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ABSTRACT
Bipolar disorder (BD) and unipolar depression (UD) are two severe mood
disorders, with BD often misdiagnosed as UD. Given their severity and high rates of
misdiagnosis, it is of paramount importance to understand the psychological and
neurobiological mechanisms underlying these disorders to enhance our ability to
diagnose, treat, and prevent them effectively.
Many neuroimaging studies have shown that mood disorders are associated
with abnormal reward-related responses, particularly in the ventral striatum (VS). Yet,
the link between mood disorders and reward-related responses in other regions
remains inconclusive, thus limiting our understanding of the pathophysiology of
mood disorders. To provide insights into the neurobiological underpinnings of reward
processing dysfunction in mood disorders, two studies were conducted.
Study 1 (Chapter 2) is a coordinate-based meta-analysis of 41 whole-brain
neuroimaging studies encompassing reward-related responses from a total of 794
patients with major depressive disorder (MDD), and 803 healthy controls (HC). It
aims to address inconsistencies in the literature by synthesizing the literature
quantitatively. The findings of Study 1 indicate that MDD is associated with opposing
abnormalities in the reward circuit: hypo-responses in the VS and hyper-responses in
the orbitofrontal cortex (OFC). These findings provide a foundation for Study 2
(Chapter 3) and help to reconceptualize our understanding of reward processing
abnormalities in UD by suggesting a role for dysregulated corticostriatal connectivity.
Study 2 is the first fMRI study to employ region-of-interest (VS and OFC),
whole-brain, activation, connectivity, and network analyses to examine the
similarities and differences in reward-related brain activation patterns between 46
children with remitted bipolar I disorder, 48 children with remitted MDD, and 46 HC.
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The results of Study 2 revealed differential connectivity in corticostriatal circuitry
during reward processing among BD, UD, and HC in pre-adolescence. Specifically,
BD exhibited increases in OFC-VS connectivity during anticipation of larger reward,
whereas UD and HC showed no changes in OFC-VS connectivity across anticipation
conditions ranging from large loss to large reward. Furthermore, BD and UD
generally showed more abnormal whole-brain responses to reward anticipation in
accordance with the valence of the stimuli than HC. These findings suggest that preadolescents with BD and UD exhibit reward processing dysfunction during reward
anticipation relative to HC even outside of acute periods of illness.
Taken together, the dissertation provides novel insight into the nature of
reward processing abnormalities in mood disorders in pre-adolescence. As early onset
BD or UD often is associated with long treatment delays and a persistently pernicious
illness course, this dissertation may aid efforts to ensure early accurate diagnosis,
which may improve our ability to intervene with appropriate treatments and result in a
more benign prognosis and course of illness over the lifespan.
Keywords: bipolar disorder, major depressive disorder, reward processing,
functional magnetic resonance imaging, pre-adolescence
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CHAPTER 1
INTRODUCTION
Bipolar disorder (BD) and unipolar depression (UD) are two of the most
debilitating conditions in the world. According to the World Health Organization
(2006, 2017), both disorders are ranked among the top ten leading causes of disability
and ill health worldwide. Moreover, it is estimated that BD and UD together afflict
approximately one-fifth of the world's population during their lifetime (Bromet et al.,
2011; Leonpacher et al., 2015; Merikangas et al., 2011). Given their severity and
prevalence, it is of paramount importance to understand the neurobiological
mechanisms underlying these disorders to enhance our ability to diagnose, treat, and
prevent them.
Over the last few decades, there has been a large effort to discern the
similarities and differences between BD and UD, presumably because BD is often
misdiagnosed as UD, especially on initial presentation (Angst et al., 2011; Ghaemi,
Boiman, & Goodwin, 2000; Ghaemi, Sachs, Chiou, Pandurangi, & Goodwin, 1999;
Leonpacher et al., 2015). The latency from onset of BD to receipt of an accurate
diagnosis of BD can range from five to 15 years (Ghaemi et al., 1999; Hirschfeld,
Lewis, & Vornik, 2003; Pendergast et al., 2014). Prior research has shown that 69%
of people with BD have been misdiagnosed in their lifetime (Lish, Dime-Meenan,
Whybrow, Price, & Hirschfeld, 1994), and that 60% of people with BD are initially
diagnosed as having UD (Goodwin & Jamison, 2007; Hirschfeld et al., 2003).
Because some treatments for UD are contraindicated for BD, misdiagnosis of BD as
UD may lead to inappropriate treatment, resulting in poorer prognosis and illness
course, such as increased risks of conversion to BD, rapid cycling, mood instability,
and treatment resistance (Altshuler et al., 1995; Bowden, 2005; Leonpacher et al.,
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2015; Perlis et al., 2010; Wehr & Goodwin, 1987). Consequently, there is an urgent
need to identify objective markers of BD and UD that might help differentiate the two
debilitating conditions (Woo, Chang, Lindquist, & Wager, 2017).
Growing interest in identifying objective markers of BD and UD has prompted
many researchers to examine the ways in which reward processing goes awry in BD
and UD, relative to healthy controls (HC). Evidence drawn from a variety of methods
and measures suggests that both BD and UD exhibit reward processing abnormalities,
relative to HC, although their abnormalities appear to be on the opposite ends of the
reward responsivity spectrum (Alloy, Nusslock, & Boland, 2015; Alloy, Olino, Freed,
& Nusslock, 2016; Heshmati & Russo, 2015; Nusslock & Alloy, 2017; Russo &
Nestler, 2013; Whitton, Treadway, & Pizzagalli, 2015). On the one hand, BD,
especially during (hypo)mania, is generally characterized by reward hypersensitivity,
as illustrated by neuroimaging research showing increased activity in the striatum
during reward processing in BD, relative to HC (Alloy et al., 2015, 2016; Chase et al.,
2013; Linke et al., 2012; Nusslock et al., 2012; Phillips & Swartz, 2014; Singh et al.,
2014; Whitton et al., 2015). On the other hand, UD is generally characterized by
reward hyposensitivity, as demonstrated by neuroimaging research showing reduced
activity in response to rewards in the striatum in UD, relative to HC (Bress, Foti,
Kotov, Klein, & Hajcak, 2013; Gotlib et al., 2010; Hall, Milne, & MacQueen, 2014;
Morgan, Olino, McMakin, Ryan, & Forbes, 2013; Ng, Alloy, & Smith, 2018; Olino et
al., 2014; Pizzagalli et al., 2009; Robbins, 2016; Whitton et al., 2015).
The striatum, which can be divided into dorsal and ventral sections, is the
primary input zone for basal ganglia (Haber, 2016; Haber & Knutson, 2010). It
receives afferent projections from the midbrain, amygdala, and prefrontal cortex
(PFC), such as the orbitofrontal cortex (OFC), dorsolateral prefrontal cortex (dlPFC),
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ventromedial prefrontal cortex (vmPFC), and anterior cingulate cortex (ACC; Haber,
2016; Haber & Knutson, 2010). It also projects to such regions as the ventral
pallidum, ventral tegmental area, and substantia nigra (Haber & Knutson, 2010).
Many of the regions linked to the striatum, particularly prefrontal regions, have been
associated with the computation and representation of reward value (Berridge &
Kringelbach, 2015; Der-Avakian & Markou, 2012; Kringelbach, 2005; Levy &
Glimcher, 2012; Padoa-Schioppa, 2011; Padoa-Schioppa & Conen, 2017; Rangel,
Camerer, & Montague, 2008; Saez, Saez, Paton, Lau, & Salzman, 2017; Stalnaker,
Cooch, & Schoenbaum, 2015; K. S. Wang, Smith, & Delgado, 2016), as well as the
regulation of affect and reward-related behavior in animals and healthy individuals
(Delgado et al., 2016; Ferenczi et al., 2016; Peters & Büchel, 2010; Phelps, Lempert,
& Sokol-Hessner, 2014; Voorn, Vanderschuren, Groenewegen, Robbins, & Pennartz,
2004). The striatum also has been proposed to play an important role in the onset and
course of mood psychopathology, with longitudinal studies demonstrating that
blunted activation in the ventral striatum (VS) during reward anticipation predicts the
emergence of depressive symptoms and disorder (Morgan et al., 2013; Stringaris et
al., 2015) and deep-brain stimulation studies using it as a treatment target for
treatment-resistant depression (Naesström, Blomstedt, & Bodlund, 2016).
Although abnormal striatal response to reward in mood disorders is a
relatively consistent finding in the literature (Alloy et al., 2016; Groenewold, Opmeer,
de Jonge, Aleman, & Costafreda, 2013; Hanson, Hariri, & Williamson, 2015;
Heshmati & Russo, 2015; Nusslock & Alloy, 2017; Nusslock et al., 2012; Whitton et
al., 2015; W. N. Zhang, Chang, Guo, Zhang, & Wang, 2013), it is less clear how other
regions, particularly the PFC, may also contribute to reward processing deficits in
mood disorders. For instance, some studies have found that relative to HC, individuals
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with BD or UD exhibited greater activation in the OFC (Forbes et al., 2006; Nusslock
et al., 2012; Smoski et al., 2009), dlPFC (Demenescu et al., 2011; Forbes et al., 2009;
Pizzagalli et al., 2009), vmPFC (Keedwell, Andrew, Williams, Brammer, & Phillips,
2005; Rizvi et al., 2013), ACC (Dichter, Kozink, McClernon, & Smoski, 2012;
Mitterschiffthaler et al., 2003), middle frontal gyrus (Dichter et al., 2012; Keedwell et
al., 2005), inferior frontal gyrus (Kumari et al., 2003; Mitterschiffthaler et al., 2003),
subgenual cingulate (Kumari et al., 2003; Rizvi et al., 2013), and dorsomedial
prefrontal cortex (Keedwell et al., 2005) during the processing of rewarding stimuli.
In contrast, other studies have reported less activity in BD or UD in response to
reward in the OFC (Dichter et al., 2012; Forbes et al., 2006; Redlich et al., 2015),
ACC (Forbes et al., 2006; Kumari et al., 2003; Pizzagalli et al., 2009; Smoski et al.,
2009), middle frontal gyrus (Kumari et al., 2003; Mitterschiffthaler et al., 2003;
Smoski et al., 2009), and frontal pole (Dichter et al., 2012). The inconsistencies may
be due to a number of factors, such as limited statistical power (Button et al., 2013;
Jia et al., 2018; Poldrack et al., 2017) and susceptibility artifacts in the ventral
portions of the PFC (Andersson, Hutton, Ashburner, Turner, & Friston, 2001; Chase,
Kumar, Eickhoff, & Dombrovski, 2015; Delgado et al., 2016; Ojemann et al., 1997).
Therefore, the association between prefrontal regions and mood disorders remains
equivocal, both in terms of the direction (i.e., hyper- or hypo-responses) and the
location (e.g., OFC, dlPFC, vmPFC and/or ACC) of the effect.
Inconsistencies in the literature have prompted researchers to conduct
coordinate-based meta-analyses to identify common activation patterns implicated in
UD during reward processing. Although prior meta-analytic efforts (Groenewold et
al., 2013; Keren et al., 2018; W. N. Zhang et al., 2013) have shown some overlapping
findings in the striatum in UD, there is a striking degree of anatomical disagreement
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across these efforts, with non-overlapping findings all throughout the brain (see Table
1 and Figure 1 for a complete comparison of findings across meta-analyses). The lack
of agreement across meta-analyses can be due to methodological issues, such as
lenient thresholding, overlapping samples, software issues (Eickhoff, Laird, Fox,
Lancaster, & Fox, 2017), and inclusion of region-of-interest (ROI) coordinates, as
detailed in a previous review (Müller, Cieslik, Serbanescu, et al., 2017). For example,
two previous meta-analyses (Groenewold et al., 2013; W. N. Zhang et al., 2013)
corrected for multiple comparisons using the false discovery rate (FDR) approach,
which has been shown to be inadequate in controlling the false positives among
clusters in neuroimaging meta-analyses (Chumbley & Friston, 2009; Eickhoff, Bzdok,
Laird, Kurth, & Fox, 2012) and might have contributed to the lack of agreement
across studies. Last by not least, it is important to note that whereas a few coordinatebased meta-analyses of neuroimaging studies on reward processing dysfunction in UD
have been conducted, none have been published in BD.
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Table 1
Comparison of Findings on Reward Responses (i.e., Reward > Punishment/Neutral)
in Previous Meta-analyses
Brain Region
Groenewold et al. (2013)
UD > HC
Lingual Gyrus
Olfactorius Cortex
Middle Orbitofrontal
Rectus
Middle Orbitofrontal
Rectus
HC > UD
Cerebellum
Lingual Gyrus
Fusiform Gyrus
Inferior Occipital Gyrus
Rolandic Operculum
Insula
Superior Temporal Gyrus
Heschl Gyrus
Postcentral Gyrus
Supramarginal Gyrus
Anterior Cingulate Cortex
Anterior Cingulate Cortex
Lingual Gyrus
Cerebellum
Calcarine Sulcus
Fusiform Gyrus
Precuneus
Pallidum
Putamen
Thalamus
Insula
Amygdala
Caudate
Fusiform
Crus Cerebellum
Brain Region
Zhang et al. (2013)
UD > HC
Cuneus
Cuneus

x

MNI Coordinates
y

z

26
4
2
2
0
0

-92
22
26
30
26
24

-14
-14
-14
-24
-12
-24

-16
-18
-22
-30
-40
-36
-40
-46
-50
-50
-2
4
-18
-6
-20
-26
-20
18
28
14
38
30
16
44
44

-28
-6
-14
-12
20
22
12
12
18
18
16
14
-6
-4
4
-12
2
-4
8
0
-12
-12
6
-20
-20

x

-74
-62
-74
-80
-24
-24
-36
-16
-18
-22
28
32
-62
-58
-54
-58
-52
0
-4
-8
10
-2
26
-62
-64
TAL Coordinates
y

4
-6

-86
-86

18
22

z
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Table 1, continued
Frontal Lobe
Middle Frontal Gyrus
Superior Frontal Gyrus
Fusiform Gyrus
Middle Frontal Gyrus
Lingual Gyrus
Lingual Gyrus
HC > UD
Caudate
Caudate
Thalamus
Thalamus
Caudate
Cerebellum
Cerebellum
Putamen
Caudate
Anterior Cingulate
Insula
Cerebellum
Brain Region

20
40
-4
-48
-48
12
14

30
28
48
-74
14
-52
-54

-6
38
32
-12
30
4
0

-6
-8
-10
-14
-12
4
-4
14
14
-8
34
-6

18
-8
-12
-14
-4
-36
-42
8
14
30
-4
-60
Coordinates
y

4
10
8
16
20
-4
4
2
10
10
16
-20

x

z

Keren et al. (2018)
HC > UD
Caudate Body
12
14
14
Caudate Head
6
2
-2
Caudate Body
-8
-2
-18
Note. MNI, Montreal Neurological Institute space; UD, unipolar depression; HC,
healthy controls; TAL, Talairach space.
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Figure 1. Illustration of findings of previous meta-analyses on reward processing in
unipolar depression. There is a striking degree of anatomical disagreement across
these meta-analyses, with non-overlapping findings all throughout the brain. Blue
represents Groenewold et al. (2013). Green represents Keren et al. (2018). Red
represents Zhang et al. (2013). (A) Previous meta-analyses examining convergence
among studies reporting hypo-responses to reward include Groenewold et al. (2013),
Keren et al. (2018), and Zhang et al. (2013). (B) Previous meta-analyses examining
convergence among studies reporting hyper-responses to reward include Groenewold
et al. (2013) and Zhang et al. (2013).

