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Abstract of the Dissertation
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2013

Major depressive disorder (MDD) is associated \althormal neural activity elicited by
affective stimuli and reward, yet results have b@eonsistent across studies and have at times
been contradictory. Discrepancies may be duerintpahe wide range of laboratory paradigms
and stimuli that have been used. The current stéxdynined this issue by recording event-
related potentials across a battery of four taskisinva single MDD sample. First, using two
emotional reactivity tasks, the moderating efféddhe personal relevance of stimuli was
examined; normative and idiographic affective stimuere contrasted. Second, using two
environmental feedback tasks, monetary and perfocemé&eedback were contrasted. ERPs were
collected from adult females with current unipalapression (n=36) and never-depressed
controls (n=44). Across the two emotional reatyit@sks, distinct abnormalities were observed:
The late positive potential elicited by normativepleasant images, as well as normative pleasant

and unpleasant words, was blunted in the MDD coetptr the control group. By contrast, the



late positive potential elicited by idiographic géant and unpleasant words—stimuli describing
participants’ own moods—was increased in the MDBpared to the control group. This
pattern suggests that MDD is associated with nedlgobal increase nor decrease in emotional
reactivity, but that abnormalities are context-sfi@and relate to the personal relevance of
stimuli. Group effects were also observed acroeswo feedback tasks: The feedback
negativity elicited by monetary outcomes was bldntethe MDD group, but the response
elicited by performance feedback was intact andpaoable in magnitude to controls. This
suggests that impaired feedback processing in Mdpecific to reward information. Group
differences in emotional reactivity and reward #@nt/ were largely unrelated across
individuals, suggesting the presence of relativgligue neural deficits that may relate to
clinically distinct subgroups. Consistent withstipiossibility, the blunted neural response to
monetary reward was specific to those MDD partictpaeporting impaired mood reactivity, a
core symptom of melancholic depression. Futureaneh will be necessary to clarify how each
of these abnormal neural responses may uniqueltered MDD onset, course, and treatment

outcome.
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Introduction

With a lifetime prevalence rate of approximateb@d, major depressive disorder (MDD)
ranks among the world’'s most common illnesses (Ke&3sler & Wang, 2009). MDD is
associated with an increased rate of mortality j{feus & Smit, 2002), as well as an annual
economic burden in the tens of billions of dolli@Berto, D'llario, Ruffo, Di Virgilio, & Rizzo,
2000; Luppa, Heinrich, Angermeyer, Konig, & Riedigdler, 2007). MDD is defined as a
disturbance in mood—a pervasive feeling of sadreedgninished interest in pleasurable
activities, or both—and presents with a range béotognitive and physical symptoms
including insomnia, difficulty concentrating, angi@dality (American Psychiatric Association,
2000).

Incorporating approaches from cognitive and affectieuroscience, there has been a
recent emphasis on examining information processiomgprmalities in MDD, particularly with
regard to neural activity elicited by emotionahstii (Fitzgerald, Laird, Maller, & Daskalakis,
2008) and reward (Forbes, 2009; Nestler & Carle2006). Studies have generally shown that
emotional reactivity and reward sensitivity aresatéd in MDD, identifying patterns of
abnormal neural activity that may contribute to ¢dinset and maintenance of the illness.
Applying neural measures to the study of MDD irstimanner has the potential to yield tools
that can be used to objectively quantify psychalabdysfunction. For example, limbic
hyperactivity to negative stimuli has been relatecumination (Siegle, Steinhauer, Thase,
Stenger, & Carter, 2002) and predicts treatmenaese to cognitive behavioral therapy (Siegle,
Carter, & Thase, 2006). In addition, striatal hgptivity to monetary reward has been uniquely
related to anhedonia severity and not other coratisymptoms of depression or anxiety

(Keedwell, Andrew, Williams, Brammer, & PhillipsQ@5; Wacker, Dillon, & Pizzagalli, 2009).



Results have not always been consistent acrosesiimbwever, and have at times been
contradictory. Discrepancies across studies majulean part to the wide range of laboratory
paradigms and stimuli that have been used: Soudgesthave reported hypoactivity to
normative affective stimuli in MDD, whereas othaes/e reported hyperactivity to idiographic
stimuli—suggesting that the personal relevanceiofudi may influence the directionality of
abnormal emotional reactivity in MDD. Studies eWard sensitivity, meanwhile, have
generally reported hypoactivity in MDD, yet somedsés that have conflated reward and
performance feedback have reported hyperactivityggssting that the type of information
conveyed by feedback on reward tasks may influemeelirectionality of group differences.
Responses to stimuli varying in personal relevanda reward information have yet to be
directly compared, though, and it remains uncldaetiver these task differences moderate
patterns of abnormal neural activity in MDD. Therent study seeks to address this question by
recording neural activity across a battery of fasks within a single MDD sample. These tasks
are designed to examine whether MDD is characttigeboth hypoactivity in specific
experimental contexts and hyperactivity in othenth decreasedeactivity to normative
affective stimuli and monetary reward, as wellraseasedeactivity to idiographic affective
stimuli and performance feedback. Below, we revilegvcurrent state of the literature on
abnormal emotional reactivity and reward processingDD, and we identify specific
methodological differences across studies thatdcaotount for some of the divergent findings.
Emotional Reactivity

One influential account of abnormal emotional reégtin MDD is Mayberg’s limbic-
cortical dysregulation model, by which depressiymgtoms are attributable to underactive

prefrontal and overactive limbic regions (Maybet§97, 2003; Mayberg et al., 1999).



Consistent with this model, a meta-analysis of amaging studies concluded that MDD is
consistently characterized reduced activity indbesolateral prefrontal cortex (DLPFC) both
during rest and while viewing negative stimuli, @hdt activity in this region increases
following successful treatment with antidepressaatlication (Fitzgerald et al., 2008). This is
in contrast to evidence of hyperactivity in MDD ohgy cognitively demanding paradigms,
potentially reflecting cortical inefficiency (Haryeet al., 2005). Together, this pattern of
disrupted activity in the DLPFC is thought to rel&b cognitive symptoms of MDD as well as
the impaired regulation of negative emotional reses (Siegle, Thompson, Carter, Steinhauer,
& Thase, 2007).

On the other hand, neuroimaging studies of emottieectivity in limbic regions,
particularly the amygdala, have been less congi§tenvnsend et al., 2010). Some studies have
found evidence of hyperactivity in MDD, with rehaly increased amygdala activity while
viewing negative compared to neutral stimuli (Anatal., 2005; Dichter, Felder, & Smoski,
2009; Hamilton & Gotlib, 2008; Sheline et al., 20&Lrguladze et al., 2005; Suslow et al.,
2010). Other studies have found either the oppgsittern, wittbluntedamygdala reactivity to
negative stimuli (Lawrence et al., 2004; Moses-katt al., 2010; Ritchey, Dolcos, Eddington,
Strauman, & Cabeza, 2011; Silverman et al., 20hbnias et al., 2001), or have found null
effects, with comparable levels of amygdala re@gtacross depressed and healthy samples
(Almeida, Versace, Hassel, Kupfer, & Phillips, 20D&vidson, Irwin, Anderle, & Kalin, 2003;
Townsend et al., 2010). Further, one study fountbderating effect of directed attention, such
that amygdala reactivity to fearful faces was bdantvhen the stimuli were task-relevant but was

increased when they were task-irrelevant (Fales..e2008). These discrepant findings suggest



that MDD is not characterized by a global dysfyoetin amygdala reactivity to affective
stimuli, but rather a more complex pattern that mi@gend on experimental context.

One methodological factor that may account for sofrtbese discrepancies is that some
studies have used paradigms that do not relialglityt amygdala activation in controls. In three
studies reporting amygdala hyperactivity in MDDe thetween-group difference was driven by
either a lack of activation or deactivation in ttwstrol sample (Hamilton & Gotlib, 2008;
Sheline et al., 2001; Surguladze et al., 2005;usk al., 2010)—suggesting that it is not
increased emotional modulation of amygdala activitylDD per se, but rather inappropriate
amygdala recruitment. In other words, individuaith MDD exhibited increased amygdala
activity to stimuli that ought not to have elicitedch activity at all. Similarly, there is some
evidence of increased amygdala activation to betfahive and neutral stimuli, again suggesting
inappropriate recruitment (Gaffrey et al., 2011el8te et al., 2001). Finally, three other studies
reported increased amygdala activity to negativesi but did not consider neutral stimuli,
leaving it unclear whether group differences reflacreased emotional modulation or simply
increased activity overall (Fu et al., 2004; vam@én et al., 2011; Yang et al., 2010).

This pattern raises the possibility that, at |éastertain contexts, abnormal amygdala
activity in MDD may manifest as a failure to prolyatiscriminate affective from neutral
information. That is, apparent amygdala hyper&gtim some studies may be better understood
as inappropriate activity elicited by stimuli trmatght not to have elicited amygdala activation,
based on the patterns observed among healthy tantrmleed, in one recent study using stimuli
high in emotional arousal, healthy controls exleititobust amygdala activation in response to
both negative and positive but not neutral stimalnpared to the implicit baseline; by

comparison, depressed individuals exhibited aivetinflexible pattern of amygdala



recruitment, with comparable activation in respotasall stimuli, regardless of the emotional
content (Ritchey et al., 2011). The MDD group wharacterized by a combination of
inappropriately increased activity to neutral stinamnd reduced activity to positive and negative
stimuli, resulting in less emotional modulationamiygdala activity. Notably, in a second
assessment following successful treatment with itwgrbehavioral therapy, amygdala activity
in the depressed sample followed the normal patieaffective discrimination (i.e., increased
responses to positive and negative compared toatstimuli).

This inflexible pattern of neural activity observieg Ritchey and colleagues (2011)—
indicating a failure in MDD to properly differenteaffective from neutral stimuli—is consistent
with the emotion context insensitivity (ECI) modah alternate account of emotional reactivity
in MDD that has been advanced outside the neurongdigerature. The ECI model postulates
that MDD is primarily characterized by a broad digg@gement with one’s environment and
blunted reactivity to both positive and negativenpared to neutral stimuli (Rottenberg, Gross,
& Gotlib, 2005). A subsequent meta-analysis fotmelECI model to be well-supported across a
number of different paradigms using measures &repbrt, behavior, and peripheral
physiology (Bylsma, Morris, & Rottenberg, 2008)orfexample, individuals with MDD exhibit
less affective modulation of the startle reflex Mhiiewing pleasant, neutral, and unpleasant
images (Allen, Trinder, & Brennan, 1999; DichteiT&marken, 2008; Dichter, Tomarken,
Shelton, & Sutton, 2004); they exhibit less faonlscle activity while viewing both positive and
negative facial expressions (Wexler, Levenson, @rdourg, & Price, 1994); and they report
blunted emotional experiences while viewing sadrausing film clips (Rottenberg et al., 2005;

Rottenberg, Kasch, Gross, & Gotlib, 2002).



Integrating this evidence with the neuroimaginglings described above, it appears that
there are two conceptually distinct issues at ay have not been well separated in the
literature: impaired reactivity versus inapprogiadactivity. Impaired reactivity would imply
that the response to emotional stimuli in MDD iibited under conditions that ought to elicit
such reactivity. That is, in experimental manipiolas that elicit robust neural activity
associated with affective processing in healthyiddals, that response would be abnormal in
MDD. The ECI model predicts that neural activitylwe blunted, and some fMRI studies have
lent support to this perspective (Lawrence e28l04; Moses-Kolko et al., 2010; Ritchey et al.,
2011; Thomas et al., 2001).

