to correct responses; therefore, the plot shows that increases in Fear are associated with increases in Pe

difference wave amplitude.
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Reward EMID: General Distress Regression Scatter Plots
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Figure 19 shows the regression scatter plot for the reward EMID task. Panel A: Displays the

relationship between General Distress (y axis) and Cue-N2 difference wave amplitude (x axis) calculated

as reward — neutral cue stimuli. Regression analysis controlled for experiment order, handedness,

psychotropic medication, gender, age, and the opposing trilevel symptom factors of Fear and Anhedonia.

Although the Cue-N2 is a negative component, Cue-N2 amplitude was increased for neutral compared to

reward cues. Therefore, the plot shows that increases in General Distress are associated with decreases

in Cue-N2 difference wave amplitude. Panel B: Displays the relationship between General Distress (y



88

axis) and Cue-P3 difference wave amplitude (x axis) calculated as reward — neutral cue stimuli.
Regression analysis controlled for experiment order, handedness, psychotropic medication, gender, age,
and the opposing trilevel symptom factors of Fear and Anhedonia. The Cue-P3 is a positive component
that is increased for reward compared to neutral cues; therefore, the plot shows that increases in General
Distress are associated with decreases in Cue-P3 difference wave amplitude. Panel C: Displays the
relationship between General Distress (y axis) and Cue-LPP difference wave amplitude (x axis)
calculated as reward — neutral cue stimuli. Regression analysis controlled for experiment order,
handedness, psychotropic medication, gender, age, and the opposing trilevel symptom factors of Fear
and Anhedonia. The Cue-LPP is a positive component that is increased for reward compared to neutral
cues; therefore, the plot shows that increases in General Distress are associated with decreases in Cue-
P3 difference wave amplitude. Panel D: Displays the relationship between General Distress (y axis) and
FB-LPP difference wave amplitude (x axis) calculated as positive — negative feedback. Regression
analysis controlled for experiment order, handedness, psychotropic medication, gender, age, and the
opposing trilevel symptom factors of Fear and Anhedonia. The FB-LPP is a positive component that is
increased for positive compared to negative feedback; therefore, the plot shows that increases in General

Distress are associated with decreases in FB-P3 difference wave amplitude.
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Tables.
Table 1.

Schedule of Assessments for Current Study and Parent RO1

36-
Assessment Baseline  12-Months 24-Months Months
Trilevel Symptoms (RO1) X X X X
Structured Clinical Interview (SCID: R01) X X X X
Functional Magnetic Resonance Imaging (R01) X NA NA X
Self-Report, Behavioral, Other Measures (R01) X NA NA X
EEG and Trilevel Symptoms (Current Study) NA X

Table 1 displays the schedule of assessments for the current study (bottom) and parent RO1. In
the parent R0O1, trilevel symptom dimensions and structured clinical interviews were measured at four
timepoints, once at baseline and three more times 12-months apart. At baseline and 36-months,
functional magnetic resonance imaging data were collected along with several self-repot, behavioral, and
other measures. In the current study (bottom), EEG data and trilevel symptom dimensions were

measured during a single assessment conducted during baseline and 36-months.



90

Table 2.
Hypotheses
Domain Task Trilevel Symptom  ERP Component AERP
General Distress ERN Increased
and Fear
Executive  Stop-Signal Task
Control (SST)
Anhedonia Pe Decreased
Emotional Reactivity =~ General Distress
Threat Task (ERT) and Eear P300 and LPP Increased
Cue-N2, Cue-P3, and Cue-LPP
Electrophysiological CNV
Reward Monetary Incentive Anhedonia SPN Decreased

Delay (EMID)

RewP, FB-P3, and FB-LPP

Table 2 shows the hypotheses for each processing domain, task, trilevel symptom dimension,

ERP component, and the predicted direction of change. All three symptom dimensions were

hypothesized to be associated with abnormal electrocortical activity during a stop-signal executive control

task (top row). Fear and Anhedonia were hypothesized to be associated with abnormal threat-related

electrocortical activity during an emotional reactivity task (middle row). Only Anhedonia was predicted to

be associated with abnormal reward-related electrocortical activity during a monetary incentive delay task

(bottom row).
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Table 3.

Executive Control SST: ERP Means and SDs

ERP Condition Mean SD
Correct 5.312 3.528
ERN Incorrect 3.739 4.031
Correct - Incorrect -1.574 3.226
Correct -2.912 4.822
Early Pe Incorrect 3.287 4.499
Correct - Incorrect 6.199 4.239
Correct 0.065 3.441
Late Pe Incorrect 8.592 5.164
Correct - Incorrect 8.528 5.402

Table 3 shows the means and standard deviations for ERP amplitudes elicited during the

executive control task.

Table 4.