Although a host of studies have observed reward processing abnormalities in
BD or UD separately, only four studies have adopted functional magnetic resonance
imaging (fMRI) to directly compare individuals with BD and UD during the
performance of a reward task. Whereas one study demonstrated that adults with
bipolar I depression had greater activity in the vlPFC during anticipation of monetary
reward than adults with UD (Chase et al., 2013), another study found that adults with
bipolar I depression had less activity in the striatum, thalamus, insula, and PFC than
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adults with UD during receipt of monetary reward (Redlich et al., 2015). Additionally,
two other studies did not find any significant differences in brain activity associated
with receipt of monetary or social reward between adults with bipolar I or II
depression and adults with UD (Satterthwaite et al., 2015; Sharma et al., 2016). All
four studies used a card-guessing paradigm (Delgado, Nystrom, Fissell, Noll, & Fiez,
2000; Forbes et al., 2009; Holm et al., 2009; Nusslock et al., 2012; Wolf et al., 2014).
Taken together, the literature comparing BD and UD on reward processing is scarce
and mixed, with evidence indicating that adults with BD exhibit increased, decreased,
or the same activation patterns during reward processing, relative to their counterparts
with UD.
Another area of research that deserves more attention is reward functioning in
pre-adolescent children with mood disorders. Examination of reward functioning in
pre-adolescents with mood disorders is of particular interest, for at least three reasons.
First, accumulating evidence suggests that reward sensitivity changes across the
lifespan, increasing from pre-adolescence to late adolescence and decreasing
thereafter (Casey, Jones, & Hare, 2008; Chein, Albert, O’Brien, Uckert, & Steinberg,
2011; Eppinger, Nystrom, & Cohen, 2012; Green, Fry, & Myerson, 1994; Somerville,
Jones, & Casey, 2010; Steinberg, 2007, 2008, 2010; Steinberg et al., 2008, 2009,
2018; Urošević, Collins, Muetzel, Lim, & Luciana, 2012). These developmental
changes appear to be coupled with neurobiological and structural alterations in the
reward circuitry (Luciana & Collins, 2012; Urošević et al., 2012). In view of the
changes in reward functioning from pre-adolescence to adulthood, findings
established in the literature on reward processing dysfunction in adults or adolescents
with mood disorders may not be generalizable to pre-adolescents with mood
disorders. Second, early onset BD or UD is often associated with remarkably long
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treatment delays and a persistently pernicious course of illness, underscoring the
significance of studying mood disorders during this developmental period (Post et al.,
2010; Zisook et al., 2007). Third, owing to the paucity of research on pre-adolescent
mood disorders, diagnosing mood disorders in this population accurately is
challenging (Beljan et al., 2006; Bhargava Raman et al., 2007; Carlson, 2000; Chang,
2009; Chilakamarri, Filkowski, & Ghaemi, 2011; Geller & Luby, 1997; Kessler,
Avenevoli, & Ries Merikangas, 2001; Luby, 2013; Rutter, 2011; Weller, Weller, &
Fristad, 1995; Youngstrom, Birmaher, & Findling, 2008). Identifying objective
markers of pre-adolescent BD and UD has the potential to enhance our ability to
diagnose pediatric mood disorders accurately. Besides, early accurate diagnosis may
improve our ability to intervene with appropriate treatments that may lead to a more
benign course of mood disorder in adolescence and adulthood.
Taken together, further research is needed to better understand the
neurobiological mechanisms underlying BD and UD in different stages of the lifespan
to enhance our ability to diagnose, treat, and prevent them. To address this need, I
conducted two studies. Study 1 (Chapter 2) is a coordinate-based meta-analysis of 41
whole-brain neuroimaging studies encompassing reward-related responses from a
total of 794 patients with UD and 803 HC. It aims to summarize the current literature
quantitively and provide a theoretical foundation for Study 2 (Chapter 3). Study 2 is
an fMRI study that employs ROI, whole-brain, connectivity, and network analyses to
examine the similarities and differences in reward-related brain activation patterns
between 46 children with remitted BD, 48 children with remitted UD, and 46 HC. It
provides the first examination of reward processing dysfunction in pre-adolescents
with BD or UD using fMRI. In theoretical terms, Study 2 aims to fill in crucial
knowledge gaps about the reward sensitivity theories of mood disorders by helping to
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clarify whether such dysfunction begins as early as pre-adolescence and whether
reward processing abnormalities are stable characteristics of BD or UD, occurring
even in the remitted state. In applied terms, the study aims to facilitate current
endeavors to identify objective markers of BD and UD by informing understanding of
neural circuitry of reward processing implicated in BD and UD.
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CHAPTER 2
STUDY 1: A COORDINATE-BASED META-ANALYSIS OF NEUROIMAGING
STUDIES ON REWARD PROCESSING DYSFUNCTION IN UNIPOLAR
DEPRESSION
Given the inconsistencies in the findings of published coordinate-based metaanalyses of neuroimaging studies on reward processing dysfunction in UD and the
lack of such work in BD, the initial goal of Study 1 was to provide a methodologically
rigorous synthesis of the literature on reward processing dysfunction in both BD and
UD. Nevertheless, the current meta-analysis only focused on UD because of an
inadequate number of studies on BD, as the systematic literature search yielded fewer
than 17 BD experiments for each targeted meta-analysis and 17 experiments is the
minimum number needed to minimize bias and restrict excessive contribution of any
particular studies to cluster-level thresholding in coordinate-based meta-analysis
(Eickhoff et al., 2016).
The current meta-analysis followed procedures recommended by new
guidelines (Müller, Cieslik, Laird, et al., 2017; Müller, Cieslik, Serbanescu, et al.,
2017). As a result, the current work differed from previous meta-analyses on reward
processing in UD in various aspects, such as only including whole-brain studies to
avoid localization bias; only including studies that used an active control condition to
isolate reward-related processes; only including independent samples to avoid double
counting the same participants; using more stringent thresholding criteria; having the
most up-to-date literature search; and only conducting a meta-analysis when there
were at least 17 eligible experiments.
The primary hypothesis of Study 1 was that the literature would consistently
show that compared with HC, individuals with UD would exhibit blunted activation
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of the striatum and abnormal activation of the prefrontal regions (e.g., the OFC)
during the processing of rewarding stimuli. I also explored whether there were
consistent neural responses to punishing stimuli in UD relative to HC. To examine
these questions, I conducted four separate coordinate-based meta-analyses testing
spatial convergence of neuroimaging findings for the following four contrasts: 1)
positive valence (reward > punishment/neutral stimuli or neutral stimuli >
punishment) for UD > HC; 2) negative valence (punishment > reward/neutral stimuli
or neutral stimuli > reward) for UD > HC; 3) positive valence for HC > UD; and 4)
negative valence for HC > UD. Neutral stimuli were considered rewarding relative to
punishing stimuli but punishing relative to rewarding stimuli, in view of the idea that
brain activation during reward processing reflects the valence of a stimulus and
follows a linear pattern (Bartra, McGuire, & Kable, 2013; Cooper & Knutson, 2008).
The comprehensive and rigorous nature of the current meta-analysis allowed
for the investigation of whether a quantitative synthesis of neuroimaging studies on
reward-related processing in UD would unveil common activation patterns that may
be difficult to discern by individual studies due to inconsistent findings. I aimed to
address two main questions. First, which brain regions show consistent hyporesponses to reward-relevant stimuli in UD relative to HC? Second, which brain
regions show consistent hyper-responses to reward-relevant stimuli in UD relative to
HC?
Methods
Study Selection
The current coordinate-based meta-analysis primarily followed the guidelines
for meta-analyses, whenever applicable (Moher, Liberati, Tetzlaff, Altman, &
PRISMA Group, 2009; Müller, Cieslik, Laird, et al., 2017). I conducted a systematic
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literature search to identify neuroimaging studies on reward processing abnormalities
in mood disorders. Potentially eligible studies published between 1/1/1997 and
8/7/2018 were identified by searching the MEDLINE, EMBASE, PsycINFO,
PsycARTICLES, Scopus, and Web of Science using the grouped terms (fMRI* or
PET*) AND (depress* OR bipolar* OR mania* OR manic* OR hypomania* OR
hypomanic*) AND (reward* OR effort* OR decision* OR reinforce* OR habit* OR
discounting* OR “prediction error” OR “delayed gratification” OR “approach
motivation” OR “positive valence systems”). To enhance search sensitivity, the
reference lists of the retrieved articles and review papers were further checked to
identify potentially relevant articles.
Inclusion Criteria
I included studies that (a) used a reward and/or punishment task, (b) reported
comparisons between people with UD and HC, (c) used standardized diagnostic
criteria (e.g., DSM-IV, DSM-IV-TR, ICD-10) to determine psychiatric diagnoses, (d)
used fMRI or PET in conjunction with parametric analysis or subtraction
methodology contrasting an experimental condition and an active control condition
(e.g., a punishment condition, a lower-intensity reward condition, or a neutral
condition) to isolate reward-related processes and identify foci of task-related neural
changes, (e) reported significant results of whole-brain group analyses without small
volume corrections (SVC), as non-whole-brain coordinates [e.g., ROI-based
coordinates] and analyses involving SVC have been argued to bias coordinate-based
meta-analyses (Eickhoff et al., 2016; Müller, Cieslik, Laird, et al., 2017), (f) reported
coordinates in a standard stereotactic space [Talairach or Montreal Neurological
Institute (MNI) space], and (g) used independent samples. Authors were contacted
when information were unavailable in the published reports.
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The study with the largest sample size was included if there was sample
overlap between studies. Reward tasks were operationalized as involving presentation
of a rewarding stimulus (e.g., winning money, favorite music, positive faces), whereas
punishment tasks were operationalized as involving presentation of a punishing
stimulus (e.g., losing money, negative faces). The stimuli used in the included studies
of the meta-analysis reflect a reward-punishment or positive-negative continuum. For
example, positive faces are considered as rewards based on previous research showing
that positive faces activate the reward circuitry, that they are discounted as a function
of time, that they are tradable for other rewards (e.g., money), that they reinforce
work, and that people are willing to work to view positive faces and exert more effort
for more positive faces (Hayden, Parikh, Deaner, & Platt, 2007; Tsukiura & Cabeza,
2008).
Coordinate-Based Meta-Analysis
Coordinate-based meta-analyses were performed using GingerALE 2.3.6
(http:// brainmap.org), which employs the activation likelihood estimation (ALE)
method (Eickhoff et al., 2012; Turkeltaub et al., 2012). The ALE method aims to
identify regions showing spatial convergence between experiments and tests against
the null hypothesis that the foci of experiments are uniformly and randomly
distributed across the brain (Eickhoff et al., 2012). It treats foci from individual
experiments as centers for 3D Gaussian probability distributions representing spatial
uncertainty. The width of these distributions was determined based on betweensubject and between-template variability (Eickhoff et al., 2009). The ALE algorithm
weighs the between-subject variability by the number of participants for each study,
based on the idea that experiments of larger sample sizes are more likely to reliably
report true activation effects. Therefore, experiments with larger sample sizes are
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modeled by smaller Gaussian distributions, resulting in a stronger influence on ALE
scores, which indicate the probability that at least one true peak activation lies in the
voxel across the population of all possible studies (Eickhoff et al., 2009). As a result,
studies with larger sample sizes would be weighed more heavily relative to studies
with smaller sample sizes.
The ALE method is implemented in the following steps. First, for each
included study, a map of the activation likelihood is computed. Second, the maps are
aggregated to compute the ALE score for each voxel. Finally, a permutation test is
employed to identify voxels in which the ALE statistic is larger than expected by
chance (Eickhoff et al., 2012, 2009; Turkeltaub et al., 2012). The ALE method takes
into account heterogeneity in spatial uncertainty across studies (Eickhoff et al., 2012,
2009; Turkeltaub et al., 2012) and differences in number of peak coordinates reported
per cluster (Turkeltaub et al., 2012). This approach allows random-effects estimates of
ALE, increasing generalizability of the results (Eickhoff et al., 2009).
Coordinate-based meta-analyses represent a departure from traditional metaanalyses (Müller, Cieslik, Laird, et al., 2017). Specifically, whereas traditional metaanalyses aim to calculate pooled effect sizes to determine the direction and magnitude
of an effect based on a body of literature, coordinate-based meta-analyses evaluate
whether the location of an effect is consistent within a body of literature. In other
words, coordinate-based meta-analyses are blind to effect size magnitude, but
direction is tied to the analysis (Müller, Cieslik, Laird, et al., 2017). Although the
coordinate-based meta-analytic approach is limited to studies that report
suprathreshold coordinates for a given contrast, this approach will continue to be the
most common method for conducting valid meta-analyses for neuroimaging studies
until it becomes standard practice to release unthresholded statistical maps.
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Statistical Analysis
All analyses were performed in Montreal Neurological Institute (MNI) space.
Coordinates reported in Talairach space were converted to MNI using the “icbm2tal”
transformation (Lancaster et al., 2007). I assessed statistical significance and
corrected for multiple comparisons using the permutation-based approach (N = 1000)
recommended by the developers of GingerALE (Eickhoff et al., 2017, 2016). This
approach utilized a cluster-forming threshold of p < 0.001 (uncorrected) and
maintained a cluster-level family-wise error rate of 5% (Eickhoff et al., 2016).
Additionally, I took steps to minimize within-group effects on the meta-analyses
(Turkeltaub et al., 2012). If a study reported more than one contrast (often referred to
as an “experiment” in coordinate-based meta-analyses), the contrasts examining
similar processes were pooled together to avoid double counting the same participants
in a meta-analysis. For example, when a study reported between-group effects in
response to $1.50 and $5 rewards relative to neutral or loss conditions, the coordinates
derived from the two contrasts were coded as a single reward experiment.
To capture anatomical variation between individual human brains (Mazziotta,
Toga, Evans, Fox, & Lancaster, 1995), I show probabilistic anatomical labels for the
locations of the maximum ALE values using the Harvard–Oxford cortical and
subcortical atlases (Desikan et al., 2006). For transparency, all of the statistical maps
(thresholded and unthresholded) derived from the meta-analyses are publicly
available on NeuroVault (https://neurovault.org/collections/3884/). Readers are free to
access these maps and define these regions using their own labels. Study materials are
available on Open Science Framework at https://osf.io/sjb4d.
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Results
As shown in Figure 2, the systematic literature search identified a total of 41
neuroimaging studies that met the inclusion criteria, yielding 4 coordinate-based
meta-analyses with at least 17 independent experiments. Tables 2 and 3 show the
characteristics of the included studies and their samples.