By contrast, inappropriate reactivity would imply emotional response in MDD under
conditions that oughtotto elicit such reactivity. That is, in experimahtanipulations that do
not elicit neural activity associated with affeetiprocessing in healthy individuals, is neural
activity inappropriately elicited in MDD? We progmhere that some neuroimaging studies
reporting increased emotional reactivity in MDD nimybetter understood as supporting
inappropriatereactivity, with affective modulation of neuraltagty observed only among
individuals with MDD and not in controls (Falesatt, 2008; Gaffrey et al., 2011; Hamilton &
Gotlib, 2008; Sheline et al., 2001; Surguladzd.e805; Suslow et al., 2010).

It stands to reason that this exaggerated and iopppte emotional reactivity will be
most apparent in response to stimuli that are watygsalient for depressed but not healthy
individuals, and, along these lines, several newaging studies have focused on amygdala
reactivity to sad images, with somewhat mixed tssilimeida et al., 2010; Dichter, Felder, &
Smoski, 2009; Fu et al., 2004; Gaffrey et al., 2@urguladze et al., 2005; Suslow et al., 2010).

A more powerful manipulation may be to incorpondiegraphic stimuli that directly target



negative mood states in a manner that is tailase@dch participant (Rottenberg et al., 2005).
Consistent with this notion, Siegle and colleagusge used a paradigm in which participants
generate a set of words to describe their own negateutral, and positive moods: Among
individuals with MDD but not healthy controls, andiada activity was enhanced while viewing
the idiographic negative words alongside other ratdive words (Siegle et al., 2006; Siegle et al.,
2002; Siegle et al., 2007), indicating that thiamseffective experimental manipulation for
eliciting inappropriate emotional reactivityn MDD; this effect was replicated in another neice
study using a similar paradigm (H. Kessler et2011). In spite of these promising findings,
these studies did not directly compare neural nesg®to idiographic and normative stimuli,
leaving it unclear whether the personal relevaricimuli is a key determining factor of
inappropriate emotional reactivity in MDD.

To pursue this question, we measured in the custedty event-related potentials (ERPS)
while individuals with MDD viewed normative and agjraphic affective stimuli. In particular,
we focus on the late positive potential (LPP), #isstablished electrocortical measure that is
sensitive to the affective content of stimuli. TP is observed as a sustained positivity in the
ERP waveform that is enhanced for both pleasanuaptkasant compared to neutral stimuli,
including images (Cuthbert, Schupp, Bradley, Birbay, & Lang, 2000), faces (Schupp et al.,
2004), and words (Fischler & Bradley, 2006). Itriaximal at centroparietal recording sites, is
evident as early as 200 ms following stimulus oreedl is sustained throughout stimulus
presentation (Cuthbert et al., 2000; Foti, Haj&Rien, 2009; Hajcak, Dunning, & Foti, 2009;
Schupp et al., 2000).

The LPP is thought to reflect increased attentmartd facilitated processing of

emotionally salient stimuli (Bradley, 2009), andhés been linked through source localization to



activity in occipital and parietal brain regionsgiKet al., 2002). Furthermore, two studies
combining fMRI and ERP approaches found that LPPBlénde corresponded to increased
blood flow in temporal, parietal, and occipitalwas cortical structures (Sabatinelli, Lang, Keil,
& Bradley, 2007) and the amygdala (Sabatinelli,|Kigiank, & Lang, 2012), indicating
contributions of cortical and limbic structures aived in emotional processing. Consistent with
the notion that the LPP indexes increased attembi@motional stimuli, manipulations that
increase or decrease the salience of aversivelstimdulate the LPP (Foti & Hajcak, 2008;
Hajcak & Nieuwenhuis, 2006; Krompinger, Moser, &foins, 2008; Moser, Hajcak, Bukay, &
Simons, 2006). Importantly, the LPP also provigieise information about the time-course of
emotional processing that is not feasible with nenaging techniques. For example, in one
study of directed attention, individuals exhibitedustained reduction in LPP amplitude
beginning just 620 ms after an instruction to attemless arousing aspects of unpleasant
pictures (Hajcak et al., 2009).

In two studies to date, the LPP has been showe enleffective measure for examining
abnormal emotional reactivity in MDD. In one retstudy from our group, we recorded the
LPP in response to emotional faces among curreatig-never-depressed adults (Foti, Olvet,
Klein, & Hajcak, 2010). Among controls, the LPPsagagnificantly modulated by fearful and
angry compared to neutral faces, but in the MDDugrthe LPP was insensitive to face type. In
a separate study, a blunted LPP to emotional casdparneutral faces was also found among
young children with a maternal history of MDD (Kwja, Hajcak, Torpey, Kim, & Klein, 2011).
These two studies provide ERP evidence consistighttiae ECI model, such that robust
affective modulation of LPP amplitude was obsemvedontrol but not depressive samples in

both studies, indicating impaired emotional reattivThe LPP has yet to be applied as a



measure oinappropriateemotional reactivity in MDD, though, and it would important to
evaluate whether the modulation of LPP amplitudedgyative idiographic stimuli is increased
among individuals with MDD compared to controls.

In the current study, we sought to build upon th@sdiminary findings by recording the
LPP across two tasks designed to examine the mfuef personal relevance of stimuli on
electrocortical measures of emotional reactivitiiDD. In the first task, we examined whether
emotional reactivity, as indicated by LPP amplitudempaired in MDD while viewing high-
arousal, normative stimuli that are known to eliolbust neural activity in healthy populations.
We used pleasant, neutral, and unpleasant imagesidrom the International Affective Picture
System (IAPS), a standardized set of images withhative ratings on emotional arousal and
valence (Lang, Bradley, & Cuthbert, 2005). We usgecific semantic categories of IAPS
images known to maximize the affective modulatibthe LPP in unselected samples:
unpleasant images depicting mutilation and thiead, pleasant images depicting erotic and
affiliative scenes (Weinberg & Hajcak, 2010). Ifesaas viewing IAPS images elicits amygdala
activation and increased activity in the visualterrcompared to viewing faces (Britton, Taylor,
Sudheimer, & Liberzon, 2006), this task is a magusst experimental manipulation and is a
stronger test of the ECI model compared to theipusvstudy that used face stimuli (Foti et al.,
2010). Based on that prior result as well as researoimaging evidence from Ritchey and
colleagues (2011), we predicted that the LPP wbaldignificantly increased for pleasant and
unpleasant compared to neutral stimuli among ctmtwhereas in the MDD group the affective
modulation of LPP amplitude by normative stimuliva be reduced.

In the second task, we examined whether emoti@aaitivity is inappropriately

increased in MDD while viewing negative stimuli hign personal relevance. We used the



paradigm originally developed by Siegle and collesy(2002) and recorded the LPP elicited by
both normative and idiographic affective words. gdrticipants viewed the same set of
pleasant, neutral, and unpleasant normative wasrdfrom the Affective Norms for English
Words (ANEW; Bradley & Lang, 1999). In additiorarticipants generated a separate set of
personally relevant words that best represent tveir happy, neutral, and sad moods. Although
Siegle and colleagues (2002) did not analyze thative and idiographic stimuli separately,
this contrast is of interest in the current studpider to test whether the affective modulation of
the LPP is moderated by the personal relevancemoii within the MDD group. Consistent
with the ECI model, we predicted that the affectivedulation of the LPP by normative words
would be blunted in the MDD group compared to calstrbut that the opposite pattern would be
apparent for negative idiographic words, withreasedaffective modulation of the LPP in the
MDD group. In this way, the current study is walited to provide a comprehensive assessment
of emotional reactivity in MDD, as indicated by thlenormal modulation of the LPP across
these two experimental paradigms.
Reward Sensitivity

Anhedonia, defined as a pervasive lack of reagtta pleasurable stimuli, is one of the
cardinal symptoms of MDD (American Psychiatric Agation, 2000). Indeed, factor analysis
of self-report data suggests that this deficitasipve affect may be what distinguishes MDD
from frequently comorbid anxiety disorders (Joir@atanzaro, & Laurent, 1996; Watson, Clark,
et al., 1995; Watson, Weber, et al., 1995). Extenthis work to behavioral correlates of
anhedonia, a number of studies have demonstraa¢depression is associated with impaired
responsiveness to rewards. For example, studieg signal-detection approaches have shown

that healthy individuals exhibit a response biadanrtonditions of monetary reward in order to

10



maximize their earnings; dysphoric (Henriques, Glokv, & Davidson, 1994) and depressed
(Henrigues & Davidson, 2000) individuals do not ixtthis bias, showing instead a relatively
inflexible response style that is not modulateddward contingencies. This behavioral
inflexibility—with reduced differentiation betwearwards and non-rewards—is consistent with
the ECI model. Blunted reward responsiveness loor#ory tasks is associated with self-
reported anhedonia severity (Pizzagalli, Jahn, 8®a, 2005), and it appears to be driven by
impaired reinforcement learning across trials, diett individuals with MDD respond to single
rewards but fail to maintain a normal response bies time in the absence of immediate reward
(Pizzagalli, losifescu, Hallett, Ratner, & Favapa.

Converging with this line of behavioral evidenb&logical studies have shed light on
the pathophysiology of impaired reward sensitiuty\DD. For example, the approach-related
motivational system, which sustains goal-directeldavior and certain forms of positive affect,
has been related to relatively increased actiwitthe left prefrontal cortex (Davidson, 1992,
1998). Consistent with the notion that anhedomnia key aspect of MDD, electroencephalograph
(EEG) studies have shown that individuals with MBxhibit reduced activity in the left
prefrontal cortex while at rest (Debener et alQ@0Gotlib, Ranganath, & Rosenfeld, 1998;
Henriques & Davidson, 1990, 1991; Stewart, Bismaduwers, Coan, & Allen, 2010) and while
anticipating monetary reward (Shankman, Klein, Teer& Bruder, 2007), indicating an
underactive approach system.

In addition to these studies on hypoactive pra#biregions, recent work has focused on
the mesocorticolimbic reward circuit, particuladgpaminergically-mediated activity in the
striatum and the anterior cingulate cortex (ACOjmiyireward processing. A meta-analysis of

the neuroimaging literature on reward processinggi@thy adults found that the striatum is a
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core area that consistently shows increased aictivat response to rewards (Liu, Hairston,
Schrier, & Fan, 2011). Although less consistentigerved across studies, the authors also
found evidence that the dorsal ACC is activatetdny-rewards; other work has implicated the
dorsal ACC in the integration of reinforcement brgt(Kennerley, Walton, Behrens, Buckley, &
Rushworth, 2006; Rushworth, Noonan, Boorman, WakoBehrens, 2011). Converging with
behavioral evidence of reward insensitivity, selyeeairoimaging studies have found reduced
striatal reactivity to monetary gains in MDD (Fosbet al., 2006; Forbes et al., 2009; Knutson,
Bhanji, Cooney, Atlas, & Gotlib, 2008; Pizzagalliad., 2009; Smoski et al., 2009; Steele,
Kumar, & Ebmeier, 2007). Further, this striatapbgctivity relates specifically to self-reported
anhedonia severity rather than other depressivemyns or anxiety (Keedwell et al., 2005;
Wacker et al., 2009), and striatal reactivity tovaeds increases upon recovery from depression
(Dichter, Felder, Petty, et al., 2009). Similadgprsal ACC activity elicited by monetary loss
also appears to be blunted in MDD (Forbes et BD62Knutson et al., 2008; Smoski et al.,
2009; Steele et al., 2007). Consistent with théf@del, these studies indicate that MDD is
associated with blunted neural differentiation kesw positive and negative monetary outcomes,
with reduced reward-related activity in the strratand reduced loss-related activity in the dorsal
ACC.