Threat ERT: ERP Means and SDs

ERP Image Condition Mean SD
Neutral 4.171 4.819
P300 Threatening 7.510 6.520
Threat - Neutral 3.339 3.105
Neutral -0.510 4.142
Early LPP Threatening 1.310 5.453
Threat - Neutral 1.820 4.785
Neutral -1.135 4.493
Late LPP Threatening -0.043 5.246
Threat - Neutral 1.092 4.955

Table 4 shows the means and standard deviations for ERP amplitudes elicited during the threat

task.
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Table 5.

Reward EMID: Cue ERP Means and SDs

ERP Condition Mean SD
Reward 2.759 4.008
Cue-N2 Neutral 0.676 3.771
Reward - Neutral 2.083 1.988
Reward 11.144 5.150
Cue-P3 Neutral 7.786 3.488
Reward - Neutral 3.357 3.093
Reward 7.764 3.994
Cue-LPP Neutral 4,621 2.907
Reward - Neutral 3.144 3.455

Table 5 shows the means and standard deviations for cue-related ERP amplitudes elicited during

the reward processing task.

Table 6.

Reward EMID: Response ERP Means and SDs

ERP Condition Response Mean SD
Correct -5.450 3.374
Reward
Incorrect -4.801 3.790
Neutral Correct -3.356 3.189
Early CNV Incorrect -3.124 3.221
Difference Wave Reward - Neutral -1.885 2.550
Correct -8.043 4.980
Reward
Incorrect -6.674 5.352
Late CNV Neutral Correct -6.084 4,582
Incorrect -5.010 4.246
Difference Wave Reward - Neutral -1.811 3.159
Correct 0.768 5.226
Reward
Incorrect 0.201 5.039
SPN Neutral Correct 1.712 4.209
Incorrect -1.037 5.129

Difference Wave Correct - Incorrect 1.658 3.337
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Reward EMID: Feedback ERP Means and SDs

93

ERP Condition Outcome Mean SD
Positive 12.843 7.087
Reward Negative 9.200 5.680
Positive - Negative 3.643 3.495
Positive 7.266 4.469
RewP )
Neutral Negative 5.795 4.041
Positive - Negative 1.472 2.990
Difference Waves ReV\'/a'lrd - Neutra.d 4.492 3.497
Positive - Negative 2.557 2.426
Positive 15.772 6.458
Reward Negative 11.646 6.417
Positive - Negative 4.126 3.921
FB-P3 Posm\_/e 8.851 5.287
Neutral Negative 6.836 4.700
Positive - Negative 2.015 3.271
Difference Waves ReV\-I{:-II’d - Neutre_ll 5.865 2.982
Positive - Negative 3.070 2.555
Positive 8.798 4.416
Reward .
Negative 6.751 4.179
FB-LPP Neutral P05|t|\{e 6.692 4412
Negative 3.635 3.292
Reward - Neutral 2.611 2.769
Difference Waves Positive - Negative 2.552 2.618

Table 7 shows the means and standard deviations for feedback-related ERP amplitudes elicited

during the reward processing task.
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Table 8.

Artifact Rejection for Executive Control, Threat, and Reward Tasks

Task Trial Type Accepted Trials Rejected Trials
Mean SD Mean SD
SST Correct Response 184.656  15.184 4902 11.541
Incorrect Response 50.607 7.528 1.770  4.233
ERT Neutral Image 46.656 3.172 0.754  2.109
Threatening Image 49.508 3.128 0.459  3.106
EMID Cue Reward 57.754 4,759 0.852 2.071
Neutral 57.541 5.479 0.787  2.089
Reward Correct 29.066 5.934 1.787 5.454
EMID Reward Incorrect 28.016 5.434 1.492 5.036
Response Neutral Correct 28.721 5070  1.344  4.655
Neutral Incorrect 28.836 5.466 1.410 5.116
Reward Positive 29.541 3.619 0.246  0.669
EMID Reward Negative 29.180 2.849 0.508 1.489
Feedback Neutral Positive 28590  3.010 0525 1.154
Neutral Negative 28.213 3.608 0.656  1.525

Table 8 shows the means and standard deviations of total number of accepted and rejected trial

counts separately for each condition in the executive control, threat, and reward processing task.

Table 9.

Behavioral Measures Means and SDs

Task Behavioral Variable Mean SD
Accuracy 0.833 0.031

ssT Successful Go RT 406.725 85.308
Unsuccessful Stop RT 351.630 71.666
Stop signal RT 204.975 89.531
Reward Correct RT 189.856 23.691
Reward Incorrect RT 223.139 34.792

EMID Reward Accuracy 0.500 0.021
Neutral Correct RT 208.538 29.458
Neutral Incorrect RT 267.999 51.644
Neutral Accuracy 0.503 0.022

Table 9 shows the means and standard deviations for behavioral data separately by task

condition collected during the executive control task (top) and reward processing task (bottom).
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