Figure 2. Flowchart of study selection. The systematic literature search identified a
total of 41 neuroimaging studies that met the inclusion criteria, yielding 4 coordinatebased meta-analyses with at least 17 independent studies; ROI, region of interest;
SVC, small volume correction; MDD, major depressive disorder.
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Table 2
Characteristics of the Study Samples Included in the Meta-analysis
UD Patients
Diagnostic n
Age %
Criteria
Female
DSM-IV
24
33.1 29.2%

%
Medicated
54.2%

Mood
States
D

Comorbidity

DSM-IV

18

40

66.7%

0.0%

D

9

35

77.8%

Burger et al.
(2017)

DSM-IV

36

40.7

61.1%

100.0%

D

36

41.3

52.8%

Chantiluke et
al. (2012)
Chase et al.
(2013)

DSM-IV

20

16.2

50.0%

0.0%

D

Exclusion of organic mental disorders or
comorbid psychotic disorders, posttraumatic stress disorder, childhood
trauma, alcohol or substance abuse or
dependence, or dyslexia. No current or past
history of comorbid psychiatric disorders.
Exclusion of substance dependence.
Inclusion of PD, agoraphobia, generalized
anxiety disorder, social phobia, obsessive
compulsive disorder, post-traumatic stress
disorder, somatoform disorder, eating
disorder, dysthymia, alcohol abuse, and
substance abuse.
Exclusion of major psychiatric disorders.

21

16.3

52.4%

DSM-IV

40

31

77.5%

77.5%

D

No exclusion of psychiatric comorbidities.
Inclusion of lifetime comorbid anxiety
disorders and substance use disorders.

37

33.1

67.6%

Study
Arrondo et al.
(2015)
Bremner et al.
(2007)

Exclusion of alcohol or drug dependence.

Healthy Controls
n
Age %
Female
21 34.3 23.5%
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Table 2, continued
Demenescu et DSM-IV
al. (2011)

59

36.2

66.1%

23.7%

D

Dichter et al.
(2012)
Elliott et al.
(2002)

DSM-IV

19

23.6

78.9%

0.0%

R

DSM-IV

10

42.2

70.0%

100.0%

D

Engelmann et
al. (2017)

DSM-IV

19

37.6

52.6%

0.0%

D

Fournier et al.
(2013)

DSM-IV

26

30.6

69.0%

69.2%

D

Fu et al.
(2004) and
(2007)

DSM-IV

19

43.2

68.4%

100.0%

D

Exclusion of axis I disorders, such as
psychotic disorder or dementia, current
alcohol or substance abuse.
Exclusion of current axis I
psychopathology.
Exclusion of current comorbid anxiety
disorders, substance abuse or dependence,
bipolar disorder, or other psychiatric
diagnoses. Inclusion of past history of PD
and bulimia.
Exclusion of lifetime bipolar disorder,
psychotic disorder, obsessive-compulsive
disorder, tic disorder, eating disorder,
cognitive disorder, substance abuse or
dependence in the previous 6 months or
positive urine drug screen, or clinically
significant suicidal ideation.
Exclusion of bipolar disorder, borderline
personality disorder, and alcohol/substance
use disorder within 2 months before the
scan. Inclusion of history of anxiety
disorder and substance abuse.
Exclusion of current axis I disorder and
history of substance abuse within 2 months
of study participation.

56

39.8

60.7%

19

27.9

63.2%

11

37.6

72.7%

23

33.7

60.9%

28

32.6

57.0%

19

42.8

57.9%
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Table 2, continued
Fu et al.
DSM-IV
(2008)

16

40

81.3%

0.0%

D

Exclusion of other axis I disorder,
including anxiety disorder or history of
substance within 2 months of study
participation.
Exclusion of psychotic ideation, social
phobia, PD, mania, or substance abuse in
the past 6 months or behavioral indications
of possible impaired mental status.
Unspecified

16

39.2

81.3%

18

30.8

72.2%

25

25.4

68.0%

25

37.7

55.2%

21

46.1

71.4%

12

36

66.7%

Gotlib et al.
(2005)

DSM-IV

18

35.2

72.2%

50.0%

D

Gradin et al.
(2015)
Hall et al.
(2014)
Johnston et al.
(2015)
Keedwell et
al. (2005)
Knutson et al.
(2008)
Kumari et al.
(2003)
Laurent et al.
(2013)

DSM-IV

25

25.5

68.0%

0.0%

D

DSM-IV

29

37.4

55.2%

51.7%

D

DSM-IV/
ICD-10
ICD-10

19

50.8

78.9%

85.0%

D

12

43

66.7%

66.7%

D

Exclusion of history of alcohol or
substance abuse.
Exclusion of other primary psychiatric
disorder and substance misuse.
Exclusion of other axis I disorder.

DSM-IIIR
DSM-IV

14

30.7

64.3%

0.0%

D

Exclusion of other current axis I disorder.

12

28.7

66.7%

6

47

100.0%

Unspecified

6

44

100.0%

DSM-IV

11

No exclusion of psychiatric comorbidities.
Inclusion of past substance
abuse/dependence, anxiety disorders, and
eating disorder.

11

Liu et al.
(2017)

DSM-IV

21

24.1 100.0%
(who
le
sam
ple)
30.7 57.1%

Unspecifie D
d
23.1%
D

0.0%

Exclusion of axis I disorders (other than
anxiety) and psychotic features and
lifetime substance abuse or dependence.

17

24.1 100.0%
(who
le
sam
ple)
28.3 58.8%

D
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Table 2, continued
Murrough et
DSM-IV
al. (2015)

20

38.1

44.4%

0.0%

D

Pizzagalli et
al. (2009)
Remijnse et
al. (2009)

DSM-IV

30

43.2

50.0%

0.0%

D

DSM-IV

20

35

40.0%

0.0%

D

Rizvi et al.
(2013)

DSM-IV

21

38.9

66.7%

0.0%

D

Rosenblau et
al. (2012)
Scheuerecker
et al. (2010)

DSM-IV

12

43.5

41.7%

0.0%

D

DSM-IV

13

37.9

23.1%

0.0%

D

Schiller et al.
(2013)
Segarra et al.
(2016)

DSM-IV

19

23.6

78.9%

0.0%

R

DSM-IV

24

33.1

29.2%

54.0%

D

Exclusion of lifetime history of psychotic
illness or bipolar disorder and current
alcohol or substance abuse.
Exclusion of other axis I disorder except
for anxiety disorders.
Exclusion of current alcohol or substance
abuse at the time of study participation.
Inclusion of social anxiety disorder,
generalized anxiety disorder, PD without
agoraphobia, PD, and cannabis abuse in
early and sustained full remission.
Exclusion of other primary axis I disorder,
lifetime history of hypomania/mania,
psychosis, obsessive compulsive disorder,
or eating disorder, and substance abuse or
dependence (except nicotine or caffeine)
within the last 3 months.
Exclusion of other axis I or II disorders.

20

35

45.0%

31

38.8

41.9%

27

32

70.4%

18

36.2

66.7%

12

45.8

41.7%

Exclusion of past alcohol or substance
abuse, other mental illnesses, and
personality disorders.
Exclusion of current axis I
psychopathology.
Exclusion of dependence on alcohol or
recreational drugs.

15

35.5

33.3%

19

27.9

63.2%

21

34.3

19.0%
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Table 2, continued
Sharp et al.
DSM-IV
(2014)

14

13.4

100.0%

Unspecifie D
d

Smoski et al.
(2011)

DSM-IV

14

34.8

50.0%

0.0%

D

Smoski et al.
(2009)
Surguladze et
al. (2010)
Surguladze et
al. (2005)
Townsend et
al. (2010)
Wagner et al.
(2015)
Wang et al.
(2008)

DSM-IV

9

34.4

44.4%

D

DSM-IV

16

42.3

Unspec
ified
37.5%

100.0%

D

DSM-IV

9

42.8

44.4%

100.0%

D

DSM-IV

15

45.6

40.0%

0.0%

D

DSM-IV

19

39.9

55.0%

100.0%

D

DSM-IV

12

69.1

58.3%

91.7%

D

Young et al.
(2016)

DSM-IVTR

16

37.1

87.5%

0.0%

D

Zhang et al.
(2017)

ICD-10

21

43.8

38.1%

100.0%

D

Exclusion of current use of nicotine, illicit
drugs, psychotic disorders, bipolar I
disorder, learning disabilities, and mental
retardation.
Exclusion of current mood disorder,
anxiety disorder, psychotic disorder,
substance abuse, or active suicidal ideation
and history of psychosis or mania.
Inclusion of generalized anxiety disorder
and binge eating disorder.
Exclusion of illicit substance abuse.

19

13.7

100.0%

15

30.8

60.0%

13

26.2

14

35.1

Unspec
ified
42.9%

Exclusion of illicit substance abuse and
other axis I disorders.
Exclusion of comorbid axis I disorder.

9

39.7

44.4%

15

44.8

40.0%

Exclusion of current comorbid axis I
disorder and a history of manic episodes.
Exclusion of another major psychiatric
disorder and alcohol/drug
abuse/dependence. Inclusion of generalized
anxiety disorder.
Exclusion of serious suicidal ideation,
psychosis, drug/alcohol abuse in the past
year and dependence (except for nicotine)
in their lifetime.
Exclusion of illicit substance use or
substance use disorders.

20

34.1

60.0%

20

73.1

60.0%

16

37.8

87.5%

25

39.3

36.0%

24

Table 2, continued
Zhong et al.
DSM-IV
(2011)

29

20.5

55.2%

0.0%

D

Note. UD, unipolar depression; D, depressed; R, remitted; PD, panic disorder.

Exclusion of lifetime substance
dependence and substance abuse in the last
6 months.

31

20.8

51.6%

25

Table 3
Characteristics of the Studies Included in the Meta-analysis
Study
Arrondo et al.
(2015)
Bremner et al.
(2007)

fMRI/
PET
fMRI
PET

Design

Space Paradigm

Correction

Stimuli

Contrast

Eventrelated
Block

MNI

Modified monetary
incentive delay task
Verbal declarative
memory tasks with
neutral paragraph
encoding compared to
a control condition and
sad word pair retrieval
compared to a control
condition.
Face matching
paradigm

Uncorrected

Money

Uncorrected at p
< .005

Words and
paragraphs

HC > UD, Anticipation:
Reward > Non-Reward
UD > HC, Outcome: Negative
> Neutral
HC > UD, Outcome: Negative
> Neutral

Corrected at p < .05
(TFCE)

Faces

Reward continuous
performance task

Uncorrected at p
< .005

Money

MNI

Burger et al.
(2017)

fMRI

Eventrelated

MNI

Chantiluke et al.
(2012)

fMRI

Eventrelated

TAL

HC > UD, Outcome: Negative
> Neutral
HC > UD, Outcome: Positive
> Neutral
UD > HC, Outcome: Reward >
Non-Reward
HC > UD, Outcome: Reward >
Non-Reward
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Table 3, continued
Chase et al.
fMRI
(2013)

Eventrelated

MNI

Card guessing
paradigm

Voxel-wise
corrected at p < .05
and cluster-wise
corrected at p < .01

Money

Viewing faces with
angry, fearful, sad,
happy, and neutral
expressions and
scrambled faces; rating
gender or pressing
buttons in conformity
with the instruction
presented on the
screen
Modified monetary
incentive delay task

Cluster-wise
corrected at p < .05

Faces

Uncorrected at p
< .005, k ≥ 10

Money

Demenescu et al.
(2011)

fMRI

Eventrelated

MNI

Dichter et al.
(2012)

fMRI

Eventrelated

MNI

UD > HC, Anticipation:
Reward > Non-Reward
HC > UD, Anticipation:
Reward > Non-Reward
UD > HC, Anticipation:
Reward Expectancy
HC > UD, Anticipation:
Reward Expectancy
UD > HC, Outcome:
Prediction Error
UD > HC, Outcome: Positive
> Scrambled Face

UD > HC, Anticipation:
Reward > Non-Reward
UD > HC, Outcome: Reward >
Non-Reward
HC > UD, Outcome: Reward >
Non-Reward
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Table 3, continued
Elliott et al.
fMRI
(2002)

Block

MNI

Affective go/no go
task

Uncorrected at p
< .001

Words

Eventrelated
Block

MNI

Economic decisionmaking task
Labeling a color flash
superimposed upon
neutral faces that
gradually morphed
into angry, fearful, sad,
or happy faces
Indicating the sex of
faces morphed to
represent low,
medium, and high
intensities of sadness

Cluster-wise
corrected at p < .05
Uncorrected at p
< .001, k > 20

Money

Cluster-wise
corrected at p < .005

Faces

Indicating the sex of
faces morphed to
represent low,
medium, and high
intensities of sadness

Unspecified

Faces

Engelmann et al.
(2017)
Fournier et al.
(2013)

fMRI

Fu et al. (2004)
and (2007)

fMRI

Eventrelated

TAL

Fu et al. (2008)

fMRI

Eventrelated

TAL

fMRI

MNI

Faces

UD > HC, Outcome: Negative
> Positive
HC > UD, Outcome: Positive
> Negative
UD > HC, Outcome: Negative
> Positive
UD > HC, Outcome: Negative
> Neutral UD > HC, Outcome:
Positive > Neutral

UD > HC, Outcome: Negative
(low, medium, and high
intensity)
HC > UD, Outcome: Positive
(low, medium, and high
intensity)
UD > HC, Outcome: Negative
(low, medium, and high
intensity)
HC > UD, Outcome: Negative
(low, medium, and high
intensity)
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Table 3, continued
Gotlib et al.
fMRI
(2005)

Block

MNI

Indicating the sex of
faces that were fearful,
angry, sad, happy,
neutral, or scrambled

Uncorrected at p
< .001, k > 5

Faces

Gradin et al.
(2015)

fMRI

Eventrelated

MNI

Ultimatum game

Cluster-wise
corrected at p < .05

Money

Hall et al. (2014)

fMRI

Eventrelated

TAL

Contingency reversal
reward paradigm

Voxel-wise
corrected at p < .05

Money

UD > HC, Outcome: Negative
> Neutral
HC > UD, Outcome: Negative
> Neutral
UD > HC, Outcome: Positive
> Neutral
HC > UD, Outcome: Positive
> Neutral
HC > UD, Outcome:
Increasing fairness (decreasing
inequality)
UD > HC, Outcome:
Increasing inequality
(decreasing fairness)
HC > UD, Outcome:
Magnitude of Loss: Large Loss
> Small Loss
HC > UD, Outcome:
Magnitude of Reward: Large
Reward > Small Reward
UD > HC, Outcome: Reward
Acquisition > Punishment
Reversal
HC > UD, Outcome: Reward
Acquisition > Punishment
Reversal
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Table 3, continued
Johnston et al.
fMRI
(2015)

Eventrelated

MNI

Modified Pessiglione
task

Cluster-wise
corrected at p < .01

Voucher

Keedwell et al.
(2005)

fMRI

Block

TAL

Being exposed to
happy, sad, or neutral
autobiographical
memory prompts and
facial expressions

Cluster-wise
corrected at p < .01

Autobiogra
phical
memory
and faces

Knutson et al.
(2008)

fMRI

Eventrelated

TAL

Monetary incentive
delay task

Uncorrected at p
< .05

Money

UD > HC, Outcome: Loss >
Non-Loss
HC > UD, Outcome: Loss >
Non-Loss
UD > HC, Outcome: Reward >
Non-Reward
HC > UD, Outcome: Reward >
Non-Reward
UD > HC, Outcome: Negative
> Neutral
HC > UD, Outcome: Negative
> Neutral
UD > HC, Outcome: Positive
> Neutral
HC > UD, Outcome: Positive
> Neutral
UD > HC, Anticipation:
Reward > Non-Reward
HC > UD, Anticipation:
Reward > Non-Reward
HC > UD, Outcome: Non-Loss
> Loss
HC > UD, Outcome: Reward >
Non-Reward
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Table 3, continued
Kumari et al.
fMRI
(2003)