Building upon this neuroimaging evidence, completagy information about the time
course of impaired reward processing in MDD mawb&ined from electrophysiological
measures of neural activity. ERP studies havesedyprimarily on the feedback negativity (FN;
also referred to as the feedback-related negatwitiie medial frontal negativity), a negative
deflection in the ERP that differentiates feedbiackcating favorable (e.g., monetary gain,

correct feedback) from unfavorable outcomes (engnetary loss, error feedback). The FN
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peaks at approximately 300 ms following feedbadsentation and is maximal at frontocentral
recording sites (Miltner, Braun, & Coles, 1997)helFN has been localized to a source in the
dorsal ACC (Gehring & Willoughby, 2002), and vaieatin FN amplitude has been interpreted
as reflecting changes in mesencephalic dopamingtgathen reward prediction errors occur
(Holroyd & Coles, 2002). Consistent with this gegstive, FN amplitude is increased in
response to unexpected reward outcomes (HajcakeVdslroyd, & Simons, 2007; Holroyd,
Nieuwenhuis, Yeung, & Cohen, 2003). The FN alacks the relative valence of outcomes
within the immediate context, such that the amgbtof the FN elicited by neutral feedback
depends on whether the alternative outcome woutd haen a monetary gain or loss (Holroyd,
Hajcak, & Larsen, 2006; Holroyd, Larsen, & Cohe@042). On the other hand, FN amplitude is
insensitive to outcome magnitude; the FN distinigegssbetween monetary gains and losses but is
equivalent for larger compared to smaller lossegdgk, Moser, Holroyd, & Simons, 2006; Sato
et al., 2005; Yeung & Sanfey, 2004). These resntiEate that the FN reflects early neural
activity associated with a binary evaluative preoesreward outcomes that are either better or
worse than expected.

The FN takes its name from the fact that it iseobsd as a negative-going ERP
component that is increased (i.e., more negatebnetary losses compared to gains. Several
recent studies, however, have provided evidenderthration in FN amplitude may be driven
instead by rewards (Baker & Holroyd, 2011; Holrokdigolson, & Lee, 2011; Holroyd,
Pakzad-Vaezi, & Krigolson, 2008). Consistent wiils interpretation, in a recent study, we
used temporospatial principal components analyX#) to parse the ERP waveform and
identified the FN as an absolute positivity thaswecreased (i.e., more positive) in response to

monetary gains compared to losses (Foti, Weinli2iey), & Hajcak, 2011). In other words, the
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FN may be better understood a®ward-related positivityreflecting increased neural activity
to rewards compared to non-rewards. In that sauty swe also applied source localization
techniques to the PCA-derived response and idedtdisource in the striatum. In a follow-up
study combining ERP and fMRI measures in a singtee, we replicated the PCA solution
and the striatal source of the FN, and we foundFhbamplitude correlated directly with the
hemodynamic response in the striatum to monetary(§arlson, Foti, Mujica-Parodi, Harmon-
Jones, & Hajcak, 2011). These data indicate thatddition to the ACC, the FN may partly
reflect reward-related striatal activity.

Based on these results, the FN appears as a meesalire well-suited to further examine
impaired reward processing in MDD. In one studgate using an unselected adult sample, we
found that depressive symptom severity was invgrsdated to FN amplitude, quantified as the
difference between monetary loss and gain (Fotia§ckk, 2009). We subsequently replicated
this finding in a child sample and found that depiree symptoms were uniquely associated with
a blunted response to monetary gain, and not I¢8sess, Smith, Foti, Klein, & Hajcak, 2012).
To clarify this link between depressive symptomd BN amplitude, we also conducted two
studies using a negative mood induction. A bluiiBdvas associated with self-reported
sadness following the mood induction (Foti & HajcaR10), and the association between
negative mood state and blunted FN amplitude wetgcpkarly strong among individuals at
increased risk for MDD (Foti, Hajcak, Kotov, & Kiei2011). Together, these findings are
consistent with the aforementioned neuroimagindistishowing blunted striatal and ACC
activity during reward processing in MDD, and ttstpw that the FN is an effective tool for

guantifying neural insensitivity to rewards.
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In these four ERP studies linking a blunted FNepressive symptoms and induced
sadness (Bress et al., 2012; Foti & Hajcak, 200202Foti, Hajcak, et al., 2011), a simple
gambling task was used in which participants wolosira nominal amount of money on each
trial; reward outcomes were randomly determine@ omal-wise basis and not tied to behavioral
performance. On the other hand, in one other siudyate examining the FN in MDD, a
speeded response task was used (Tucker, Luu, Bffsfluiring, & Poulsen, 2003). On each
trial, participants were asked to quickly respama tvisual stimulus and were then presented
with a letter grade evaluating their performanéeywsesponses received a grade of “F” and
were associated with a monetary loss. Compareeédtihy controls, individuals with MDD
exhibited a larger (i.e., more negative) FN in oese to negative feedback, and this increased
ERP response was localized to the dorsal ACC.nAlai pattern has also been observed in
remitted depression (Santesso et al., 2008). Tiessits are interpreted as indicating
hypersensitivity to negative feedback in MDD, whisltonsistent with neuropsychological
evidence that perceived failure after receivingatieg feedback has a detrimental effect on
subsequent task performance in MDD (Elliott et E996).

In these two ERP tasks reporting an increased RMDD (Santesso et al., 2008; Tucker
et al., 2003), however, the feedback conflated rédvaad performance information, with
monetary outcomes contingent on task success. rdiBiss the possibility that neural responses
to reward and performance feedback are differdptédfected in MDD: The FN elicited by
monetary feedback may be decreased in MDD, witbaed differentiation between monetary
gain and loss. This is consistent with the ECI et@hd reflects impaired reward sensitivity.
Conversely, the FN elicited by performance feedbael be increased in MDD, reflecting

increased and inappropriate sensitivity to peraefadure. Consistent with this possibility, in
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one recent study using a purely behavioral task-heut monetary reward—the FN elicited by
negative feedback was increased among individuglsMDD (Mies et al., 2011). To date,
however, no study has directly compared the FNtetidoy reward and performance information
in a single MDD sample. We sought to addressgagsin the literature by recording the FN
across two tasks: The first task was the same [jagntaradigm we have used previously
(Bress et al., 2012; Foti & Hajcak, 2010; Foti, ¢&, et al., 2011; Foti, Weinberg, et al., 2011),
where reward outcomes are randomly determined antled to behavioral performance. This
task ought to isolate neural activity associateztgally with the processing of reward
information. We predicted that the FN elicitedreyward feedback would be blunted among
individuals with MDD compared to controls, theredbgtending our prior findings to a clinical
population. Of interest is also whether the bldrf#@& in MDD would be driven primarily by an
impaired response to monetary gain, rather thas(Bgess et al., 2012), and whether this
blunted neural activity would be related to seffoded anhedonia severity (Wacker et al., 2009)
Second, we used a time estimation task that hagaksn shown to be effective for
eliciting an FN (Miltner et al., 1997). In thisstg participants were asked to press a button when
exactly one second has elapsed following an aydaoe, and they were presented with
feedback regarding the accuracy of their responsgagh trial. Participants did not win or lose
money on this task—feedback was indicative solélyatavioral performance. Unlike the
gambling task, we predicted that the FN elicitedlos time estimation task would be increased
among individuals with MDD compared to controlssaswn previously (Mies et al., 2011). Of
interest here is whether the increased FN in MDDld/de driven primarily by an enhanced
response to negative performance feedback. Bydeapthe FN across these two tasks in a

single sample, our overarching goal was to dissetie putative effects of reward and
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performance information on FN amplitude and furttiarify the nature of reduced reward
sensitivity in MDD.
Summary

The current research project seeks to advanocexibeng literature on abnormal
emotional reactivity and reward sensitivity in MY differentiating between impaired and
inappropriate neural reactivity. Across two tasks,examined whether the abnormal affective
modulation of LPP amplitude is influenced by thespaal relevance of stimuli. Across two
additional tasks, we examined whether abnormal ieNligude is differentially influenced by
reward and performance information. We predicted individuals with MDD would exhibit
impaired neural responses to normative affectivepared to neutral stimuli (i.e., blunted LPP
amplitude) and to monetary gain compared to lass plunted FN amplitude). Conversely, we
predicted that individuals with MDD would exhibitareased and inappropriate neural responses
to idiographic affective compared to neutral stinué., increased LPP amplitude) and to

negative compared to positive performance feedfiackincreased FN amplitude).

17



Methods

Participants

The depressed group consisted of 36 female achdigited from within Stony Brook
University and the surrounding communities. Omsn&le participants were recruited for the
current study given that prevalence rates of MD®sagnificantly higher in women than in men
(R. C. Kessler et al., 2003). The inclusion criterfor the depressed group was a clinical
diagnosis of unipolar depression (i.e., current M&ra/or dysthymic disorder); exclusion
criteria were the diagnosis of current generalaexiety disorder (i.e., past six months), lifetime
obsessive compulsive disorder, lifetime substabcse/dependence, or more than one other
current comorbid Axis | disorder. Individuals wigeneralized anxiety disorder, obsessive
compulsive disorder, and substance use disordeesexeluded from the current study in
consideration of data linking these disorders tooaimal emotional reactivity, reward sensitivity,
and performance monitoring (Diekhof, Falkai, & Genp2008; MacNamara & Hajcak, 2010;
Olvet & Hajcak, 2008; Weinberg & Hajcak, 2011; Waéng, Olvet, & Hajcak, 2010); the goal
of the current study was to assess the relativaelyue impact of unipolar depression on neural
activity associated with the processing of affeetimuli and reward, independent of these
other frequently comorbid psychiatric conditioris.light of research that antidepressant
medication alters the latency and amplitude of E@saudo, Soufflet, Toussaint, & Macher,
1999), current prescription of antidepressants, (pa&st two months) was also an exclusion
criterion; prior history of pharmacological treatmh@vas not assessed. Following data showing
that 60-70% of total symptom improvement in tregtmdiDD with cognitive behavioral therapy
occurs within the first four weeks (llardi & Craigd, 1994), participants currently receiving

psychotherapy were required to have been in tradtfoeat least one month on the ground that
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most symptom change would have occurred priordopbint. The healthy control group
consisted of 44 female adults with no history of dragnosable Axis | disorder, no current
prescription of psychiatric medication, and nodrigtof any neurological iliness.

Psychological evaluations of all participants werade using a two-step process: At an
initial telephone contact, eligibility was determathusing the Mini-International
Neuropsychiatric Interview (MINI; Sheehan et aB98) to assess for Axis | disorders. Eligible
participants who attended the laboratory sessiae Wen evaluated with the more extensive
Structured Interview for DSM Disorders (SCID; FjrSpitzer, Gibbon, & Williams, 2001). The
MINI and SCID were completed by master’s level grate students with extensive clinical
experience with these instruments.

Participants were recruited using fliers postethePsychological Center at Stony Brook
University, campus announcements made via emalljrdarnet advertisements posted in the

Long Island section okww.craigslist.org This research protocol was approved by the

institutional review board at Stony Brook Univeysiand written informed consent was obtained
from all participants.
Symptom Measures

Symptoms of depression and anxietySymptom severity was assessed using the Mood
and Anxiety Symptom Questionnaire (MASQ), a 90-itsrale designed in accordance with the
tripartite model of depression and anxiety (Wat<dayk, et al., 1995; Watson, Weber, et al.,
1995). Each item is rated on a five-point scapgasenting the presence and severity of that
symptom over the preceding week (het at all 5 =extremely. Of interest were the following
four subscales: the Anhedonic Depression (AD) angidus Arousal (AA) subscales capture

symptoms thought to be relatively specific to depren and anxiety, respectively; the General
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Distress: Depressive Symptoms (GDD) and Generatddis. Anxious Symptoms (GDA)
capture symptoms thought to be relatively commapatit disorders. The four scales possess
good internal consistency in student, adult, artecbpasampleso>.80), and the disorder-
specific AD and AA subscales exhibit convergent disdriminant validity (Watson, Weber, et
al., 1995). In light neuroimaging evidence showangnique association between AD score and
blunted striatal response to monetary gain (Waekat., 2009), it was of particular interest here
to test where there would be an analogous assaciadth the FN elicited in the monetary
feedback task.

Hedonic capacity. The ability to experience pleasure was measurewjube Snaith-
Hamilton Pleasure Scale (SHAPS), a 14-item selbegcale designed for use in general
psychiatric populations (Snaith et al., 1995). BiAPS contains items that assess pleasure
derived from four categories of experience: inte@®bbies, social interaction, sensory
experience, and food/drink. Each item is rate@ dour-point scale representing the ability to
experience pleasure from a specific experience thvepreceding few days (1strongly agree
4 =strongly disagree It is recommended that responses be scoredichatomous fashion,
with either of the “disagree” responses scored asdleither of the “agree” responses as a 0; the
range of possible scores is 0-14, with higher scordicating increasing impairment in hedonic
capacity. The SHAPS possesses excellent inteamsistency in both non-clinical and patient
samplesd >.80), and it exhibits convergent and discriminaadidity, with MDD patients
yielding higher scores compared to patients witftphssis and substance abuse (Franken,
Rassin, & Muris, 2007). For the current studyyahle depressed group completed the SHAPS.

In addition to the SHAPS, hedonic capacity wae atgasured using the features of the

current depressive episode determined by the SCiDOnterest were two depressive subtypes:
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(1) melancholic depression, which is characteriz@aarily by anhedonia, impaired mood
reactivity to pleasurable events, a worsening afgpms in the morning, early-morning
wakening, psychomotor retardation, weight loss, exxessive guilt; and (2) atypical depression,
which is characterized by intact mood reactivityleasurable events, weight gain, hypersomnia,
leaden paralysis, and hypersensitivity to interpeas rejection (American Psychiatric
Association, 2000). Separate from meeting theditéria for these subtypes, mood reactivity to
pleasurable events was considered as a distinex iodhedonic capacity, as this is the single
clinical feature that differentiates melancholiorfr atypical depression (i.e., intact mood
reactivity precludes a diagnosis of melancholicrdsgion, and impaired mood reactivity
precludes a diagnosis of atypical depression).
Emotional Reactivity Tasks: Late Positive Potential

Normative images. The first task used normative, high-arousal affecstimuli to elicit
the LPP. Participants passively viewed 60 imagawd from the IAPS (20 each of pleasant,
neutral, and unpleasarit)Within each valence category, images were salénterder to
maximize the affective modulation of the LPP: plasmages depicted erotic and affiliative
scenes (e.g., babies, cute animals), unpleasagesrdepicted mutilation and threatening scenes
(e.g., guns, animal attack), and neutral imagegtipobjects and scenes without people
(Weinberg & Hajcak, 2010). Based on normativenggij the selected pleasant imagds{.19,
SD=.47) were rated as more pleasant than the neotagles ¥1=5.05,SD=.35;t(38)=16.30,
p<.001), which in turn were more pleasant than thg@leasant image$4=2.66,SD=.64;

t(38)=14.71p<.001). Both the selected pleasdit=6.94,SD=.73) and unpleasant images

! The following IAPS images were used: pleasant 814610, 1722, 2045, 2208, 2303, 2345, 2346, 23850,
4608, 4643, 4659, 4660, 4664, 4668, 4670, 46904 46895), unpleasant (1050, 1300, 1525, 1930, 38015,
3019, 3051, 3069, 3101, 3185, 3195, 3213, 32152,62244, 6250, 6370, 6550, 6571) and neutral (58300,
5531, 5731, 7000, 7002, 7004, 7006, 7050, 7053%,70866, 7150, 7161, 7491, 7495, 7500, 7595, 7700).
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(M=6.23,SD=.58) were higher in emotional arousal comparethéoneutral imagedM=2.97,
SD=.48; pleasant vs. neutr&38)=15.24 p<.001; unpleasant vs. neutr{38)=19.45p<.001),
but they did not differ from one anoth&{38)=1.41,p=.17).

Image presentation was blocked by valence, andiezade was presented exactly once
for 60 total trials. The order of image presewtativithin each block and the order of blocks
were randomized across patrticipants. In each thalimage was presented in the center of the
computer screen against a black background for a@€)dollowed by a fixation point (‘+")
displayed for a random interval varying from 20(B@2 ms. At a viewing distance of
approximately 24 in (60.96 cm), the images occupiggroximately 40° of the visual field
horizontally and vertically. At the beginning adah block, participants were presented with the
following instructions: “The following pictures wibe more pleasant to view,” “The following
pictures will be more unpleasant to view,” or “Tlelowing pictures will be more neutral to
view.” Participants were instructed to simply vidve images, and they first completed nine
practice trials with IAPS images not included ie thain task. At the end of each block,
participants received a short break.

Idiographic and normative words. The second task used affective words to eli@t th
LPP, modeled after the paradigm developed by Segllecolleagues (2002). Thirty normative
words were drawn from the ANEW (10 each of pleasasttral, and unpleasafit)Within each
category, the selected words were balanced foriermedtarousal, word frequency, and character
length using a computer program (Siegle, 1994)seBan normative ratings, the selected
pleasant wordd\=7.85,SD=.28) were rated as more pleasant than the neutrals M=5.10,

SD=.48;1(18)=15.70p<.001), which were in turn rated as more pleadaan the unpleasant

2 The following ANEW words were used: pleasant ey, cheer, fireworks, flirt, glory, joyful, reseusexy,
sunlight, treasure), unpleasant (blood, brutalpes hatred, hostage, rage, scared, ulcer, ufifhittandal) and
neutral (barrel, bland, curtains, salad, subdukstyve umbrella, vest, violin, windmill).

22



words M=2.36,SD=5.10;t(18)=13.75p<.001). Both the selected pleasdit6.51,SD=.45)

and unpleasant wordMgE6.63,SD=.59) were higher in emotional arousal compareith¢o

neutral wordsN1=3.57,SD=.31; pleasant vs. neutr#{18)=16.91p<.001; unpleasant vs.
neutral:t(18)=14.57 p<.001), but they did not differ from one anothgt8)=.53,p=.60). An
analogous set of thirty idiographic words (10 eatpleasant, neutral, and unpleasant) were
generated by each participant, based on the falipwescriptions: “10 personally relevant
negative words that best represent what you thixkibwhen you are upset, down, or
depressed,” “10 personally relevant positive wdldg best represent what you think about when
you are happy or in a good mood,” and “10 persgnalevant neutral (i.e., not positive or
negative) words that best represent what you tabdut when you are neither very happy nor
very upset, down, or depressed.” Participants westeucted to generate words that are between
three and 11 letters long.

The structure of the words task paralleled thahefimages task described above. Word
presentation was blocked by valence and persolealarece (i.e., separate blocks for normative
unpleasant and idiographic unpleasant words). EaxH was presented exactly twice in each
block for a total of 120 trials (60 idiographic, 66rmative). The order of word presentation
within each block and the order of blocks were manized across participants. In each trial, the
word was presented in the center of the computeescagainst a black background for 2000
ms, followed by a fixation point (‘+’) displayedrfa random interval varying from 2000-2500
ms. On average, the words occupied approximaftedf the visual field horizontally and 2°
vertically. At the beginning of each block, paipents were presented with the following
instructions: “The following words will be more jglgant to view,” “The following words will be

more unpleasant to view”, or “The following worddlywe more neutral to view.” Participants
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were instructed to simply view the words, and thest completed nine practice trials with
ANEW words not included in the main task. At tmel@f each block, participants received a
short break. In order to reduce the novelty ofrtbemative stimuli relative to the idiographic
stimuli, prior to completing the task participantad a list of all 30 normative words. After
completing the task, participants were asked #® afitword stimuli on valence and emotional
arousal using the nine-point self-assessment mafidadley & Lang, 1994).
Reward Sensitivity Tasks

Monetary feedback. The first task used reward information to elice fiN, identical to
the simple gambling paradigm that we have usediquely (Carlson et al., 2011; Foti,
Weinberg, et al., 2011). On each trial, particisamere shown a graphic displaying two doors
(occupying 6° of the visual field vertically and Borizontally) and were told to choose which
door they wanted to open using either the lefigittrmouse button. Participants were told that
one of the two doors contained a prize on each tRallowing each choice, a feedback stimulus
appeared on the screen informing participant whdtiesy won or lost money on that trial. A
green 1’ indicated a correct guess and a gain of $0.40levehred |’ indicated an incorrect
guess and a loss of $0.20 (each occupying 3° ofituel field vertically and 1° horizontally).
A fixation mark (+) was presented before the on$&ach stimulus. At the end of each trial,
participants were presented with the instructiohclCfor the next round.” The task consisted of
50 trials total, with positive feedback given oraetty 25 trials (i.e., 50%). Feedback was
presented in a random order for each participdhe order and timing of all stimuli was as
follows: (i) the graphic of two doors was present@dil a response is made, (ii) a fixation mark
was presented for 1000 ms, (iii) a feedback arr@as presented for 2000 ms, (iv) a fixation

mark was presented for 1500 ms, and (v) “Clickif@ next round” was presented until a
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response was made. Prior to the main task, paetics completed five practice trials. Halfway
through the task, participants received a shodlend the total amount of money won at that
point was displayed on the screen.