Block

TAL

Viewing positive or
negative pictures with
a caption

Cluster-wise
corrected at p < .005

Pictures
and
captions

Seeing own infant vs.
other infant distress
faces
Instrumental
probabilistic rewardand punishment-based
associative learning
task
Rating emotional
valence of happy, sad,
or neutral faces

Cluster-wise
corrected at p < .05

Faces

Cluster-wise
corrected at p < .05

Money

UD > HC, Outcome: Negative
> Neutral
UD > HC, Outcome:
Punishment Prediction Errors

Cluster-wise
corrected at p < .05

Faces

HC > UD, Outcome: 100%
Positive > Neutral

Laurent et al.
(2013)

fMRI

Eventrelated

MNI

Liu et al. (2017)

fMRI

Eventrelated

MNI

Murrough et al.
(2015)

fMRI

Eventrelated

MNI

HC > UD, Outcome: Negative
> Neutral
UD > HC, Outcome: Negative
> Neutral
HC > UD, Outcome: Positive
> Neutral
UD > HC, Outcome: Positive
> Neutral
HC > UD, Outcome: Positive
> Negative
UD > HC, Outcome: Positive
> Negative
HC > UD, Outcome: Very
negative > Negative
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Table 3, continued
Pizzagalli et al.
fMRI
(2009)

Eventrelated

MNI

Monetary incentive
delay task

Uncorrected at p
< .005

Money

MNI

Reversal learning task

Uncorrected p
< .001

Points

Remijnse et al.
(2009)

fMRI

Eventrelated

Rizvi et al.
(2013)

fMRI

Blocked MNI

Viewing IAPS pictures Cluster-wise
that elicit positive,
corrected at p < .05
negative or neutral
affective states

Pictures

UD > HC, Anticipation: Loss
> Non-Loss
HC > UD, Anticipation: Loss
> Non-Loss
UD > HC, Anticipation:
Reward > Non-Reward
HC > UD, Anticipation:
Reward > Non-Reward
UD > HC, Outcome: Loss >
Non-Loss
HC > UD, Outcome: Loss >
Non-Loss
UD > HC, Outcome: Reward >
Non-Reward
HC > UD, Outcome: Reward >
Non-Reward
UD > HC, Outcome: Loss >
Baseline
HC > UD, Outcome: Loss >
Baseline
UD > HC, Outcome: Reward >
Baseline
UD > HC, Outcome: Positive
> Neutral
UD > HC, Outcome: Negative
> Neutral
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Table 3, continued
Rosenblau et al. fMRI
(2012)

Eventrelated

MNI

Viewing IAPS pictures
that elicit positive,
negative or neutral
affective states with
and without cues
indicating their
emotional valence
Face matching
paradigm
Monetary incentive
delay task

Uncorrected at p
< .05 or p < .005

Pictures

UD > HC, Anticipation:
Negative > Neutral
UD > HC, Outcome: Negative
> Neutral

Uncorrected at p
< .001
Cluster-wise
corrected at p < .05

Faces

UD > HC, Outcome: Negative
> Neutral
HC > UD, Anticipation: Loss
> Non-Loss
HC > UD, Outcome: Loss >
Non-Loss
HC > UD, Outcome:
Unexpected Reward > Full
Miss
HC > UD, Outcome: Reward >
Non-Reward

Scheuerecker et
al. (2010)
Schiller et al.
(2013)

fMRI

Block

MNI

fMRI

Eventrelated

MNI

Segarra et al.
(2016)

fMRI

Eventrelated

MNI

Simulated slotmachine game

Cluster-wise
corrected at p < .05

Money

Sharp et al.
(2014)

fMRI

Eventrelated

TAL

Card guessing
paradigm

Uncorrected at p
< .005

Money

Money
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Table 3, continued
Smoski et al.
fMRI
(2011)

Eventrelated

MNI

Modified monetary
incentive delay task

Cluster-wise
corrected

Money

Smoski et al.
(2009)

fMRI

Eventrelated

MNI

Wheel of fortune task

Uncorrected at p
< .005, k ≥ 10

Money

Surguladze et al.
(2010)

fMRI

Eventrelated

TAL

Indicating the sex of
neutral faces and faces
morphed to represent
mild and high
intensities of fear and
disgust

Cluster-wise
corrected at p < .001

Faces

UD > HC, Anticipation:
Money > Control
HC > UD, Anticipation:
Money > Control
UD > HC, Outcome: Non-Win
> Control
HC > UD, Outcome: Non-Win
> Control
UD > HC, Outcome: Winning
> Control
HC > UD, Outcome: Winning
> Control
UD > HC, Selection: Money >
Control
HC > UD, Selection: Money >
Control
HC > UD, Anticipation:
Reward > Non-Reward
HC > UD, Outcome: Reward >
Non-Reward
HC > UD, Outcome:
Increasing intensities of happy
faces
UD > HC, Outcome:
Increasing intensities of sad
faces
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Table 3, continued
Surguladze et al. fMRI
(2005)

Eventrelated

TAL

Townsend et al.
(2010)
Wagner et al.
(2015)

fMRI

Block

MNI

fMRI

Eventrelated

MNI

Wang et al.
(2008)
Young et al.
(2016)

fMRI

Eventrelated
Eventrelated

MNI

Zhang et al.
(2017)

fMRI

Eventrelated

MNI

fMRI

TAL

Indicating the sex of
neutral faces and faces
morphed to represent
mild and high
intensities of sadness
and happiness
Face matching
paradigm
Self-referential
processing task

Cluster-wise
corrected at p < .001

Faces

Cluster-wise
corrected at p < .05
Cluster-wise
corrected at p < .05

Faces
Statements

Emotional oddball task Uncorrected at p
< .001, k = 5
Autobiographical
Cluster-wise
memory task
corrected at p < .05,
k > 30

Pictures

Viewing IAPS
positive, neutral, and
negative pictures with
or without valence
cues

Pictures

Cluster-wise
corrected at p < .05,
k > 157

Words and
autobiogra
phical
memories

UD > HC, Outcome:
Differential response to 100%
disgust
HC > UD, Outcome:
Differential response to 50%
fear
HC > UD, Outcome: Negative
> Neutral
UD > HC, Outcome: Neutral >
Negative
UD > HC, Outcome: Neutral >
Positive
UD > HC, Outcome: Negative
> Neutral
HC > UD, Outcome: Very
Positive > Positive
HC > UD, Outcome: Very
Negative > Negative
UD > HC, Outcome: Very
Negative > Negative
UD > HC, Outcome: Reward >
Non-Reward
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Table 3, continued
Zhong et al.
fMRI
(2011)

Block

MNI

Face matching
paradigm

Uncorrected at p
< .005, k =8

Faces

UD > HC, Outcome: Negative
> Neutral
HC > UD, Outcome: Negative
> Neutral
Note. fMRI, functional magnetic resonance imaging; PET, positron emission tomography; MNI, Montreal Neurological Institute space; SVC,
small volume correction; UD, unipolar depression; HC, healthy controls; TFCE, threshold-free cluster enhancement; TAL, Talairach space; VS,
ventral striatum; dACC, dorsal anterior cingulate cortex; rACC, rostral anterior cingulate cortex; ACC, anterior cingulate cortex; mPFC, medial
prefrontal cortex; mOFC, medial orbitofrontal cortex; IAPS, International Affective Picture System.
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In the present meta-analytic dataset, for the UD group, the mean number of
participants was 19.9, the mean age was 36.4, the mean percentage of females was
60.9%, and the mean percentage of medication usage was 36.6%. For the HC group,
the mean number of participants was 20.1, the mean age was 34.9, and the mean
percentage of females was 60.3%. Types of reward or punishment used by the
included studies encompass money, points, or voucher (41.5%; 17/41); faces (34.1%;
14/41); pictures (12.2%; 5/41); words, statements, captions, or paragraphs (12.2%;
5/41); and autobiographical memory (4.9%; 2/41). Both reward and punishment
contrasts were reported in 41.5% (17/41) of studies; 29.3% (12/41) of studies reported
punishment contrasts only; and 26.8% (11/41) of studies reported reward contrasts
only.
I first synthesized results of 22 studies reporting less activity in response to
reward in people with UD than HC (i.e. HC > UD for reward > punishment/neutral
stimuli and/or neutral stimuli > punishment). As expected, results indicated that these
studies reliably reported less activation in a single cluster extending bilaterally across
the VS and including part of the subcallosal cortex in UD (Table 4; Figure 3A).
In addition to examining which regions consistently showed hypo-responses to
reward, I also examined which, if any, brain regions showed consistent hyperresponses to rewarding stimuli. I aggregated results of 18 studies reporting greater
activity in response to reward in people with UD than HC (i.e. UD > HC for reward >
punishment/neutral stimuli and/or neutral stimuli > punishment). Importantly, results
indicated that these studies reliably reported greater activation in the right OFC (in a
region located in between the medial OFC and the lateral OFC) in UD (Table 4;
Figure 3B).
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Table 4
Peak Coordinates of Group Differences in Neural Responses to Reward
Contrast

Cluster Size
(mm3)
912

Probabilistic Anatomical
x
y
Label
UD > HC
Frontal Orbital Cortex
20
32
(26%), Frontal Pole (13%)
HC > UD
1768
Subcallosal Cortex (14%)
-2
8
Caudate (32.1%),
8
6
Accumbens (11.1%)
Note. Coordinates are x,y,z values of the locations of the maximum activation

z
-12
-4
-2

likelihood estimation (ALE) values in MNI space. Probabilistic labels reflect the
probability that a coordinate belongs to a given region derived from the HarvardOxford probabilistic atlas. For clarity, I only report labels whose likelihood exceeds
5%. UD, unipolar depression; HC, healthy controls.
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Figure 3. Opposing abnormalities in the reward circuit in response to reward in
unipolar depression. (A) To examine regions that consistently showed blunted
response to reward, 22 studies reporting less activity in response to reward in people
with unipolar depression (UD) than healthy controls (HC) were synthesized. Results
indicated that these studies reliably report less activation in the ventral striatum (VS)
in UD. (B) To identify regions that consistently showed hyper-responses to reward, 18
studies reporting greater activity in response to reward in people with UD than HC
were meta-analyzed. Results indicated that these studies reliably report greater
activation in the right orbitofrontal cortex (OFC) in UD.
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I conducted sensitivity analyses to examine whether excluding studies that
used neutral stimuli > punishment as a reward contrast would affect the main results
related to reward responses in UD. After excluding the two experiments of neutral
stimuli > punishment (Demenescu et al., 2011; Wagner et al., 2015), the results
remained the same: I found significant convergence among experiments reporting
blunted responses for reward in UD relative to HC in the VS, as well as significant
convergence among experiments reporting elevated responses for reward in UD
relative to HC in the OFC (Table 5).

Table 5
Peak Coordinates of Group Differences in Neural Responses to Reward (Excluding
Neutral Stimuli > Punishment)
Contrast

Cluster Size
(mm3)
968

Probabilistic Anatomical
x
y
Label
UD > HC
Frontal Orbital Cortex
20
32
(26%), Frontal Pole (13%)
HC > UD
1784
Subcallosal Cortex (14%)
-2
8
Caudate (32.1%),
8
6
Accumbens (11.1%)
Note. Coordinates are x,y,z values of the locations of the maximum activation

z
-12
-4
-2

likelihood estimation (ALE) values in MNI space. Probabilistic labels reflect the
probability that a coordinate belongs to a given region derived from the HarvardOxford probabilistic atlas. For clarity, I only report labels whose likelihood exceeds
5%. UD, unipolar depression; HC, healthy controls.

I also conducted exploratory analyses to examine which brain regions
consistently show aberrant responses to punishment in UD relative to HC. First, I
meta-analyzed 24 studies reporting greater activity in response to punishment in
people with UD than HC (i.e. UD > HC for punishment > reward/neutral stimuli
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and/or neutral stimuli > reward). The results indicated that these studies reliably
reported greater activation in the left sublenticular extended amygdala in UD (Table
6; Figure 4). Second, I synthesized 17 studies reporting less activity in response to
punishment in people with UD than HC (i.e. HC > UD for punishment >
reward/neutral stimuli and/or neutral stimuli > reward). The results indicated that
these studies did not report consistent activation patterns. Together, these results
suggest that relative to HC, people with UD exhibited hyper-responses in the left
sublenticular extended amygdala during processing of punishment-relevant stimuli.

Table 6
Peak Coordinates of Group Differences in Neural Responses to Punishment
Contrast

Cluster Size
(mm3)
1104

Probabilistic Anatomical
x
y
Label
UD > HC
Amygdala (85.4%)
-26
-8
Amygdala (61.4%)
-16
-2
Note. Coordinates are x,y,z values of the locations of the maximum activation

z
-14
-18

likelihood estimation (ALE) values in MNI space. Probabilistic labels reflect the
probability that a coordinate belongs to a given region derived from the HarvardOxford probabilistic atlas. For clarity, I only report labels whose likelihood exceeds
5%. UD, unipolar depression; HC, healthy controls.
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Hyper Response to Punishment in the SLEA