Performance feedback.The second task used performance information ¢it étie FN,
modeled after the time estimation task that has lieed previously (Miltner et al., 1997). On
each trial, participants were presented with antarydcue (1000 Hz tone, 65 dB) and instructed
to estimate when exactly one second had elapskavin the cue by pressing the left mouse
button. A fixation mark (‘+’) appeared in the cenof the screen during the estimation period.
Following the button press, a happy or sad carfaoe (occupying 7° of the visual field
vertically and horizontally) appeared on the scriaéorming participants whether their estimate
was accurate or not. A happy face indicated thgit response fell within the designated time
window for that trial, whereas the sad face indidahat their response was outside the window.
At the beginning of the task, the time window hadratial length of 400 ms centered around the
one-second mark (i.e., 800-1200 ms following theitauy cue). In order to maintain an
approximate success rate of 50%, the window waardjsally adjusted throughout the task for
each participant. After each accurate responseyihdow was shortened by 20 ms, and after
each inaccurate response the window was lengthan2@ ms. The order and timing of all
stimuli was as follows: (i) the auditory cue waegented for 50 ms, (ii) a fixation mark was
presented until a response was made and then famfdiional 1200 ms afterward, (iii) a
feedback face was presented for 1500 ms, and {ixagon mark was presented for 2500 ms.
Participants first completed 20 practice trial& #djusted time window at the end of the practice
was carried over to the start of the main taskctvisonsisted of 60 trials. Participants received

a short break halfway through the task.
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Procedure

The experiment was conducted in a single laboyatession lasting approximately three
hours. Following a brief description of the expeent, participants signed a consent form. The
SCID was then administered to confirm all psyclicadiagnoses and study eligibility. Next, the
EEG recording session was conducted by a reseast$tant blind to group membership.
Participants completed the four tasks in countarizdd order, and prior to each task instructions
were provided. The tasks were administered oméude D class computer, using Presentation
software (Neurobehavioral Systems, Inc., Albany, O8A) to control the presentation and
timing of all stimuli. Following the EEG recordirsgssion, participants completed the MASQ
(depressed and control groups) and SHAPS (depregssap only only). All participants were
paid their winnings from the monetary feedback #&00), as well as an additional $75 as
compensation for their time.
Psychophysiological Recording and Data Reduction

The continuous EEG was recorded using a custonf@agpech Solutions, Wilmington,
NC, USA) and the ActiveTwo Biosemi system (BioSeAmsterdam, Netherlands). The signal
was preamplified at the electrode with a gain af,aand the EEG was digitized at 24-bit
resolution with a least significant bit value of.233 nV and a sampling rate of 1024 Hz, using a
low-pass fifth-order sinc filter with a -3 dB cutaff 204.8 Hz. Recordings were taken from 34
scalp electrodes based on the 10/20 system (imgUelCz and 1z), as well as two electrodes
placed on the left and right mastoids. The elecintogram was recorded from electrodes 1 cm
above and below the left eye, 1 cm to the lefhefleft eye, and 1 cm to the right of the right
eye. Each electrode was measured online with cesp@ common mode sense electrode

forming a monopolar channel. Off-line analysis wasformed using Brain Vision Analyzer
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software (Brain Products, Munich, Germany). Altaleere re-referenced to the average of the
two mastoid electrodes and band-pass filtered eutbffs of 0.01 and 30 Hz. The EEG was
segmented for each trial as follows: For the L&#chs began 500 ms prior to image/word
onset and continued for 2000 ms afterward; folRNe epochs began 500 ms prior to feedback
onset and continued for 1000 ms afterward. Eaahwas corrected for blinks and eye
movements using the method developed by Grattorcaltehgues (1983). Specific channels in
each trial were rejected using a semi-automatedegiare, with physiological artifacts identified
by the following criteria: a step of more than|bd between sample points, a difference of 300
uV within a trial, and a maximum difference of lékan 0.5uV within 100-ms intervals.
Additional artifacts were identified using visuakpection.

Stimulus-locked ERPs were averaged separatelgaich trial type within each task. The
LPP is maximal at centroparietal sites (Cuthbedl €22000; Foti et al., 2009; Keil et al., 2002;
Schupp et al., 2000; Weinberg & Hajcak, 2010), iamehs scored as the average activity at a
pooling of representative electrodes (Pz, CPz(QP4,, CP2). While the LPP is apparent in the
ERP waveform as a sustained positive deflectiarlies have demonstrated that the LPP
represents the summed activity of posterior compthat overlap in time (Foti et al., 2009;
Weinberg & Hajcak, 2010). Taking this into accquhe LPP was scored across two time
windows: 400-1000 and 1000-2000 ms. The FN, medewh maximal at frontocentral sites
(Carlson et al., 2011, Foti, Weinberg, et al., 20&&hring & Willoughby, 2002; Miltner et al.,
1997), and it was scored as the average activaypatoling of representative electrodes (Fz,
FCz, Cz, FC1, FC2) in a window spanning 250-350 fs. both the LPP and the FN, the

activity in a 200-ms window prior to stimulus onsetved as the baseline.
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Data Analysis

Effects of interest on the LPP and FN were examirsadg mixed design ANOVAS, with
Greenhouse-Geisser correction where appropriate. within-subjects factor for each task was
trial type: For the affective images task, themmitsubjects factor compared LPP amplitude
across pleasant, neutral, and unpleasant imageghé-affective words task, the omnibus
ANOVA included within-subjects factors of Pictui@€asant, neutral, unpleasant) and Personal
Relevance (normative, idiographic). For the monefieedback task, the within-subjects factor
compared FN amplitude across gain and loss triats.the time estimation task, the within-
subjects factor compared FN amplitude across pesitnd negative feedback. In each case, the
between-subjects factor was group (Depressed vard@)p In a separate step, comorbidity
(presence vs. absence of a comorbid Axis | dispaiedt psychotherapy status (past month
treatment vs. not) were added as additional predi¢b assess whether adjusting for these
variables influenced the pattern of results.

Of interest was the statistical significance ofithteraction between trial type and group,
indicating a moderating effect of MDD on ERP ampli# across stimuli. Significant
interactions were pursued with between-subjects.téd/ith regard to the LPP tasks, interaction
contrasts were performed by testing whether thasallet minus neutral and unpleasant minus
neutral difference scores significantly varied logup. With regard to the FN tasks, simple
effects tests were performed by comparing poséive negative feedback separately across
groups. Of particular interest was whether theligted reduction in FN amplitude on the
monetary feedback task was driven by a reducednsgpto rewards, as well as whether the
predicted increase in FN amplitude on the timevesion task was driven by an increased

response to negative feedback.
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Exploratory analyses were also conducted to relat®rmal ERP responses to symptoms
(MASQ subscale scores) and impaired hedonic capé@HAPS score, depression subtype, and
mood reactivity). At the bivariate level, correteis were performed to examine whether the
LPP and FN relate specifically to scores on the BHANd the AD subscale—indicating an
association with symptoms thought to be relatiwggcific to MDD—or relate to symptoms of
anxiety and psychological distress more broadlgnsitlering previous work, it was also of
interest to examine the cumulative contributionthef ERP variables as predictors of AD and
SHAPS scores using multiple linear regressionHi#zagalli et al., 2008; Wacker et al., 2009).
This analysis revealed the total percentage ofimag in self-reported anhedonia that can be
accounted for by ERP measures, as well as whetiyandividual ERPs uniquely and
significantly predicted anhedonia severity. Theatts of depression subtype and mood
reactivity, both of which are categorical predistovere assessed using one-way ANOVAs. All
statistical analyses were performed using PASWsStz (Version 18.0; SPSS, Inc., Chicago,

IL, USA).
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Results
Sample Characteristics

Demographic and clinical characteristics of therdeped and control groups are
presented in Table 1. Seven control participamtsdt indicate an ethnicity, and 10 total
participants (1 depressed, 9 control) did not iai@ race. There was a trend toward a group
difference in race, with a somewhat greater nurob€&aucasian participants in the depressed
group compared to the control groy(1)=2.95,p=.09); group differences in age, ethnicity, and
education level were not significaqt$>.20).

With regard to clinical characteristics, MDD paipiants were more likely to be receiving
current (i.e., past month) psychotherapy. Ten@pénts declined to complete the MASQ (1
depressed, 9 control). Individuals in the depréggeup reported more severe symptoms of
depression and anxiety compared to the controlpggneith significant group differences on all
four MASQ subscales. The SHAPS was completed lontye depressed group; SHAPS data
was available for 27 depressed participants. Aontgjof these depressed participantsZ0,
74.1%) received a score of 1 or higher on the SHARfcating at least mild impairment in
hedonic capacity, which is consistent with priaarch using this measure (Snaith et al., 1995).

Diagnostic characteristics of the depressed gavapresented in Table 2. A majority of
depressed participants (58.3%) met criteria foresurMDD with no comorbid disorders. With
regard to the features of the current depressigoée, one participant had missing data on the
current depression subtype and two had missingatataood reactivity. A majority of
participants (51.4%) did not meet full criteria fther melancholic or atypical depression, and
depression subtype was not associated with sympéwerity on the four MASQ subscales or

SHAPS score (ajp's>.20). One third of the depressed group (32.88%prted having impaired
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mood reactivity during the current depressive aegesavith blunted reactivity to pleasurable
events. Impaired mood reactivity was specificakbgociated with self-reported anhedonia, as
indicated by AD {(31)=2.33,p<.05) and SHAPS scoreg45)=2.46,p<.05); associations with
GDD, AA, and GDA scores were not significant (@#>.10).
Emotional Reactivity
Normative images. All 36 depressed subjects had usable ERP dataeamatimative
images task. Of the 44 controls, 5 were not adstened the task and 4 had unusable ERP data
(>50% artifacts), leaving 35 in the final sampkss seen in Figure 1, affective modulation of the
LPP was apparent as early as 300 ms after stinonlsest and was sustained throughout stimulus
presentation. Below, analysis of LPP amplituderesented separately for the early (400-1000
ms) and late (1000-2000 ms) time windows (cf. Ebal., 2009; Weinberg & Hajcak, 2010).
Early time window, 400-1000 ms. The mixed-model ANOVA vyielded a significant
effect of Picture TypeH(2,138)=93.51p<.001) that was qualified by an interaction witroGp
(F(2,138)=4.88p<.01). Both effects remained significant afteruating for comorbidity and
treatment status (Picture Typgg2,134)=75.83p<.001; Picture Type x Groupi(2,134)=4.71,
p<.05). Follow-up contrasts for the early time womdrevealed that within the control group,
the LPP was increased for pleasa(84)=7.62,p<.001) and unpleasari{34)=9.40,p<.001)
compared to neutral images. Within the depresseuapg the LPP was also increased for
pleasantt(35)=7.52,<.001) and unpleasan{35)=7.43,p<.001) compared to neutral images.
To further examine the interaction effect, differerscores were used (i.e., unpleasant — neutral,
pleasant — neutral): the effect of unpleasant @atral images was blunted among the depressed
group compared to the control grou(®9)=2.74p<.01); the effect of pleasant vs. neutral

images, on the other hand, was comparable acroapgp=.54).
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Late time window, 1000-2000 ms. The mixed-model ANOVA again yielded a
significant effect of Picture Typé-(2,138)=53.41p<.001); the interaction with Group,
however, was not significant in this windop~(24). Across the full sample, the LPP was
increased for pleasart{{0)=9.57 p<.001) and unpleasart{{0)=7.97 p<.001) compared to
neutral images. Unlike the early time window, thedulation of the LPP by unpleasant and
pleasant images (i.e., difference scores) was cabfgmacross groups (bgbts>.30).

Unlike the early time window, the affective moduat of the LPP in the late time
window was maximal at frontal sites. To examinesthler this frontal modulation of the LPP by
picture type varied across groups, a separatemmpofielectrodes was formed (Fz/FCz/1/2).
The mixed-model ANOVA at frontal sites yielded grsficant main effect of Picture Type
(F(2,138)=50.46p<.001), but the interaction with Group was not gigant (p=.28). As was
observed for the centroparietal electrode pooling.affective modulation of the LPP (i.e.,
difference scores) was comparable across both grigthp's>.20).

Associations with clinical characteristics. Across the full sample, AA severity was
associated with a blunted LPP to pleasant comparadutral stimuli in the early time window
(r=-.26,p<.05). This association remained significant aftamtrolling for AD severityf=-.33,
p<.05) but was no longer significant when addingalir subscales as simultaneous predictors
(p=-.32,p=.12). There was also a trend toward AD sevesgoaiated with a blunted LPP to
unpleasant stimuli in the early time windom{.23,p=.07). Other associations with MASQ
subscales did not reach significance jgab.10). Within the depressed group, SHAPS score,
depression subtype, and mood reactivity were ute@l®m LPP amplitude (ai's>.30).

Idiographic and normative words. The affective words task was not administered to

three control participants. With regard to ERRag#iree control participants were excluded for
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a poor quality signal (>50% artifacts), and thrddifional participants were excluded for being
statistical outliers (>3 standard deviations frédma grand mean); two depressed participants were
excluded for a poor quality signal, and one fonigea statistical outlier. As a result, usable ERP
data were available for 35 controls and 33 deptepadicipants. Ratings of valence and
emotional arousal were available for 31 controld 32 depressed participants. Analyses of ERP
data are presented below, followed by self-repairhgs of valence and arousal for all word
stimuli.

Early time window, 400-1000 ms. LPP amplitude across conditions and groups was
examined using a mixed-model ANOVA with Word Typlerée levels: pleasant, neutral,
unpleasant) and Personal Relevance (two levelsaaiore, idiographic) as the within-subjects
factors, and Group (two levels: control, depresssdhe between-subjects factor. In the early
time window, a significant main effect of Word Typ&as presentH(2,132)=8.93p<.001);
regardless of personal relevance, the LPP wasaseceoverall for pleasarf((,66)=12.64,
p<.001) and unpleasarf({l,66)=14.67p<.001) compared to neutral words. A main effect of
Personal Relevance was also present, with the 1§ increased for idiographic compared to
normative words overalH(1,66)=55.34p<.001). There were no significant interactiongwit
Group (allp’'s>.25). Considering normative and idiographic dgseparately, main effects of
Picture Type were observed in each case (Normdi{Z132)=7.00p<.001; Idiographic:
F(2,132)=3.34p<.05), but neither interaction with Group was sfgaint (bothp’s>.70).

Late time window, 1000-2000 ms. Using the same mixed-model ANOVA as described
above, an identical pattern was observed in tleetiiate window: There was a significant main
effect of Word TypeK(2,132)=5.10p<.01), with the LPP increased for pleasant

(F(1,66)=10.00p<.01) and unpleasarf(1,66)=5.72p<.05) compared to neutral words. There
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was also a significant main effect of Personal Ratee with the LPP increased for idiographic
words overall F(1,66)=11.82p<.001). Once again, there were no significantradtons with
Group (allp’s>.30). Considering normative and idiographic egseparately, a main effect of
Picture Type was observed for normative wofeR (132)=5.30p<.01) but not idiographic
words 0=.72); neither interaction with group was significébothp’s>.40).

Narrower time window, 600-800 ms. Within the images task, the modulation of LPP
amplitude by picture type was apparent as earB0@sms and sustained throughout stimulus
presentation. Within the words task, however feedint pattern was apparent: Affective
modulation of the LPP was smaller overall, andibngeeffect was present for idiographic
stimuli. Within the depressed group, affective mlation of the LPP to idiographic stimuli was
maximal in a relatively circumscribed portion oéthPP, from approximately 600-800 ms.
Later in the epoch, the LPP was increased fodalgraphic stimuli, including neutral words.
Whereas the predefined time windows were effedbveapturing the temporal dynamics of the
LPP elicited by affective images, they were legsative for assessing the LPP elicited by
affective words.

In light of this observation, an exploratory an&@ysas conducted by focusing on the
narrower time window of 600-800 ms, where affectivedulation of the LPP was apparent for
both normative and idiographic stimuli. The mixeddel ANOVA once again yielded
significant main effects of Word Typ&((1,132)=6.26p<.01) and Personal Relevance
(F(1,66)=34.31p<.001). Unlike in the pre-defined time windows cidsed above, however, a
significant three-way interaction with group wasabbserved: The emotional vs. neutral
contrast (i.e., pleasant/unpleasant vs. neutrghjifstantly interacted with Group and Personal

RelevanceK(1,66)=5.48p<.05); the effect persisted after adjusting for ocooidity and
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treatment statug=(1,64)=3.81p=.05). This three-way interaction indicates thatugp

differences in the affective modulation of the L\¥ied as a function of the personal relevance
of stimuli. Specifically, among controls the LPRssignificantly increased foormative
pleasantt(34)=3.34,p<.01) and unpleasan(34)=2.66 p<.05) compared to neutral words, but
did not differ for idiographic words (bothis>.70). The opposite pattern was observed for
depressed participants, with the LPP increaselfographic pleasantt(32)=2.34 p<.05) and
unpleasantt(32)=2.40,p<.05) compared to neutral words, but comparabmplitude for
normative words (botp’s>.25).

Valence and arousal ratings. Group means of ratings for all word stimuli areqaated
in Figure 4. The mixed-model ANOVA for valenceingss yielded a significant main effect of
Personal Relevanc€&((1,61)=20.19p<.001), indicating that idiographic words overaéne
rated as more pleasant than normative words. Tasealso a significant main effect of Word
Type F(2,122)=863.62p<.001), a significant two-way interaction betweearddnal Relevance
and Word TypeK(2,122)=19.71p<.001), and a significant three-way interactionassgn
Personal Relevance, Word Type, and Grdt(2,(22)=3.63p<.05). Across groups, the
normative pleasant vs. neutral contrast was blumtdige depressed group compared to controls
(t(61)=2.27 p<.05); group differences in the normative unpleésanneutral contrast and the
two idiographic contrasts were not significant (a>.50). Of note, the three-way interaction
was no longer significant after adjusting for cobidity and treatment statup<.14). While
statistical power was limited, there was a tremndata a blunted effect of pleasant vs. neutral
words among depressed individuals with a currentarbid Axis | disordert(61)=1.72,p=.09),
suggesting that this subgroup of participants wasnd) the between-subjects difference in

valence ratings.
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The mixed-model ANOVA for arousal ratings yieldedignificant main effect of
Personal Relevancé&((1,61)=47.92p<.001), indicating that idiographic words were thés
more arousing than normative words overall. Theae also a significant main effect of Word
Type F(2,122)=120.41p<.001) and an interaction between Word Type andd?@l Relevance
that approached significandg(g,122)=2.83p=.06). Across the full sample, there was a trend
toward normative unpleasant words being rated ag m@using than normative pleasant words
(t(63)=1.75,p=.09), whereas this was not the case for idiog@aplords p=.74). None of the
interactions with Group were significant (pls>.20).

Associations with clinical characteristics. For individual difference comparisons, the
LPP in the narrower time window was used (i.e.,-800 ms). Across the full sample, AA
severity was associated with an increased LPPrnoato/e pleasant vs. neutral words.8,
p<.05). This association remained significant afmtrolling for AD severity£=.38,p<.05)
and was marginally significant after adding allfsubscales as simultaneous predict+s38,
p=.08). Other associations with MASQ subscalesdidreach significance (ghls>.10).
Within the depressed group, SHAPS score, depressiotype, and mood reactivity were
unrelated to LPP amplitude (afls>.10).
Reward Sensitivity

Monetary feedback Two control participants were excluded for a pogaldgy signal
(>50% artifacts). Usable ERP data was availabid2ocontrols and 36 depressed participants.
As seen in Figure 5, monetary gain elicited a pesieflection in the ERP waveform and
monetary loss elicited a negative deflection; tiffeence between losses and gains was

maximal at approximately 300 ms at frontocentrissi
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Feedback negativity. The mixed-model ANOVA yielded a significant effexft
Feedback TypeH(1,76)=78.04p<.001) that was qualified by an interaction witroGp
(F(1,76)=5.45p<.05), indicating that the difference between lassd gain trials was blunted in
the depressed compared to the control group; the efi@ct of Group was not significant
(p=.77). The interaction with Group remained sigrafit after adjusting for comorbidity and
treatment statud=(1,74)=5.01p<.05). Considering loss and gain trials separatgiyup
differences in FN amplitude were not significamt{bp’'s>.30). Within groups, the loss vs. gain
contrast was significant for both control@()=9.28,p<.001) and depressed participants
(t(35)=3.96,p<.001).

Associations with clinical characteristics. Across the full sample, blunted FN amplitude
(loss minus gain) was associated with symptom ggwan all four subscales (AD=.30,p<.05;
GDD: r=.41,p<.001; AA:r=.37,p<.01; GDA:r=.37,p<.01). The FN is numerically negative
when using the difference score, so positive cati@h coefficients here indicate that greater
symptom severity was associated with reduced eéiffiation between losses and gains. Adding
all four subscales as simultaneous predictors oafAglitude, none of the unique associations
were statistically significant (aff's>.10).

FN amplitude was also significantly associatechwitood reactivity (Figure 6): Among
depressed individuals reporting intact mood redgtithe difference between loss and gain was
significant ((23)=5.71,p<.001) and comparable in amplitude to contrpts§9). Among
depressed individuals reporting impaired mood reigtthe difference between loss and gain
was not significantg=.42), and FN amplitude (loss minus gain) was lddrdompared to both
depressed individuals with intact mood reactivi{$2)=3.96,p<.001) and control¢(61)=4.96,

p<.001). This group effect was driven specificddlya reduced response to monetary gain
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(impaired vs. intactt(51)=2.77 p<.01; impaired vs. controlst(82)=2.74 p<.01), and not loss
(bothp’s>.30). FN amplitude was unrelated to depressidstype and SHAPS score (both
p's>.50).

Performance feedback.The time estimation task was not administered tw éontrol
participants. Usable ERP data was available fazafrols and 36 depressed participants. As
seen in Figure 7, error feedback elicited a negateflection and correct feedback elicited a
positive deflection in the ERP waveform; similathe gambling task, the difference between
error and correct feedback was maximal at appraainp&00 at frontocentral sites.

Feedback negativity. The mixed model ANOVA yielded a significant effed Feedback
Type F(1, 74)=22.99p<.001), indicating that the FN differed across ead correct feedback
trials. Unlike the gambling task, the interactiwith Group was not significanp€.95). Within
groups, the error vs. correct contrast was sigmifi¢or both the controt(39)=3.74,p<.001) and
MDD groups {(35)=3.08,p<.01). The main effect of Group was not significo¥.17).

Associations with clinical characteristics. Across the full sample, FN amplitude was not
associated with symptom severity on any of the MASQ subscales (afi's>.30). Within the
depressed sample, FN amplitude was not associatie SWAPS score, depression subtype, or
mood reactivity (alp’s>.40).

Convergence Across Tasks

Bivariate associations between ERP variables asepted in Table 3within each class
of affective stimuli (i.e., normative images, notia words, and idiographic words considered
separately), significant correlations were obseffeedhe modulation of LPP amplitude by
pleasant and unpleasant compared to neutral stifitle same was not traerossclasses of

affective stimuli, such that LPP amplitudes eliditeay normative images, normative words, and

38



idiographic words were not correlated with one Aeat Similarly, FN amplitude was
uncorrelated across the monetary and performamcihéek tasks. Across the LPP and FN
tasks, a significant inverse association was oleseonly between the LPP elicited by
idiographic negative stimuli and the FN elicitedrbgnetary feedback, with an increased LPP
associated with a blunted FN.