L

Y = -6

Z = -16

X = -26

Figure 4. Hyper-responses to punishment in the sublenticular extended amygdala in
unipolar depression. To conduct exploratory analyses to examine which brain regions
consistently show elevated response to punishment in unipolar depression (UD)
relative to healthy controls (HC), I meta-analyzed 24 studies reporting greater activity
in response to punishment in people with UD than HC. The results indicated that
these studies reliably report greater activation in the left sublenticular extended
amygdala (SLEA) in UD.
Discussion
A growing number of researchers have used neuroimaging methods to
enhance our understanding of the underlying pathophysiology of mood disorders
(Hamilton et al., 2012; C. H. Miller, Hamilton, Sacchet, & Gotlib, 2015; Palmer,
Crewther, Carey, & START Project Team, 2014). Many of these studies have shown
that patients with mood disorders exhibit abnormal responses in the VS, but more
disparate patterns of responses in other brain areas. Therefore, it remains unclear what
brain regions, other than the VS, are most consistently implicated in people with
mood disorders, particularly during reward processing (see Table 1 and Figure 1). To
address this issue, I aimed to perform a coordinate-based meta-analysis that
synthesized studies on reward processing dysfunction in mood disorders.
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Nevertheless, as there was an insufficient number of studies focusing on BD, the
current meta-analysis focused on 41 neuroimaging studies containing reward-related
responses from a total of 794 patients with UD and 803 HC. The meta-analytic
findings suggested that reward responses within the VS are consistently blunted in
UD relative to HC across studies. In contrast, I found that reward responses within the
OFC are consistently elevated in UD. Contrary to the common notion that UD is
characterized by blunted responses to reward, these findings suggest that UD may be
characterized by both hypo- and hyper-responses to reward at the neural level and
highlight the need for a more fine-tuned understanding of the various components of
reward processing in UD.
Although the current study’s blunted striatal findings are consistent with
previous meta-analytic work documenting reward processing abnormalities in UD
(Groenewold et al., 2013; Keren et al., 2018; W. N. Zhang et al., 2013), I emphasize
that the current work differs in two key ways. First, the present results implicate
highly specific—yet distinct—abnormalities in the reward circuit, with hyporesponses to reward in the VS and hyper-responses to reward in the OFC. In sharp
contrast, previous meta-analyses have generally reported distributed patterns of
abnormalities, with little anatomical agreement across studies (see Table 1 and Figure
1). Second, to minimize bias, the current study employed more stringent analysis
methods than prior studies in this area, following recommendations from new
guidelines (Müller, Cieslik, Laird, et al., 2017; Müller, Cieslik, Serbanescu, et al.,
2017). For example, instead of using the FDR approach, which has been shown to be
inadequate in controlling the false positives among clusters in neuroimaging metaanalyses (Chumbley & Friston, 2009; Eickhoff et al., 2012), I corrected for multiple
comparisons using the permutation-based approach. I also excluded ROI- or SVC-
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based studies and only included whole-brain studies that used an active control
condition and independent samples. In addition, I only conducted a meta-analysis
when there were at least 17 eligible experiments to restrict excessive contribution of
any particular studies to cluster-level thresholding (Eickhoff et al., 2016). I speculate
that the enhanced rigor and methods of the current study contributed to its ability to
identify highly circumscribed and distinct abnormalities in the reward circuit.
A prior meta-analysis using similarly rigorous methods revealed no significant
convergence of findings among neuroimaging studies comparing UD and HC (Müller,
Cieslik, Serbanescu, et al., 2017). Nevertheless, I note that the previous meta-analysis
differed from the current meta-analysis in at least four key ways. First, whereas the
previous meta-analysis focused on emotional or cognitive processing, the current
meta-analysis focused solely on reward processing. Second, the previous metaanalysis excluded participants younger than 18 years old; in contrast, the current
meta-analysis included participants of all ages, boosting its power and ability to
generalize its findings to UD across ages. Third, the previous meta-analysis included
studies up until October 2015, whereas the current meta-analysis included studies
until August 2018. Finally, the previous meta-analysis excluded UD participants in
remission, whereas the current meta-analysis included them, leading to the question of
whether reward processing dysfunction is not simply a state, but a trait of UD. This
issue needs to be addressed explicitly when there are enough studies available to
compare current to remitted depression. Our ability to identify significant
convergence highlights the significance of reward processing dysfunction in UD and
might indicate the literature on reward processing in UD is more homogeneous than
that on emotional or cognitive processing in UD.
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In my view, the most important current finding is that studies consistently
report that people with UD exhibit hyper-responses to reward in an OFC region
located between the medial OFC and the lateral OFC (Hare, O’Doherty, Camerer,
Schultz, & Rangel, 2008). Exposure to rewards (e.g., money and pleasant sights)
evokes activity in the OFC, which has been associated with the computation of reward
value (Berridge & Kringelbach, 2015; Der-Avakian & Markou, 2012; Kringelbach,
2005; Levy & Glimcher, 2012; Padoa-Schioppa, 2011; Padoa-Schioppa & Conen,
2017; Rangel et al., 2008; Saez et al., 2017; Stalnaker et al., 2015; K. S. Wang et al.,
2016) as well as the representation of current stimulus-outcome associations (Pickens
et al., 2003; Sharpe et al., 2019). For example, whereas the lateral OFC is responsive
to stimuli of both positive and negative valence, the medial OFC is particularly
responsive to cues of positive valence (Kringelbach & Rolls, 2004; Lewis, Critchley,
Rotshtein, & Dolan, 2007; Nusslock & Alloy, 2017; Schmidt et al., 2009). Therefore,
given that UD is traditionally linked to blunted response to reward or reduced
capacity to experience pleasure (Whitton et al., 2015), the finding of hyperactivity of
the OFC in response to reward in UD may seem paradoxical. One interpretation
would be that UD is at least partly characterized by hyper-responses to reward, which
fits with a set of experimental studies reporting that individuals with severe UD found
dextroamphetamine to be more rewarding than did controls (Naranjo, Tremblay, &
Busto, 2001; Tremblay, Naranjo, Cardenas, Herrmann, & Busto, 2002; Tremblay et
al., 2005).
Alternatively, OFC hyperactivity may reflect enhanced inhibitory control over
subcortical regions underlying reward-related behavior, leading to anhedonia.
Optogenetic and neuroimaging studies have revealed that hyperactivity in prefrontal
regions (e.g., medial PFC, vmPFC) innervated by glutamatergic neurons may causally
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inhibit reward-related behavior via suppressing striatal responses to dopamine
neurons in the midbrain (Ferenczi et al., 2016; Robbins, 2016) and increasing
connectivity between the medial PFC, lateral OFC, and VS (Ferenczi et al., 2016;
Robbins, 2016). These findings from animal studies suggest that prefrontal regions
(e.g., medial PFC, vmPFC, and lateral OFC) might exert inhibitory control over
subcortical regions underlying reward-relevant behavior, potentially explaining the
central role of anhedonia in UD. Nevertheless, it is important to note that given the
complexity of the OFC and the inability of the meta-analysis to unravel its varied
functions, these interpretations remain speculative.
The extent to which corticostriatal connectivity during reward processing is
disrupted in UD remains an open and important question (Admon & Pizzagalli,
2015b; Drysdale et al., 2017; Kaiser, Andrews-Hanna, Wager, & Pizzagalli, 2015).
Previous meta-analyses indicate that at least some people with UD exhibit
dysfunction in resting-state corticostriatal connectivity (Drysdale et al., 2017; Kaiser
et al., 2015). The current meta-analytic results will provide a springboard for future
studies that seek to develop a full picture of the pathophysiology of UD and
understand the role of dysregulated corticostriatal connectivity in UD, particularly in
the context of reward processing. These endeavors may require empirical assessments
of connectivity within the reward circuit using psychophysiological interaction
analysis (PPI; Friston et al., 1997; McLaren, Ries, Xu, & Johnson, 2012; D. V. Smith,
Gseir, Speer, & Delgado, 2016) and dynamic causal modeling (Friston, Harrison, &
Penny, 2003). Such approaches have shown promise for revealing specific patterns of
task-dependent corticostriatal interactions in samples containing healthy individuals
(Chatham, Frank, & Badre, 2014; D. V. Smith, Rigney, & Delgado, 2016; Wimmer,
Daw, & Shohamy, 2012; Wimmer & Shohamy, 2012), clinical populations (Admon
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& Pizzagalli, 2015b, 2015a; K. D. Young et al., 2016), or a mix of both (Hanson,
Knodt, Brigidi, & Hariri, 2017). Nevertheless, a caveat of such approaches is that
dysregulated corticostriatal connectivity may involve modulatory regions, such as the
midbrain (Murty et al., 2014).
In addition to distinct abnormalities within the reward circuit, the current study
also found that UD is associated with hyper-responses in the left sublenticular
extended amygdala in response to punishment. The current finding fits with others in
suggesting that amygdala hyperactivation is linked to the processing of affectively
salient, especially punishing, stimuli in UD, and may underlie negativity bias in
depression (Eshel & Roiser, 2010; Roiser, Elliott, & Sahakian, 2012). It is also in
agreement with a meta-analysis indicating increased activation in the amygdala in
response to negative stimuli in UD relative to HC (Hamilton et al., 2012) and a series
of studies indicating that the amygdala may be a key brain region implicated in the
pathophysiology of depression (Phillips, Drevets, Rauch, & Lane, 2003; Price &
Drevets, 2010; Rive et al., 2013). Interestingly, longitudinal studies have reported that
amygdala reactivity, potentially in combination with life stress, is prospectively
associated with internalizing (e.g., depressive and anxiety) symptoms (Mattson, Hyde,
Shaw, Forbes, & Monk, 2016; Swartz, Knodt, Radtke, & Hariri, 2015), highlighting
the importance of amygdala reactivity in the course of depression.
Even though the current meta-analysis reveals circumscribed patterns of
abnormal responses to reward and punishment, I note that the findings should be
interpreted in the context of their limitations. First, heterogeneity across studies may
have added noise to the current analyses and restricted its capacity for detecting true
effects. Specifically, due to the limited number of studies, the current analyses
collapsed across different reward processes (e.g., anticipation and outcome), reward
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modalities (e.g., monetary and social), and specific contrasts that would help isolate
and differentiate neural responses to salience and valence (Cooper & Knutson, 2008).
The current analyses also collapsed across different mood states, psychotropic
medication usage, ages, and comorbidities. In doing so, important differences in brain
activation may be obscured and more specific questions related to brain activation—
particularly questions related to neural representations of valence or salience—cannot
be addressed in the current work. Future studies should examine how these factors
may affect reward processing in UD. Nevertheless, I highlight that the convergence of
findings despite the heterogeneity of the included studies is striking and suggests that
the current findings may reflect central abnormalities of UD.
Second, some included studies had relatively small sample sizes and reported
coordinates that were not corrected for multiple comparisons, which may lead to
biased results (Button et al., 2013). Future work should follow the most updated
guidelines for best practices in the field to avoid generating biased findings (Nichols
et al., 2017). Third, most of the included studies only recruited adults with acute
major depression. More studies on other ages (e.g., pre-adolescents, adolescents) and
mood states (e.g., remission) are needed. Fourth, I note that the search criteria were
designed to focus on studies on reward and might not have identified some studies on
punishment. Therefore, the analyses and results in relation to punishment are
exploratory in nature and should be interpreted with caution. Fifth, the ALE method,
by nature, cannot incorporate null results (Müller, Cieslik, Laird, et al., 2017). As a
result, the current findings could be confounded by publication bias. Sixth,
coordinate-based meta-analyses are blind to effect sizes. Therefore, I cannot make any
claims about the magnitude of the effects observed in the current study. Finally, some
patients in the included studies were medicated. The normalizing effects of treatment
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could obscure differences between UD and HC, increasing the probability of type II
errors (Dichter et al., 2009).
Notwithstanding these caveats, the current meta-analysis shows that UD is
consistently associated with opposing abnormalities in the reward circuit in response
to reward: hypo-response in the VS and hyper-response in the OFC. The current metaanalytic results therefore suggest that UD is associated with both hypo and hyper
responses to reward. UD may stem, in part, from dysregulated connectivity between
the VS and the OFC. I believe the current findings will help lay a foundation towards
developing a more refined understanding and treatment of UD and its comorbid
psychiatric disorders, particularly ones that involve abnormal reward processing
(Diehl et al., 2018). For example, a more refined understanding of the abnormalities
in the reward circuitry in UD may help distinguish it from other disorders exhibiting
reward processing abnormalities, such as bipolar disorder, schizophrenia, and
substance use disorder. Moreover, although reinforcement learning models, such as
actor-critic models and prediction error models, have been utilized to understand the
pathophysiology of several psychiatric disorders (e.g., schizophrenia and addiction),
research on their application on UD has been scant (Gold et al., 2012; Maia & Frank,
2011). Future studies may consider how such models may be used to understand the
pathophysiology of UD. The current results help delineate specific abnormalities
within the reward circuit and supply a foundation for refining connectivity-based and
computational models of UD. Finally, given that previous treatment targets for deep
brain stimulation for treatment-resistant depression have yielded mixed results
(Naesström et al., 2016), the portion of OFC implicated by the current results could be
a promising treatment target.
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CHAPTER 3
STUDY 2: AN FMRI STUDY OF REWARD PROCESSING DYSFUNCTION IN
PREADOLESCENT MOOD DISORDERS
In a sample of pre-adolescent children aged nine or ten recruited from 21 sites
well-distributed across the United States (Garavan et al., 2018), Study 2 addressed
two main aims. The first was to test whether pre-adolescent children with remitted BD
or UD display abnormal patterns of neural activation and connectivity in response to
reward, relative to HC without personal and family history of Axis I disorders. To
date, most neuroimaging studies on reward processing dysfunction in mood disorders
have focused on the depressive phase of the disorders. These studies, however, cannot
address the question of whether reward processing abnormalities are stable
characteristics of BD or UD and not simply consequences of depressive mood states.
Indeed, one of the criteria for considering a characteristic as an endophenotype is
state-independence, with the characteristic manifesting even outside of acute periods
of illness (Gottesman & Gould, 2003; Lenzenweger, 2013; G. A. Miller & Rockstroh,
2013). In other words, in order to decide whether reward processing dysfunction is an
endophenotype of BD or UD, it is necessary to examine whether it manifests even
during remission. Taking into account a large volume of laboratory research
documenting that behavioral abnormalities in reward processing persist into the
remitted phase of BD and UD (Alloy et al., 2016), and prior research in adults
showing increased OFC activity in BD or UD, increased striatal activity in BD, and
decreased striatal activity in UD during reward processing (Study 1; Nusslock et al.,
2012; Whitton et al., 2015), I hypothesized that OFC activity would be elevated in
both remitted BD and remitted UD, but striatal activity would be increased in remitted
BD and decreased in remitted UD during reward processing in pre-adolescents,
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relative to HC. Based on research on connectivity in adults with mood disorders
(Almeida et al., 2009; Felger et al., 2016; C. B. Young et al., 2016), I predict
increased connectivity between the OFC and the striatum in response to reward in
remitted UD and remitted BD, relative to HC.
To investigate the differences in neural responding to reward between BD and
UD so as to enhance diagnostic accuracy, the second aim of this study was to compare
remitted BD and remitted UD directly with each other to evaluate whether they can be
distinguished by neural activation and connectivity during reward processing.
Consistent with the reward hypersensitivity model of BD and reward hyposensitivity
model of UD (Alloy et al., 2016), I hypothesized that remitted BD would show
greater activity in the striatum and the OFC than remitted UD during reward
processing. In light of prior research (Almeida et al., 2009), I also predicted that
remitted BD would exhibit increased OFC-VS connectivity during reward processing,
relative to remitted UD.
Methods
Participants
Participants were drawn from the first public data release of the Adolescent
Brain Cognitive Development (ABCD) Study (Volkow et al., 2017). The data were
collected between September 1, 2016 and September 15, 2017. All participants were
aged nine or ten. Study design and recruitment procedures are described in detail in
various publications (Casey et al., 2018; Garavan et al., 2018) and on the study’s
website (https://ABCDStudy.org). Briefly, the ABCD Study primarily recruited from
a probability sampling of elementary schools located in 21 study sites distributed
across the four major regions of the United States (i.e. Northeast, Midwest, South, and
West). The catchment areas of the 21 sites include more than 20% of the entire
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population of 9- and 10-year-olds in the nation. Moreover, the demographics (e.g.,
race/ethnicity, sex) of potential participants living in the catchment areas of the study
sites closely approximate those of the United States at large (Garavan et al., 2018).
The ABCD Study also employed a variety of supplementary recruitment procedures,
such as mailing lists, referrals, affiliates, summer recruitment, and twin registry, to
recruit children who otherwise would not be reached through the standard schoolbased recruitment approach (e.g., home-schooled children). Research procedures of
each site were governed by local, state, and federal regulations, overseen by local
and/or centralized human subjects institutional review boards, and monitored by the
ABCD External Advisory Board and the Bioethics and Medical Oversight advisory
panel (Bjork, Straub, Provost, & Neale, 2017; Clark et al., 2017). All participants
underwent informed consent or assent procedures (Uban et al., 2018).
Participants only were included in the current study if they met the following
inclusion criteria: (a) the presence of a T1 scan; (b) the presence of two scans from
two runs of the Monetary Incentive Delay (MID) task, a monetary reward task,
respectively (Knutson, Westdorp, Kaiser, & Hommer, 2000; Yau et al., 2012); (c) the
MID scans passed the ABCD Study’s quality assurance metrics, including mean
motion (average framewise displacement), the number of seconds with framewise
displacements less than 0.2, 0.3, or 0.4 mm (Power, Barnes, Snyder, Schlaggar, &
Petersen, 2012), temporal signal-to-noise ratio, and temporal standard deviation
(Triantafyllou et al., 2005); and (d) the scans were obtained from Siemens Prisma
scanners, due to technical problems associated with scans obtained from General
Electric 750 and Philips scanners. In addition to meeting data quality assurance
criteria, to be included in the BD and UD groups of the current study, participants had
to meet DSM-5 diagnostic criteria for remitted bipolar I disorder or remitted UD,
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according to either child- or parent-report on the Kiddie Schedule for Affective
Disorders and Schizophrenia for DSM-5 (KSADS-5). To be included in the HC group,
participants had to have no current or past DSM-5 Axis I psychopathology, according
to both child- and parent-report on the KSADS-5, as well as no first- and seconddegree blood relatives with a history of psychopathology, according to parent report
on a version of the Family History Assessment Module Screener (FHAM-S) (Rice et
al., 1995). A total of 324 participants (95 BD, 73 UD, and 156 HC) met the above
inclusion criteria. Fifty participants were randomly selected from each group for
further analysis. After excluding 10 participants whose data had technical errors (e.g.,
acquisition errors), the final sample in the current study consisted of 140 participants
(46 BD, 48 UD, and 46 HC). Out of the 46 participants with BD, 21 were diagnosed
by parent-report only and 25 were by child-report only. Out of the 48 participants
with UD, 31 were diagnosed by parent-report only; 16 were by child-report only; and
1 was by both child- and parent-report.
Clinical Assessments
Clinical assessments adopted in the ABCD Study are described
comprehensively in Barch et al. (2017). In short, the self-administered
computerized version of the KSADS-5 was used in the ABCD Study to assess current
and past DSM-5 Axis I disorders in the pre-adolescent participants. It has been shown
to have good-to-excellent kappas and high concordance with the clinicianadministered version of the KSADS-5 (Barch et al., 2017). Parents completed almost
all of the modules in the KSADS-5, except for the enuresis, encopresis and selective
mutism modules. Children also reported diagnostic information related to mood
disorders, separation anxiety, social anxiety, sleep, and suicidality. Research assistants
were trained to provide assistance to the children in completion of the KSADS-5.
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Family history of psychopathology was assessed using the family history
method and a version of the FHAM-S. Parents gave information about the presence or
absence of symptoms associated with alcohol use disorder, substance use disorder,
depression, mania, psychosis, and antisocial personality disorder in all first- and
second-degree biological relatives of the children, which include full and halfsiblings, parents, grandparents, aunts, and uncles. The family history method was
considered reasonable and adequate for the purpose of the study, given that the family
study method, where relatives are interviewed directly, would have been impractical
(Andreasen, Rice, Endicott, Reich, & Coryell, 1986; Barch et al., 2017; Rice et al.,
1995).
Potential Covariates
As handedness, medication usage, trait reward sensitivity, and concurrent
mood symptoms may influence brain activity, a variety of self-report measures were
used to examine any potential correlations of these variables with brain activation and
connectivity and determine whether they should be included as covariates in
subsequent analyses. First, handedness was assessed using the four-item Youth
Edinburgh Handedness Inventory Short Form (Oldfield, 1971; Veale, 2014).
Participants were asked to rate on a five-point scale (“always right hand” to “always
left hand”) the hand they typically use for writing, throwing, using a spoon, and using
a toothbrush. A laterality quotient was calculated to reflect the degree to which
participants were right-handed, left-handed, or ambidextrous. Second, medication
usage in the past two weeks was evaluated using the Medication Inventory from the
PhenX Toolkit October 1, 2015 Ver. 13.0 (Barch et al., 2017; Bild et al., 2002).
Parents were asked to bring all of their children’s prescriptions to the in-person
assessment and answer questions about usage of prescribed and over-the-counter
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medications. Third, trait reward sensitivity was assessed using an abridged version of
the BIS/BAS scales (Carver & White, 1994; Pagliaccio et al., 2016), which consist of
a subscale to assess the Behavioral Inhibition System and three subscales to measure
the Behavioral Approach System (BAS; Reward Responsiveness, Drive, and Fun
Seeking). The three BAS subscales were used in the current study to quantify trait
reward sensitivity, and they have demonstrated acceptable internal consistencies in
the ABCD sample, with alphas: BAS Drive (.78), BAS Reward Responsiveness (.62),
and BAS Fun Seeking (.64) (Barch et al., 2017). Finally, concurrent depressive and
manic symptoms were assessed using the well-validated DSM-5 Depression subscale
of the Child Behavior Checklist (Achenbach, 2009) and a mania scale from the Parent
General Behavior Inventory (Youngstrom, Frazier, Demeter, Calabrese, & Findling,
2008), respectively.
MID Task
The MID task was administered during fMRI to probe neural responses to the
anticipation and receipt of rewards and losses. On each trial of the MID task,
participants were first presented with an incentive cue (2000 ms) signaling that they
had a chance to (a) win $.20 (small reward), (b) win $5 (large reward), (c) lose $.20
(small loss), (d) lose $5 (large loss), or (e) not lose or win any money (neutral). These
five possibilities represented the five trial types of the MID task. After the incentive
cue, an anticipation period ensued (1500–4000 ms). Next, the participant responded to
a variable target (150–500 ms). Finally, participants were shown feedback on the
outcome of the trial. The feedback was displayed for 2000 ms minus the target
duration. Twelve optimized trial orders were developed for the study (two runs each).
Each of the two runs involved 50 trials (10 per trial type) presented in pseudorandom
order. Task difficulty was adjusted after every third incentivized trial on the basis of
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the overall accuracy rate of the last six trials, so that each participant achieved an
accuracy rate of approximately 60%. Each participant was presented with 40 reward
and loss anticipation trials and 20 no money anticipation trials; 24 positive feedback
trials (for both reward and loss) and 16 negative feedback trials (for both reward and
loss), on average, were generated by the adaptive algorithm. Preliminary tests of the
ABCD Study MID data showed that the average hit rate is higher for the reward
(59%) and loss (54%) trials than for neutral trials (49%), and that the VS and medial
PFC were robustly activated in response to reward (Casey et al., 2018). More details
about the validity of the data derived from the MID task used in the ABCD Study are
described in Casey et al. (2018).
Image Acquisition
ABCD’s imaging data were collected using 28 3T scanners from three
different platforms (Siemens Prisma, General Electric 750, and Philips) at the 21
participating sites (Casey et al., 2018; Nielson et al., 2018). The ABCD imaging
protocol was harmonized to be compatible across the platforms (Casey et al., 2018).
High spatial and temporal resolution fMRI images were acquired [matrix, 90 x 90;
slices, 60; field of view (FOV), 216 x 216; % FOV phase, 100%; resolution, 2.4 x 2.4
x 2.4 mm; repetition time (TR), 800 ms; echo time (TE), 30 ms; flip angle, 52 degree;
multiband acceleration, 6]. 3D T1 and 3D T2 weighted images [matrix, 256 x 256;
resolution, 1.0 x 1.0 x 1.0 mm; inversion time (TI), 1060 ms] also were acquired. All
images were acquired in the axial plane. More details about the imaging parameters
are described in Casey et al. (2018).
Image Preprocessing
Imaging data used in the current study were organized in accordance with the
Brain Imaging Data Structure format (Gorgolewski et al., 2016) using HeuDiConv
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(https://github.com/nipy/heudiconv), and were pre-processed using FMRIPREP
v1.3.0.post2 (Esteban et al., 2018). T1-weighted volumes were corrected for intensity
non-uniformity using N4BiasFieldCorrection v2.1.0 (Tustison et al., 2010), skullstripped using antsBrainExtraction.sh v2.1.0 and the OASIS template, and coregistered to skull-stripped ICBM 152 Nonlinear Asymmetrical template version
2009c (Fonov, Evans, McKinstry, Almli, & Collins, 2009) via nonlinear registration
using the antsRegistration of ANTs v2.1.0 (Avants, Epstein, Grossman, & Gee, 2008).
Brain tissue segmentation of cerebrospinal fluid, white matter, and gray matter on the
brain-extracted T1-weighted volumes were conducted using FAST of FSL v5.0.9 (Y.
Zhang, Brady, & Smith, 2001).
Functional data were motion corrected using MCFLIRT of FSL v5.0.9
(Jenkinson, Bannister, Brady, & Smith, 2002) and spatially normalized to a standard
stereotactic space as defined by the Montreal Neurological Institute (MNI). FLIRT of
FSL v5.0.9 was used for co-registration to the corresponding T1-weighted volume
using boundary-based registration (Greve & Fischl, 2009) with 9 degrees of
freedom. Motion correcting transformations, BOLD-to-T1-weighted transformation,
and T1-weighted-to-template (MNI) warp were concatenated and applied
using antsApplyTransforms of ANTs v2.1.0 with Lanczos interpolation. Functional
images were spatially smoothed with a 4.8 mm full-width-half-maximum Gaussian
kernel and subjected to a high-pass temporal filter with a 100s cutoff. Additionally,
ICA-based Automatic Removal Of Motion Artifacts (AROMA) were used to reduce
motion-induced signal variations in data (Pruim et al., 2015). More details of
FMRIPREP can be found on its website
(https://fmriprep.readthedocs.io/en/latest/workflows.html).
Neuroimaging Analyses
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Neuroimaging analyses were conducted using FSL v6.0.0. A general linear
model (GLM) with autocorrelation correction was adopted. First, a first-level model
was constructed for each participant with a total of 15 regressors reflecting
anticipation and feedback (positive and negative) of the five trial types: (a) win $.20
(small reward), (b) win $5 (large reward), (c) lose $.20 (small loss), (d) lose $5 (large
loss), or (e) not lose or win any money (neutral). The 15 regressors were convolved
with the canonical hemodynamic response function. At the second-level analyses,
data from the two runs of the MID task were combined for each participant using a
fixed effects model. For third-level analyses (i.e., across participants), group statistical
maps for reward ($.20 and $5.0 combined) and loss ($.20 and $5.0 combined) versus
neutral incentive ($0) during anticipation and feedback (positive and negative) were
calculated using one-sample t tests.
The five trial types of the MID task allowed for the examination of valence
and salience signals during reward processing (Figure 5). Specifically, on the one
hand, most theorists have suggested that brain activation during reward processing
reflects the valence or value of a stimulus and follows a linear pattern (Bartra et al.,
2013; Cooper & Knutson, 2008), with higher activation reflecting higher desirability
and positive valence or value of a stimulus. On the other hand, some have identified
that brain activity during reward processing also at times may represent the salience
of a stimulus and follow a U-shaped pattern, with higher activation reflecting higher
importance and absolute value of a stimulus. Given that reward-related brain
activation can be driven by the valence and/or salience of stimuli (Bartra et al., 2013;
Kahnt, Park, Haynes, & Tobler, 2014; Litt, Plassmann, Shiv, & Rangel, 2011; Zink,
Pagnoni, Chappelow, Martin-Skurski, & Berns, 2006), both valence and salience

58
signals were examined for anticipation. Only valence signals were examined for
feedback due to technical errors in the ABCD data.

Figure 5. Illustration of valence and salience signals based on study hypotheses. LL =
large loss; SL = small loss; N = neutral; SR = small reward; LR = large reward. I
hypothesized that during reward processing, VS activity would be increased in
remitted BD and decreased in remitted UD, but OFC activity would be increased in
both remitted BD and remitted UD, relative to HC. I also hypothesized that remitted
BD would show greater activity in the VS and the OFC than remitted UD during
reward processing. (A) and (B) demonstrate expected results if activation in the VS
and OFC reflects the valence of a stimulus and follows a linear pattern, with higher
activation reflecting higher desirability and positive valence of a stimulus. (C) and (D)
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demonstrate expected results if activation in the VS and OFC represents the salience
of a stimulus and follow a U-shaped pattern, with higher activation reflecting higher
importance and absolute value of a stimulus.

Based on my a priori hypotheses of differences in the OFC and the VS
between the groups, I conducted ROI analyses involving activation in these regions.
Anatomical masks generated by Study 1 (Figure 3) were used for OFC and VS.
Average time course of reward-related activity in the ROIs were extracted using
FSL’s fslmeants. Specifically, Group x Condition mixed ANCOVAs and one-way
ANCOVAs were performed for the ROI analyses. Greenhouse-Geisser correction was
utilized for violations of sphericity. Post-hoc two-sample t tests were conducted to
probe the nature of any significant interactions. Whole-brain analyses were conducted
to explore between-group differences outside the ROIs.
To evaluate connectivity between the OFC and the VS, PPI analyses (Friston
et al., 1997; McLaren et al., 2012), a technique that examines whether a psychological
context (e.g., reward processing) changes how one brain region (a “seed region”)
contributes to another brain region (a “target region”) by testing whether a significant
interaction between the psychological context and the seed region is shown in the
target region, were conducted. This approach has been shown to reveal consistent and
specific patterns of connectivity across studies (D. V. Smith, Gseir, et al., 2016). The
first-level PPI models mostly involved the same task regressors described above, with
the addition of a physiological regressor representing the time course of rewardrelated activation within the ROIs, and interaction terms between the physiological
regressor and the task regressors. At the second-level analyses, data from the two runs
of the MID task were combined for each participant using a fixed effects model.
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Group differences in connectivity during reward processing were examined in thirdlevel analyses.
To determine if there were differences in reward-related neural responses
between BD, UD, and HC on the network level, five a priori generated corticostriatal
network maps (CSNmaps) identified by Dr. David Smith using tensorial independent
component analysis (ICA; Beckmann & Smith, 2005) on the neuroimaging data of the
reward consumption task (Delgado et al., 2000) from 20 participants in the Human
Connectome Project (Van Essen et al., 2013) were used. Created based on a novel
connectivity-based framework that aims to fully capture the complexity of rewardrelated brain activation by focusing on the whole brain rather than single regions, the
five CSNmaps are five whole-brain tensor components whose temporal fluctuations
corresponded to the presentation of rewards and punishments and involved the
striatum (Figure 6). They represent five distinct patterns of corticostriatal connectivity
involved in reward processing, with some exhibiting positive connectivity between
the dorsal striatum and dlPFC (e.g., IC 1) and others showing negative connectivity
between the VS and fronto-parietal network (e.g., IC 7). To examine group
differences that might be reflected in the whole brain rather than single regions, oneway ANCOVAs were performed to compare whether there were differences between
BD, UD, and HC in their spatial correlations between the five CSNmaps and the
whole-brain reward responses during each condition for each participant, with higher
correlations representing higher similarity between their whole-brain reward
responses and the whole-brain reward responses from healthy individuals in HCP.

61

Figure 6. CSNmaps derived from tensorial independent component analysis. The five
CSNmaps were derived from 20 participants performing the reward consumption in
the Human Connectome Project. The colors represent positive (red) and negative
(blue) loadings onto that component. The figure was created by Dr. David Smith.