To examine the unique associations between ERBbles and clinical characteristics,
multiple regression was used. Three ERP varighktsdemonstrated significant between-
groups effects were included as simultaneous piagicthe LPP elicited by unpleasant vs.
neutral normative images (400-1000 ms), the LPé&ted by normative (pleasant/unpleasant vs.
neutral) vs. idiographic words (600-800 ms), arelEN elicited by monetary feedback.
Significant unique effects of FN amplitude were@ted in predicting scores on the four
MASQ subscales, controlling for the LPP variablkB{(/=.28,p<.05; GDD:$=.39,p<.01; AA:
$=.36,p<.01; GDA:/5=.33,p<.05); effects of the two LPP variables were nghgicant (all
p's>.10). Similarly, FN amplitude to monetary feadk significantly predicted blunted mood
reactivity as a categorical outcome variable usaggstic regression (OR=1.64<.01),
controlling for the two LPP variables; effects béttwo LPP variables were not significant (both

p's>.50).
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Discussion

The current study extends the existing literaturéndormation processing abnormalities
associated with MDD by clarifying the experimertahtexts and classes of stimuli that are
associated with specific neurobiological differenc&Vith regard to emotional reactivity, a
moderating effect of the personal relevance of @iimas observed. Individuals with MDD
exhibitedbluntedreactivity to normative stimuli andcreasedeactivity to idiographic stimuli,
as indicated by the affective modulation of LPP htuge. With regard to reward sensitivity,
individuals with MDD exhibited &luntedFN only to feedback indicating monetary outcomes;
the FN elicited by performance feedback was ireact comparable to controls. Furthermore,
the reduction in FN amplitude to monetary feedbaak driven by a subgroup of individuals
with MDD who also reported impaired mood reactivaykey feature of melancholic depression.
The current study demonstrates that MDD is charaet# by neither a global decrease nor
increase in neural activity elicited by motivatitipasalient stimuli, but rather a more complex
pattern of dysregulated information processing Imcl the directionality of effects depends on
the specific methods and type of stimuli used.
Emotional Reactivity

By considering the impact of the personal releeasfcstimuli on abnormal emotional
reactivity in MDD, the current study offers a pddsiexplanation for inconsistent findings in the
extant neuroimaging literature. Whereas the lingdmdical dysregulation model postulates that
depression is characterized lipgperactivityin brain regions associated with emotional
processing (Mayberg, 1997, 2003; Mayberg et ab9)%he emotion context insensitivity model
postulates that depression is characterizelaypypactivity(Rottenberg et al., 2005)—yet neither

model completely accounts for the current datatelad, evidence in support of both types of
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abnormalities was observed: Idiographic affectieds, generated by participants to describe
their own positive and negative moods, modulateg BRplitude in the MDD group only,
indicating increased and inappropriate emotionattreity in that context. On the other hand,
normative affective words modulated LPP amplitudéhie control group only, indicating that
emotional reactivity was blunted within the MDD gpoin this context. These group differences
in the processing of idiographic and normative stirwere not explained by self-reported
ratings of arousal, which were comparable for desed and healthy participants. Taken
together, this pattern indicates that abnormal @mal reactivity in MDD may be better
characterized as a dual abnormality in emotiorettreity, consisting of both a disengagement
from one’s emotional environment and an increaseififocused emotional attention. As such,
MDD is characterized by reduced reactivity to mationally salient stimuli that are not directly
relevant to one’s internal state and enhancedivégidb personally relevant stimuli.

A ruminative cognitive style, marked by excesse#-focused attention on emotional
states, has been related to the onset and coukdBDf(Nolen-Hoeksema, 2000). Consistent
with that finding, a subsequent meta-analysis @rdwo hundred studies observed that a
tendency to engage in increased self-focus wasiassd with negative affect and depressive
symptoms, in both clinical and nonclinical samger & Winquist, 2002). Linking these data
on cognitive biases in MDD with neurobiological meees, there is an emerging literature
examining the impact of MDD on activity within tldefault mode network, a neural circuit
spanning prefrontal, posterior cingulate, pariedalj temporal brain regions. The default mode
network is typically characterized by a high leg€hctivity at rest and inhibition during
engagement with external stimuli (Raichle et &0D). It has been proposed that the cognitive

biases and excessive self-focused attention teaifsen observed in MDD may be related to
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dysregulation in the default mode network, whertftgye is a failure to inhibit activity in this
default network and recruit goal-directed neuraivétyg when transitioning from rest to task
engagement (Marchetti, Koster, Sonuga-Barke, & Bed® 2012). In other words, MDD is
thought to be characterized by a failure to propestlirect attention away from one’s internal
state and toward goal-directed or motivationalesdlexternal stimuli. The LPP data in the
current study are consistent with this perspectifering converging electrophysiological
evidence of increased and inflexible self-focusieintion, with potentiated neural activity to
self-relevant emotional stimuli and blunted neaetivity to normative emotional stimuli.
Given that increased amygdala reactivity to perpmalevant emotional stimuli in MDD has
been previously shown to predict a greater resptmsegnitive behavioral therapy (Siegle et al.,
2006), it is of interest whether this analogous L PP amplitude toward idiographic stimuli
may also predict response to psychological intdreena direction which warrants further
investigation.

In addition to these LPP data on the processindiographic and normative words, the
MDD group also exhibited abnormal reactivity to mative affective images. As with the effect
of normative words, the LPP elicited by unpleasaraiges was blunted in the MDD group
compared to the control group. The unpleasant@saged in the current study were selected to
maximize the affective modulation of the LPP, all@fthe images used depicted scenes of
environmental threat, either in the form of an imemt physical attack or a mutilated body
(Weinberg & Hajcak, 2010). Consistent with thereat finding of a blunted LPP to unpleasant
images, previous research has found that MDD iscgated with a blunted LPP (Foti et al.,

2010) and blunted amygdala activation (Lawrencd.e2004; Moses-Kolko et al., 2010;
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Thomas et al., 2001) to emotional facial expresstbat signal environmental threat (i.e., angry
and fearful).

An unexpected finding in the current study, howewas that the LPP elicited by
normative pleasant images was intact in the MDugrand comparable to that of controls.
Whereas the blunted LPP to normative words wasrebddor both pleasant and unpleasant
stimuli, the blunted LPP to images was specifianipleasant stimuli. Of note, abnormalities in
LPP amplitude across tasks were largely unrelatiective modulation of the LPP to normative
words was not associated with modulation of the td*&nhpleasant images across individuals.
This suggests that reductions in LPP amplitudgézidic classes of stimuli represent distinct
affective deficits, rather than a general reductioreactivity to normative stimuli. In particular
the reduced LPP to unpleasant images may relate aasely to a deficit in defensive
motivation to stimuli signaling environmental thted he reduced LPP to normative words,
however, may instead be driven by a failurédiféerentiateneutral from affective stimuli, with
the group difference in LPP amplitude driven laydey an increased response to neutral words
in the MDD group, rather than a decreased respmnatective words per se.

Further underscoring the point that the affectivedg and images tasks may have tapped
unique abnormalities associated with MDD, the tignori the LPP differed across classes of
stimuli. In response to unpleasant images, the wRfn the MDD group was blunted from
approximately 400-1000 ms. On the other handintrease in LPP amplitude to idiographic
stimuli within the MDD group was apparent withimare narrow time window, from
approximately 600-800 ms. Lastly, it is worth mgtithat affective images yielded a
substantially larger effect size across the futhgke, with the affective modulation larger than

that of words by a factor of five. While the LPIiRked by unpleasant images was blunted in the
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MDD group compared to the control group, there stdksignificant affective modulation of the
LPP among depressed individuals. This indicatasdmotional reactivity to normative stimuli
is impaired but not absent in MDD and that, unlkards and facial stimuli, high-arousal
affective images elicit robust neural activity irDfd. One possibility is that the threshold of
emotional arousal necessary to elicit significdlatcation of attention to external stimuli is
higher in MDD, perhaps due in part to the co-odagrincrease in self-focused attention.
Reward Sensitivity

Previous studies examining abnormal FN amplitad@DD have yielded conflicting
results, with alternating reports of a blunted BN bsitive feedback (Bress et al., 2012; Foti &
Hajcak, 2009; Foti, Hajcak, et al., 2011) and amaased FN to negative feedback (Mies et al.,
2011; Santesso et al., 2008; Tucker et al., 2008 current study clarifies this discrepancy by
demonstrating that the blunted FN in MDD is spedifi feedback indicating reward.

Individuals with MDD exhibited a blunted FN to fdetk indicative of monetary outcomes, yet
the FN to performance feedback was intact and coabpato that of controls. Accordingly,
MDD is not associated with a global impairment mvieonmental feedback processing per se,
but rather a more specific deficit in reward sewisyt, as evidenced by blunted FN amplitude in
our doors task.

The current study also extends previous reporgshdéinted FN in MDD by relating this
electrophysiological measure to a more specifitichl phenotype: impaired mood reactivity to
pleasurable events, a core feature of melanchefpcatsion. While the FN elicited by monetary
feedback was blunted among the MDD group as a wdwigpared to controls, this group
difference was driven specifically by a reducegogse to monetary gain among those

depressed individuals reporting impaired mood reiggt By contrast, those depressed
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individuals reportingntact mood reactivity to pleasurable events also exéb#n intact FN,
comparable in amplitude to controls. Here, two bganous subgroups of MDD patrticipants
were identified based on the presence of neurafficddimpairment in reward sensitivity, as
captured by FN amplitude. Using neurobiologicdbda inform the classification of
psychopathology in this way is consistent with Research Domain Criteria Project recently
launched by the National Institute of Mental Hedltisel et al., 2010). Rather than seeking to
elucidate the neural substrates of MDD, mappinduhetion within a well-characterized neural
measure of reward sensitivity onto specific clihjgenomenon may be an effective approach to
further refine the definition of the anhedonic pbme in MDD. In this regard, the FN elicited
by monetary feedback appears to be a promising tool

This preliminary finding linking FN amplitude to rad reactivity in MDD stands as a
potential validation of impaired mood reactivityasillness characteristic that distinguishes
between melancholic and atypical depression. Ngtéloltzheimer and Mayberg (2011)
recently argued that progress in developing moceessful treatments for MDD may be
hampered by an overly broad and heterogeneoug sgthptoms, as well as a misguided
research focus on the negative mood state assoeidte major depressive episodes. The
authors argue that, rather than the presence efjative mood state per se, MDD may be
uniquely characterized by the inability to diseng&gm that state, a definition which resonates
well with the current FN data. In future reseaiitill be important to consider how this
specific illness characteristic, in conjunctionmiinpaired FN amplitude, might be used to guide
treatment selection. For example, behavioral attwm, a psychosocial intervention designed to
increase the frequency of pleasurable daily a@sjitmight be particularly effective for

individuals with intact mood reactivity and an ict&N (Weinstock, Munroe, & Miller, 2011).
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For individuals with impaired mood reactivity anldifted FN amplitude—potentially indicating
dopamingergic dysfunction—a dopamine agonist thatiically targets hypoactivity in the
mesocortolimbic reward circuit may be uniquely efifee (Lemke, Brecht, Koester, &
Reichmann, 2006). In this way, considering ERR @&t conjunction with other sources of
clinical information may be used to develop morecise treatment selection algorithms,
matching interventions with subgroups of patiextsilgiting specific behavioral and
neurobiological profiles of impairment.