The relationships between brain activation, connectivity, network patterns and
potential confounders (age, sex, race, handedness, reward sensitivity, medication use,
and concurrent mood symptoms) were examined, and where appropriate, such
variables also were included as covariates in all analyses. All z-statistic images were
thresholded and corrected for multiple comparisons using an initial cluster-forming
threshold of uncorrected p < .001, followed by a whole-brain corrected cluster-extent
threshold of p < 0.05, as determined using nonparametric permutation tests, which do
not assume Gaussian distributions (Eklund, Nichols, & Knutsson, 2016).
Results
Participant Characteristics
Demographic and clinical characteristics of the participants in the three groups
were compared using one-way ANOVAs and chi-square tests (Table 7). There was a
significant main effect of group on depressive symptoms, F(2, 137) = 17.10, p < .01.
Tukey’s post-hoc tests revealed that HC reported significantly lower depressive
symptoms compared to BD (mean difference = -2.72, SE = 0.63, p < .01) and UD
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(mean difference = -3.45, SE = 0.62, p < .01) groups. There was no significant
difference between BD and UD (mean difference = 0.73, SE = 0.62, p = .47) in
depressive symptoms. In addition, there was a significant main effect of group on
hypomanic symptoms, F(2, 137) = 6.37, p < .01. Tukey’s post-hoc tests suggested
that HC reported significantly fewer hypomanic symptoms than BD (mean difference
= -2.35, SE = 0.80, p < .05) and UD (mean difference = -2.58, SE = 0.80, p < .01).
There was no significant difference between BD and UD (mean difference = 0.23, SE
= 0.80, p = .95). In addition, a chi-square test identified a statistically significant
association between group and medication usage in the past two weeks, χ2(2, N = 140)
= 12.63, p < .01 (BD medication usage = 45.7%; UD = 54.2%; HC = 19.6%). BD,
UD, and HC did not differ significantly with respect to age, sex, race, handedness,
BAS Drive, BAS Fun Seeking, and BAS Reward Responsiveness (all p’s > .05).
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Table 7
Characteristics of Participants in Study 2
Overall
(n = 140)
121.38 (6.77)

BD
(n = 46)
121.91 (6.50)

UD
(n = 48)
121.40 (6.73)

HC
(n = 46)
120.83 (7.17)

Age, months
(SD)
Female
49.3%
45.7%
47.9%
54.3%
Race
American
0.7%
2.2%
0%
0%
Indian/
Alaska
Native
Asian
2.1%
0%
2.1%
4.3%
Black or
10.7%
15.2%
8.3%
8.7%
African
American
White
72.1%
69.6%
77.1%
69.6%
More Than
9.3%
8.7%
8.3%
10.9%
One Race
Other
4.3%
4.3%
2.1%
6.5%
Do Not
0.7%
0%
2.1%
0%
Know
Hispanic
29.3%
23.9%
25.0%
39.1%
EHIS
Handedness
Right77.9%
73.9%
75.0%
84.8%
Handed
Left-Handed 12.1%
13.0%
18.8%
4.3%
Mixed
10.0%
13.0%
6.3%
10.9%
Medication
40.0%
45.7%
54.2%
19.6%
Use
CBCL
2.40 (3.33)
3.04 (3.70)
3.77 (3.48)
.33 (.99)
Depression
(SD)
PGBI Mania
2.22 (4.00)
2.91 (4.38)
3.15 (4.82)
.57 (1.34)
(SD)
BAS Drive
4.34 (3.11)
4.09 (2.65)
4.42 (3.48)
4.52 (3.17)
(SD)
BAS Fun
6.36 (2.68)
6.24 (2.51)
6.44 (2.95)
6.41 (2.61)
Seeking (SD)
BAS Reward
11.14 (2.78)
10.98 (2.86)
11.08 (2.77)
11.37 (2.74)
Responsivenes
s (SD)
Note. BD = Bipolar Disorder; UD = Unipolar Depression; HC = Healthy Controls;
EHIS = Youth Edinburgh Handedness Inventory Short Form; CBCL = Child
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Behavior Check List; PGBI = Parent General Behavior Inventory; BAS = Behavioral
Approach System.

Associations Among Study Variables
Pearson correlations were conducted to examine the associations of
continuous demographic and clinical variables (age, mood symptoms, and reward
sensitivity) with activation in the OFC and the VS and OFC-VS functional
connectivity as well as connectivity during reward anticipation and feedback (Table
8). Results indicated that age was negatively associated with OFC activation during
anticipation (valence) across the whole sample, r(138) = -.19, p < .05, such that older
participants had lower OFC activation during anticipation (valence). Additional
analyses revealed that the significant association was found only in BD, r(44) = -.31,
p < .05, but not in UD, r(46) = -.07, p = .65, and HC, r(44) = -.20, p = .19.
Additionally, BAS Drive was negatively associated with OFC activation during
anticipation (salience), r(138) = -.19, p < .05, and VS activation during anticipation
(salience) across the whole sample, r(138) = -.26, p < .01, such that participants with
higher BAS Drive scores had lower OFC and VS activation during anticipation
(salience). Additional analyses revealed that the significant association was found
only in HC, r(44) = -.39, p < .01, but not in UD, r(46) = -.06, p = .67, and BD, r(44) =
-.20, p = .19. Furthermore, BAS Reward Responsiveness was negatively correlated
with VS activation during feedback, r(138) = -.17, p < .05, such that participants with
higher BAS Reward Responsiveness scores had lower VS activation during feedback.
Additional analyses revealed that the significant association was not found in BD,
r(44) = -.19, p = .20, UD, r(46) = -.03, p = .84, and HC, r(44) = -.28, p = .06. Finally,
OFC-VS connectivity during anticipation (salience) was negatively associated with
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hypomanic symptoms, such that participants with higher connectivity between OFC
and VS had lower hypomanic symptoms, r(138) = -.21, p < .05. Additional analyses
revealed that the significant association was not found in BD, r(44) = -.28, p = .06,
UD, r(46) = -.26, p = .07, and HC, r(44) = -.01, p = .97.
Two-sample t-tests and one-way ANOVAs were conducted to examine the
associations of categorical demographic and clinical variables (gender, race,
handedness, and medication use) with activation in the OFC and the VS as well as
OFC-VS functional connectivity and connectivity between them during anticipation
and feedback. Results suggested that there was a significant effect for gender, t(138) =
2.46, p < .05, such that females had greater activation in the VS during anticipation
(valence) than males. Moreover, there was a significant main effect of handedness on
OFC-VS connectivity during anticipation (valence), F(2, 137) = 4.32, p < .05.
Tukey’s post-hoc tests revealed that mixed-handed individuals had less connectivity
between the OFC and VS during anticipation (valence) compared to right-handed
(mean difference = -0.32, SE = 0.12, p < .05) and left-handed individuals (mean
difference = -0.42, SE = 0.15, p < .05). There were no significant associations
between the ROI variables and race or medication usage (all p’s > .05).
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Table 8
Pearson Correlations between Regions of Interest and Participant Characteristics
Age

Hyp

Dep

Drive

FS

RR

Activation During Anticipation
OFC (Valence)
-.19* .07
.06
.14
-.04 .02
OFC (Salience)
-.07
-.01
.01
-.19* -.09 -.07
VS (Valence)
-.13
-.10
-.06
-.02
-.13 -.09
VS (Salience)
-.07
-.06
-.04
-.26** -.15 -.16
Activation During Feedback
OFC
-.05
-.11
.07
.08
.02
-.09
VS
-.15
-.01
.16
.08
.03
-.17*
Connectivity During Anticipation
OFC-VS (Valence)
.02
.16
.15
-.05
.00
.02
OFC-VS (Salience)
.04
-.21* -.10
-.04
.02
-.09
OFC-VS Connectivity During
-.04
.00
.02
.05
-.04 .04
Feedback
OFC-VS Functional Connectivity .00
-.04
-.04
-.09
-.04 .02
Note. Hyp = Hypomanic Symptoms Assessed by Parent General Behavior Inventory Mania; Dep = Depressive Symptoms Assessed by Child Behavior Check List’s DSM5 Depression Subscale Raw Scores; Drive = Drive Subscale of the BIS/BAS Scales;
FS = Fun Seeking Subscale of the BIS/BAS Scales; RR = Reward Responsiveness
Subscale of the BIS/BAS Scales. *p < .05; **p < .01.

Behavioral Results
Reaction Time
A two-way ANOVA of reaction times was conducted for positive feedback
trials, with condition (large loss, small loss, neutral, small reward, large reward) as the
within-subject factor and group (BD, UD, HC) as the between-subjects factor. There
were no statistically significant interactions between group and condition for reaction
times, F(7.300, 430.678) = 0.549, p = .804 (Figure 7).
One-way ANOVAs revealed no main effect of group on reaction times, F(2,
118) = 1.616, p = .203, but there was a significant main effect of condition, F(3.654,
438.431) = 5.710, p < .01. Bonferroni-adjusted post-hoc tests suggested that
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participants exhibited greater reaction times during the neutral condition than the
large loss condition (mean difference = 6.770, SE = 1.865, p < .01) and the large
reward condition (mean difference = 5.923, SE = 1.725, p < .01). They also exhibited
higher reaction times during the small reward condition than the large loss condition
(mean difference = 4.297, SE = 1.449, p < .05).

Figure 7. Reaction time by group and condition during the MID task.

Hit Rate
A Group X Condition ANOVA of hit rates was conducted for positive
feedback trials. There was a statistically significant interaction between group and
condition for hit rates, F(7.387, 435.857) = 2.033, p < .05 (Figure 8). Post-hoc
analyses suggested that UD had higher hit rates during the neutral condition than BD
(mean difference = 0.069, SE = 0.280, p < .05) and HC (mean difference = 0.067, SE
= 0.280, p < .05) after Tukey’s HSD adjustment, but there were no differences
between BD, UD, and HC during the large loss condition, F(2, 118) = 1.335, p = .267,
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the small loss condition, F(2, 118) = 1.410, p = .248, the small reward condition, F(2,
118) = 0.368, p = .693, and the large reward condition, F(2, 118) = 0.509, p = .602.
One-way ANOVAs revealed no main effect of group on hit rates, F(2, 118) =
0.345, p = .709, but there was a significant main effect of condition, F(3.742,
448.983) = 26.353, p < .01. Bonferroni-adjusted post-hoc tests suggested that
participants exhibited lower hit rates during the neutral condition than the large loss
condition (mean difference = -0.120, SE = 0.015, p < .01), the small loss condition
(mean difference = -0.067, SE = 0.014, p < .01), the small reward condition (mean
difference = -0.069, SE = 0.014, p < .01), and the large reward condition (mean
difference = -0.131, SE = 0.016, p < .01). They also exhibited lower hit rates during
the small loss condition than the large loss condition (mean difference = -0.054, SE =
0.015, p < .01) and the large reward condition (mean difference = -0.064, SE = 0.016,
p < .01). Finally, they showed lower hit rates during the small reward condition than
the large loss condition (mean difference = -0.052, SE = 0.014, p < .01) and the large
reward condition (mean difference = -0.062, SE = 0.014, p < .01).

Figure 8. Hit rate by group and condition during the MID task.
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Neuroimaging Results
To address the major aims of this study, a series of one-way ANCOVAs were
conducted to examine whether there were significant differences between BD, UD,
and HC in reward-related neural activation, connectivity, and networks. If there was a
significant difference, a two-way mixed ANCOVA was conducted to explore what
contributed to the effect. Given that age, gender, handedness, and hypomanic
symptoms were associated with at least one ROI variable, they were included as
covariates in all ROI analyses. Whole-brain analyses were conducted to explore
between-group differences outside the ROIs.
Activation Analyses
First, two ANCOVAs were run to examine the effect of group on OFC
activation during anticipation (valence and salience; Figure 9), after controlling for
age, gender, handedness, and hypomanic symptoms. Levene's tests of homogeneity of
variance indicated that there was homogeneity of variances (p’s > .05). Results
indicated that there were no statistically significant differences between BD, UD, and
HC in OFC activation during anticipation (valence), F(2, 133) = 1.193, p = .307,
partial η2 = .018 (Figure 9A), and anticipation (salience), F(2, 133) = 0.094, p = .911,
partial η2 = .001 (Figure 9B). Group differences in OFC activation by reward
anticipation condition were plotted for interpretative purposes (Figure 9C).
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Figure 9. Group differences in OFC activation during anticipation. Age, gender,
handedness, and hypomanic symptoms were adjusted in the analyses.

Second, two additional ANCOVAs were run to examine the effect of group on
VS activation during anticipation (valence and salience; Figure 10), after controlling
for age, gender, handedness, and hypomanic symptoms. Levene's tests of
homogeneity of variance indicated that there was homogeneity of variances (p’s >
.05). Results indicated that there were no statistically significant differences between
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BD, UD, and HC in VS activation during anticipation (valence), F(2, 133) =
0.911, p = .405, partial η2 = .014 (Figure 10A), and anticipation (salience), F(2, 133)
= 0.568, p = .568, partial η2 = .008 (Figure 10B). Group differences in VS activation
by reward anticipation condition were plotted for interpretative purposes (Figure
10C).

Figure 10. Group differences in VS activation during anticipation. Age, gender,
handedness, and hypomanic symptoms were adjusted in the analyses.
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Third, two other ANCOVAs were run to examine the effect of group on OFC
and VS activation during feedback, after controlling for age, gender, handedness, and
hypomanic symptoms (Figure 11). Levene's tests of homogeneity of variance
indicated that there was homogeneity of variances (p’s > .05). Results indicated that
there were no statistically significant differences between BD, UD, and HC during
feedback in activation in the OFC, F(2, 133) = 1.136, p = .324, partial η2 = .017
(Figure 11A), and the VS, F(2, 133) = 0.617, p = .541, partial η2 = .009 (Figure 11B).
Finally, whole-brain analyses did not identify any statistically significant group
differences in activation during feedback (p’s > .05).

Figure 11. Group differences in OFC and VS activation during feedback. Age,
gender, handedness, and hypomanic symptoms were adjusted in the analyses.

Connectivity Analyses
In addition to activation analyses, connectivity analyses were conducted to
examine whether group differences may be reflected in connectivity between the OFC
and the VS. An ANCOVA was run to examine the effect of group on OFC-VS
functional connectivity, after controlling for age, gender, handedness, and hypomanic
symptoms. A Levene's test of homogeneity of variance indicated that there was
homogeneity of variances (p > .05). Results suggested that there were no statistically
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significant differences between BD, UD, and HC in OFC-VS functional
connectivity, F(2, 133) = 1.253, p = .289, partial η2 = .018 (Figure 12).

Figure 12. Group differences in OFC-VS functional connectivity. Age, gender,
handedness, and hypomanic symptoms were adjusted in the analyses.

PPI also was used to test whether there were group differences in changes in
connectivity strength between the OFC and the VS as a function of reward processing,
with OFC as the seed region and VS as the target region. Two ANCOVAs were run to
examine the effect of group on OFC-VS connectivity during anticipation (valence and
salience; Figure 13), after controlling for age, gender, handedness, and hypomanic
symptoms. Levene's tests of homogeneity of variance indicated that there was
homogeneity of variances (p’s > .05). Results indicated that there was a statistically
significant difference between BD, UD, and HC in OFC-VS connectivity during
anticipation (valence), F(2, 133) = 3.097, p < .05, partial η2 = .045 (Figure 13A), but
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not during anticipation (salience), F(2, 133) = 0.779, p = .461, partial η2 = .012
(Figure 13B). Post-hoc tests suggested that there were no statistically significant
differences in OFC-VS connectivity during anticipation (valence) between BD and
UD (mean difference = .20, SE = 0.09, p = .06), BD and HC (mean difference = 0.17,
SE = 0.09, p = .18), as well as UD and HC (mean difference = -0.03, SE = 0.09, p =
1.0), after Bonferroni adjustment.
To further explore what drove the significant group difference in OFC-VS
connectivity during anticipation, a two-way mixed ANCOVA was conducted to
examine the Group X Condition interaction in predicting OFC-VS connectivity during
anticipation (Figure 13C). There was homogeneity of variances (all p’s > .05), but not
homogeneity of covariances (Box’s M = 58.94, p < .01), as assessed by Levene's test
of homogeneity of variances and Box's M test, respectively. Mauchly's test of
sphericity indicated that the assumption of sphericity was not met for the two-way
interaction, χ2(9) = 21.648, p < .05. After accounting for age, gender, handedness, and
hypomanic symptoms, there was a statistically significant interaction between group
and anticipation condition on OFC-VS connectivity, F(7.385, 491.093) = 2.321, p <
.05, partial η2 = .034 (Figure 13C). Post-hoc tests suggested that there was a
statistically significant difference in OFC-VS connectivity during anticipation
between BD and HC (mean difference = -0.089, SE = 0.04, p < .05), but not between
BD and UD (mean difference = -.02, SE = 0.03, p = 1.00) or UD and HC (mean
difference = -0.07, SE = 0.03, p = .13), after Bonferroni adjustment.
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Figure 13. Group differences in OFC-VS connectivity during anticipation. Age,
gender, handedness, and hypomanic symptoms were adjusted in the analyses.