The clinical utility of melancholia as a distinartstruct remains contentious, with
inconsistent evidence that the melancholic subof@dDD uniquely predicts differences in
course and pathophysiology (Hadzi-Pavlovic & Boy&@l2). Along these lines, in the current
sample, FN amplitude was not predicted by full dizgjic criteria for either the melancholic or
atypical subtype. Similarly, FN amplitude in them@nt study was not associated with two other
deficits in self-reported hedonic capacity: sympsarhanhedonic depression as measured by the
MASQ, as well as social and physical anhedoniaeasored by the SHAPS. These null effects
are consistent with a recent report demonstratitect FN amplitude on a gambling task among
individuals high in self-reported physical anhed@ofi*adrao, Mallorqui, Cucurell, Marco-
Pallares, & Rodriguez-Fornells, 2012).

Overall, this pattern of null findings highlightset fact that reward is not a unitary
construct, but rather is comprised of distinct psses including anticipatory pleasure,
consummatory pleasure, and reward learning—eaulhioh is associated with distinct neural
circuitry and behavior (Pizzagalli, Dillon, Bogda&aHolmes, 2011; Treadway & Zald, 2011).
By extension, anhedonia is also a heterogeneowsroety and a deficit in one aspect of reward

processing may not necessarily generalize to atHeéksamplitude has been interpreted as
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reflecting phasic changes in midbrain dopamineagrelated to reward learning (Holroyd &
Coles, 2002), which appears to be distinct frorhezitmotivational or consummatory deficits in
subjective pleasure. Here, a reduced FN to randometary feedback was related specifically
to impairment in mood reactivity, a relatively eirascribed clinical phenomenon. This
association did not generalize to other, more dlabsessments of depressive symptoms and
self-reported hedonic capacity. Likewise, it may generalize to other experimental contexts.
In particular, the anhedonic depression subscatleeofMASQ has previously been related to
reduced behavioral response bias to reward onkapiicstic learning task (Pizzagalli et al.,
2008) and reduced striatal activation to rewaré omonetary incentive delay task (Wacker et al.,
2009), yet in the current study this MASQ subseas unrelated to FN amplitude. One
possibility is that these tasks may be tapping distinct facets of reward processing; each of
these faces may be impaired in MDD, but they maynecessarily relate to one another across
individuals. To pursue this topic further, it wde of interest to combine behavioral and
electrophysiological information from multiple remiaasks, examining whether individual
differences converge upon a latent factor or irtsfgavide unique sources of information
regarding more narrowly-defined deficits in rewardcessing.

In contrast with three previous reporting an iasexd FN to performance feedback in
MDD (Mies et al., 2011; Santesso et al., 2008; Buek al., 2003), the FN elicited in the time
estimation task was comparable across the MDD antta groups. One possible explanation
for this discrepancy is that two of the aforememéid studies failed to control for the presence of
comorbid symptoms of anxiety (Mies et al., 2011¢Ker et al., 2003), which is associated with
potentiated neural activity associated with ermacpssing (Weinberg, Riesel, & Hajcak, 2012).

The third study, while controlling for individualfterences in anxiety, only considered the FN
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elicited by negative feedback; positive feedback wat considered, leaving it unclear whether
the group difference in FN amplitude was indicatwéncreased differentiation across feedback
type (Santesso et al., 2008). Regardless, therumesult supports the notion that the processing
of performance feedback is intact in MDD, and ihgtairment in FN amplitude is specific to
reward information.

Strengths, Limitations, and Future Directions

A strength of the current study is the use of &éogiof ERP tasks within a single MDD
sample, allowing for a more thorough assessmetiteo$pecificity of observed information
processing abnormalities. Indeed, ERP amplituds=e Wargely uncorrelated across tasks,
suggesting that each measure provided a uniqueesofirnformation with regard to affective
and anhedonic deficits associated with MDD. LPPplgode elicited by images did not predict
that elicited by words, and the FN to monetary bt did not predict the FN to performance
feedback. This lack of associations between ER&suares across tasks demonstrates the
importance of interpreting individual differenc@sa neurobiological measure only with regard
to the specific experimental context used.

A second strength of the current study is theafigerelatively pure MDD sample, with
limited psychiatric comorbidity and no antidepregsaedication usage. Indeed, heterogeneity
in symptom profiles and in treatment status hawenbdentified as likely contributors to
inconsistent findings within the neuroimaging lgkmre in MDD (Townsend et al., 2010). Here,
comorbid diagnoses of generalized anxiety disomigsessive compulsive disorder, and
substance use disorders were used as exclusienargnhancing the internal validity of the

current results as being associated specificallly WDD.
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One important limitation of the current studyhat the course of depressive illness was
not thoroughly assessed, leaving it unclear whetheand LPP amplitude are impacted by
iliness features such as age of onset, number joir apressive episodes, and the length of the
current episode. While both the FN and LPP apfzebe promising biomarkers for information
processing abnormalities in MDD, further work icessary to clarify what aspects of the illness
is captured by these neural responses. For exampdeent study observed that a blunted FN
amplitude in response to monetary reward prospagtpredicted the onset of a first major
depressive episode within an adolescent sample,aneeabove other known risk factors of past
subthreshold symptoms, familial history, and naaisih (Bress et al., 2012). This finding
suggests that the FN in particular may relate mohé current depressed state per se, but may
rather reflect a trait-like vulnerability for dewging MDD. Future studies may shed further
light on this topic by examining the moderatingerof iliness trajectory, such as comparing
single-episode and recurrent MDD. In additionyiit be valuable to incorporate a longitudinal
design to assess what specific neurobiologicaloesgs normalize upon recovery, and how
these ERP data may be harnessed to better pregitdsion of symptoms.

Conclusions

The current study sheds new light on the impa#&tilbD on the processing of
motivationally salient stimuli, elucidating the a@btions in which abnormal emotional reactivity
and reward sensitivity are present. With regarthéoprocessing of affective stimuli, MDD is
characterized by two distinct abnormalities: inseghreactivity to idiographic stimuli, and
decreased reactivity to normative stimuli. Witgaed to the processing of environmental
feedback, MDD is characterized by a unique deiiiciteward sensitivity that may specifically

relate to impaired mood reactivity; the processhgerformance feedback is unaffected. Group
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differences in emotional reactivity and reward #@nty were largely unrelated across
individuals, suggesting the presence of relativgligue neural deficits that may relate to
clinically distinct subgroups. By considering niplkk ERP components within a single
depressed sample, the coherence across measuregamased, thereby providing a richer
understanding of the neurobiological profile of MEan would be attained by considering any
single ERP component alone. Future research esssacy to clarify the diagnostic specificity of
each of these abnormal neural responses, as watvagach may relate to MDD onset, course,

and treatment outcome.
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Table 1

Sample Characteristics

Depression Controls Group
(n=36) (n=44) Comparison
N % N %
Ethnicity
Hispanic/Latino 2 5.6 4 10.8 2(1)=.67
Other 34 94.4 33 89.2
Race
Caucasian 25 71.4 18 51.4 (1)=2.95
Other 10 28.6 17 48.6
Education
Part College or Less 23 63.9 32 72.7 Z(D)=.72
College Degree 13 36.1 12 27.3
Current Psychological Treatment 5 13.9 1 2.3 x(1)=3.85*
M SD M SD
Age 25.64 8.76 23.59 7.02 F(1,78)=1.35
Symptoms
Anhedonic Depression 64.46 12.38 39.86 10.97 F(1,68)=77.46***
General Distress, Depression 37.69 11.67 18.91 5.74 F(1,68)=72.79***
Anxious Arousal 30.14 10.77 20.89 458 F(1,68)=21.91***
General Distress, Anxiety 24.74 8.67 16.34 4.69 F(1,68)=25.43***
Hedonic Capacity 3.78 3.53 — — N/A

Note: Symptoms are subscale scores from the Moddhariety Symptom Questionnaire.
Hedonic capacity is the total score on the SnagimHhton Pleasure Scale.
"p<.10,*p<.05*** p<.001
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Table 2

Diagnostic Characteristics of Depressed Group

Diagnosis N %

Major Depressive Disorder
No comorbid disorders 21 58.3
Panic Disorder 2 5.6
Social Phobia 1 2.8
Specific phobia 5 13.9
Dysthymic Disorder

No comorbid disorders 4 111
Double Depression

No comorbid disorders 1 2.8

Body Dysmorphic Disorder 1 2.8

Specific phobia 1 2.8
Features of Current Episode N %

Depression Subtype

Melancholic 11 34.1

Atypical 6 17.1

Neither 18 51.4
Mood Reactivity

Intact 23 67.6

Impaired 11 32.3

Note: Double depression indicates a current diagradoth major depressive disorder and
dysthymic disorder.
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Table 3
Associations Between Event-Related Potential Vasab

Late Positive Potential

Feedback Negativity

Normative  Normative Normative Normative Idiographic Idiographic | Monetary Performance
Imageé Image$ Wordg Words Wordg Word® | Outcome$  Feedback

Normative — 53xex -.19 .00 22 -.01 18 -1
Image$
Normative _ 07 17 -.06 11 10 -19
Image$
Normative L rxk i
Word< 49 .09 .02 A3 .00
Normative
Wordd — .03 -.06 =11 -13
Idiographic . i )
Word< — .30 .05 A1
Idiographic oox )
Wordd — .29 .04
Monetary . 17
Outcome$ :
Performance .
Feedback

Note: Superscripts indicate contrast type (a =gaatvs. neutral, b = unpleasant vs. neutral,ass Vs. gain, d = error vs. correct).
The late positive potential was scored from 4000103 for images and from 600-800 ms for words,esponding to the time

windows where group differences in amplitude wdysesved. Feedback negativity values were convéstadositive number, such
that positive correlation coefficients indicateigedt association, and vice versg<*05, ***p<.001
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Figure 1. The late positive potential elicited by affectiveaiges among control (top) and depressed partiggbattom).

Waveforms depict activity at a pooling of electredez/CP1/CP2/Pz.
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Figure 2. The late positive potential elicited by normativerds among control (top) and depressed particip@otsom).

Waveforms depict activity at a pooling of electredez/CP1/CP2/Pz.
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Figure 3. The late positive potential elicited by idiographiords among control (top) and depressed partitp@@ottom).
Waveforms depict activity at a pooling of electredez/CP1/CP2/Pz.
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Figure 4. Participant ratings of valence and emotional aabfes affective words.

Numerically greater valence ratings indicate insiegunpleasantness. Error
bars represent the standard error of the mean0%
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Figure 5. The feedback negativity elicited by monetary lasd gain among control (top)
and depressed participants (bottom). Waveformgtagtivity at a pooling of
Fz/FCz/FC1/FC2/Cz, and headmaps depict the lossswain difference from
250-350 ms.
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Figure 6. The feedback negativity elicited by monetary lasd gain among depressed
participants reporting intact mood reactivity tegsurable events (top) or
impaired mood reactivity (bottom). Waveforms depictivity at
Fz/FCz/FC1/FC2/Cz, and headmaps depict the lossswgain difference from
250-350 ms.
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Figure 7. The feedback negativity elicited by performancelfeeck among control (top)
and depressed participants (bottom). Waveformgtagtivity at
Fz/FCz/FC1/FC2/Cz, and headmaps depict the lossswain difference from
250-350 ms.
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