Finally, a two-way mixed ANCOVA was conducted to examine the Group X
Condition interaction in predicting OFC-VS connectivity during feedback. There was
homogeneity of variances and covariances (all p’s > .05), as assessed by Levene's test
of homogeneity of variances and Box's M test, respectively. After accounting for age,
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gender, handedness, and hypomanic symptoms, there was no statistically significant
interaction between group and feedback condition on OFC-VS connectivity, F(2, 133)
= 0.295, p = .75, partial η2 = .004 (Figure 14).

Figure 14. Group differences in OFC-VS connectivity during feedback. Hit = positive
feedback; Miss = negative feedback. Age, gender, handedness, and hypomanic
symptoms were adjusted in the analyses.

Network Analyses
To provide insight into group differences that are not otherwise found in
standard regional approaches, one-way ANCOVAs were conducted to examine
differences in spatial correlations between CSNmaps and whole-brain responses
during reward processing among BD, UD, and HC. First, I examined whether there
were differences in the correlations between CSNmaps and whole-brain responses
during anticipation (valence) between BD, UD, and HC, after controlling for age,
gender, handedness, and hypomanic symptoms. Levene's tests of homogeneity of
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variance indicated that there was homogeneity of variances (p’s > .05). Results
indicated that there was a statistically significant difference between BD, UD, and HC
in the correlations between whole-brain responses during anticipation (valence) and
IC 1, F(2, 133) = 8.922, p < .01, partial η2 = .118, IC 2, F(2, 133) = 7.876, p < .01,
partial η2 = .106, IC 3, F(2, 133) = 5.615, p < .01, partial η2 = .078, IC 5, F(2, 133) =
3.643, p < .05, partial η2 = .052, but not IC 7, F(2, 133) = 0.693, p = .502, partial η2 =
.010 (Figure 15). Post-hoc tests suggested that HC exhibited stronger correlations
between their whole-brain reward anticipation (valence) responses and the CSNmaps
than BD (mean difference = .10, SE = 0.02, p < .01) and UD (mean difference = .06,
SE = 0.04, p < .05) for IC 1, BD (mean difference = .11, SE = 0.03, p < .01) for IC 2,
as well as BD (mean difference = .06, SE = 0.02, p < .01) and UD (mean difference =
.04, SE = 0.02, p < .05) for IC 3, after Bonferroni adjustment. Additionally,
correlations were significantly lower in HC than BD (mean difference = -.05, SE =
0.02, p < .05) for IC 5, after Bonferroni adjustment.

78

Figure 15. Group differences in spatial correlations between the CSNmaps and the
whole-brain responses during anticipation (valence). Age, gender, handedness, and
hypomanic symptoms were adjusted in the analyses.

Second, I examined whether there were differences in the correlations between
CSNmaps and whole-brain responses during anticipation (salience) between BD, UD,
and HC, after controlling for age, gender, handedness, and hypomanic symptoms.
Levene's tests of homogeneity of variance indicated that there was homogeneity of
variances (p’s > .05). Results indicated that there were no statistically significant
differences between BD, UD, and HC in the correlations between whole-brain
responses during anticipation (salience) and IC 1, F(2, 133) = 1.645, p = .197, partial
η2 = .024, IC 2, F(2, 133) = 1.476, p = .232, partial η2 = .022, IC 3, F(2, 133) =
0.787, p = .457, partial η2 = .012, IC 5, F(2, 133) = 0.853, p = .429, partial η2 = .013,
and IC 7, F(2, 133) = 0.002, p = .998, partial η2 = 0.00 (Figure 16).
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Figure 16. Group differences in spatial correlations between the CSNmaps and the
whole-brain responses during anticipation (salience). Age, gender, handedness, and
hypomanic symptoms were adjusted in all analyses.

Finally, I examined whether there were differences in the correlations between
CSNmaps and whole-brain responses during feedback between BD, UD, and HC,
after controlling for age, gender, handedness, and hypomanic symptoms. Levene's
tests of homogeneity of variance indicated that there was homogeneity of variances
(p’s > .05). Results indicated that there were no statistically significant differences
between BD, UD, and HC in the correlations between whole-brain responses during
feedback and IC 1, F(2, 133) = 1.894, p = .154, partial η2 = .028, IC 2, F(2, 133) =
1.741, p = .179, partial η2 = .026, IC 3, F(2, 133) = 2.318, p = .102, partial η2 = .034,
IC 5, F(2, 133) = 1.983, p = .142, partial η2 = .029, and IC 7, F(2, 133) = 0.722, p =
.488, partial η2 = 0.011 (Figure 17).
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Figure 17. Group differences in spatial correlations between the CSNmaps and the
whole-brain responses during feedback. Age, gender, handedness, and hypomanic
symptoms were adjusted in the analyses.
Discussion
The present study examined whether preadolescents with remitted BD or
remitted UD exhibit abnormal brain activation or connectivity patterns during reward
processing relative to HC and whether remitted BD and remitted UD may be
distinguished from each other by brain activation and connectivity patterns during
reward processing. The results revealed differential connectivity in corticostriatal
circuitry during reward processing among BD, UD, and HC in preadolescence.
Specifically, BD exhibited increases in OFC-VS connectivity during anticipation of
larger reward, whereas UD and HC showed no changes in OFC-VS connectivity
across anticipation conditions. Furthermore, BD and UD generally showed more
abnormal whole-brain responses to anticipation (valence) than HC, as indicated by
weaker correlations between a priori established CSNmaps and whole-brain reward
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responses in BD and UD relative to HC. Taken together, these findings suggest that
preadolescents with BD and UD exhibit reward processing dysfunction relative to HC
even during remission.
The current findings expand on and clarify earlier work in at least three ways.
First, although numerous neuroimaging studies have shown that adults and
adolescents with mood disorders exhibit abnormal brain activation patterns during
reward processing, no previous study has examined whether such abnormalities begin
as early as preadolescence. The current study, the first examination of reward
functioning in pre-adolescents with mood disorder using fMRI, provides evidence
suggesting that abnormal reward processing also exists in pre-adolescents with mood
disorders, despite developmental differences in the reward system between preadolescents, adolescents, and adults (Casey et al., 2008; Chein et al., 2011; Eppinger
et al., 2012; Green et al., 1994; Luciana & Collins, 2012; Somerville et al., 2010;
Steinberg, 2007, 2008, 2010; Steinberg et al., 2008, 2009, 2018; Urošević et al.,
2012). Second, most neuroimaging studies on reward processing dysfunction in mood
disorders have focused on the depressive phase of the disorders. Indeed, only two out
of the 41 studies included in Study 1 investigated the remission phase of illness.
Studies focusing on the depressive phase, however, cannot address the question of
whether reward processing abnormalities are stable characteristics of BD or UD and
not simply consequences of depressive mood states, and whether processing
dysfunction may be an endophenotype of BD or UD, as one of the criteria for
considering a characteristic as an endophenotype is state-independence (Gottesman &
Gould, 2003; Lenzenweger, 2013; G. A. Miller & Rockstroh, 2013). As the current
study only included individuals in remission, the current findings reflect reward
processing abnormalities that may manifest outside of acute periods of illness.
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Finally, to my knowledge, this is also the first neuroimaging study that attempts to
dissociate valence and salience signals when studying reward processing in mood
disorder. The findings suggest that group differences between BD, UD, and HC are
best reflected by valence, rather than salience, as all significant findings in the current
study are from valence-based analyses.
Despite the aforementioned evidence for abnormal reward processing in
preadolescent mood disorder during remission, I did not find significant differences
between preadolescent BD, UD, and HC in activation during reward anticipation
(valence and salience) and feedback, OFC-VS functional connectivity, OFC-VS
connectivity during reward anticipation (salience), or correlations between a priori
established corticostriatal activation maps with whole-brain reward-related responses.
There are several potential explanations for these null findings. First, given the
changes in reward functioning from pre-adolescence to adulthood, findings
established in the literature on reward processing dysfunction in adults and
adolescents with mood disorders may not be generalizable to pre-adolescents with
mood disorders. Therefore, it is possible that certain reward processing abnormalities
consistently exhibited by adults and adolescents may not be found in preadolescents.
In other words, some reward-related abnormalities may only arise with the
developmental changes in brain reward circuitry that occurs in adolescence (Luciana
& Collins, 2012; Urošević et al., 2012). Second, as previous findings mostly relied on
adults, who are likely to have longer history of depression than preadolescents, the
current null findings could be a function of differences in illness course (e.g., number
of recurrences and chronicity). Third, as the current study focused on preadolescence,
which is prior to the most common age of onset for BD and UD (Alloy et al., 2016), it
is possible that the HC group included individuals who might ultimately develop BD
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or UD, or that the UD group included individuals who might ultimately convert to
BD, obscuring true group differences between BD, UD, and HC. Fourth, as many
findings from neuroimaging studies on reward processing in mood disorder are based
on participants in acute phases of illness, it is possible that only certain reward
processing abnormalities may persist into remission. Finally, given the complexity of
reward processing and its neural substrates, regional-based analyses that focus on
certain regions of the brain and do not consider the whole brain pattern may obscure
important group differences in reward-related brain activity. Therefore, the null
results may illustrate a potential weakness with current region-based approaches and
highlight the importance of network-based approaches.
In addition to the above theoretical reasons, the null findings also may be
attributed to methodological limitations of the current study. First, in the current
study, the presence of remitted BD or UD was determined based on information
provided by both children and parents, rather than solely children or parents, owing to
the notion that different reporters may provide distinct, but equally valid, diagnostic
information (Cantwell, Lewinsohn, Rohde, & Seeley, 1997; Kessler et al., 2001).
Nevertheless, it is plausible that brain activation and connectivity patterns associated
with reward processing would differ as a function of reporting source. Attempting to
understand how to best use and integrate information obtained from multiple
informants has challenged researchers of child psychopathology for decades
(Cantwell et al., 1997; De Los Reyes & Kazdin, 2004; Ivens & Rehm, 1988; Kessler
et al., 2001; Klein, 1991; Moretti, Fine, Haley, & Marriage, 1985; Polanczyk, Salum,
Sugaya, Caye, & Rohde, 2015; Weissman et al., 1987). Parent-child agreement on
psychiatric symptoms is often low (Edelbrock, Costello, Dulcan, Conover, & Kala,
1986; Kashani, Orvaschel, Burk, & Reid, 1985; Reich, Herjanic, Welner, & Gandhy,
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1982; Van Roy, Groholt, Heyerdahl, & Clench-Aas, 2010). To the extent that similar
patterns of results emerge across child and parent reports of mood disorder symptoms
on the basis of which the BD and UD diagnoses were derived, we can be more
confident in the validity of the assessment and the results. Given that no previous
research has examined whether brain activation and connectivity patterns associated
with reward processing would differ as a function of reporting source, it is important
for future studies to explore this question.
Second, although the current study attempted to move towards approaches that
focus on connectivity and networks rather than single regions by incorporating
CSNmaps into the analyses, other potentially more sensitive and informative analysis
methods, such as multi-voxel pattern analysis (MVPA), were not used. Indeed, some
studies have demonstrated that MVPA can be applied successfully to neuroimaging
data to distinguish adults with BD and UD from HC (Redlich et al., 2014; Zeng et al.,
2012). A promising line of future research may examine whether BD, UD, and HC
can be distinguished from each other by reward-related brain activation patterns (e.g.,
striatal responses to reward) using MVPA. Third, although the current study is one of
the largest case-control studies on reward processing dysfunction in mood disorder, it
is unclear whether the current sample size was large enough to detect small effects.
Future research with larger samples will be essential for robustly characterizing the
nature of reward processing abnormalities in mood disorders. Finally, case-control
designs have inherent limitations, such as their limited explanatory depth and
correlational nature (Paulus & Thompson, 2019; Sedgwick, 2014). Other approaches,
such as single-case designs (J. D. Smith, 2012), may be more useful to uncover
individual differences among people with mood disorder.
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Taken together, the current study is the first examination of reward processing
dysfunction in preadolescents with BD or UD using fMRI and provides novel insight
into the nature of reward processing abnormalities associated with mood disorders in
preadolescence. Understanding neural circuits underlying BD and UD is crucial for
translating foundational knowledge to theoretically-guided interventions designed to
target reward processing dysfunction for the prevention or treatment of these
debilitating conditions. In theoretical terms, the study addressed crucial knowledge
gaps about the reward sensitivity theories of mood disorders by demonstrating that
reward processing dysfunction begins as early as pre-adolescence and that reward
processing abnormalities may be characteristics of BD and UD that occur even in the
remitted state. In applied terms, this study may facilitate current endeavors to identify
objective markers of BD and UD by informing understanding of neural circuitry of
reward processing implicated in BD and UD. As early onset BD or UD is often
associated with remarkably long treatment delays and a persistently pernicious illness
course, this study may aid efforts to ensure early accurate diagnosis, which may
improve our ability to intervene with appropriate treatments and result in a more
benign prognosis and course of illness over the lifespan.
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CHAPTER 4
GENERAL DISCUSSION
Given the severity, prevalence, and high rates of recurrence and misdiagnosis
of BD and UD, it is of paramount importance to understand the neurobiological
mechanisms underlying these disorders to enhance our ability to diagnose, treat, and
prevent them effectively. Many neuroimaging studies have investigated reward
processing dysfunction in mood disorders. These studies have led to the common idea
that mood disorders are associated with abnormal reward-related responses,
particularly in the VS. Yet, the link between mood disorders and reward-related
responses in other regions remains inconclusive, thus limiting our understanding of
the pathophysiology of mood disorders. To address this issue, I conducted a
coordinate-based meta-analysis of neuroimaging studies (fMRI/PET) on reward
processing in UD to synthesize the literature in Study 1. The findings argue against
the idea that UD is linked to a monolithic deficit within the reward system. Instead,
our results demonstrate that UD is associated with opposing abnormalities in the
reward circuit: hypo-responses in the VS and hyper-responses in the OFC. These
findings help to reconceptualize our understanding of reward processing
abnormalities in UD and suggest a role for dysregulated corticostriatal connectivity.
To investigate whether reward-related brain activity can distinguish these two
commonly misdiagnosed psychiatric disorders, Study 2 utilized ROI (VS and OFC, as
informed by Study 1), whole-brain, connectivity, and network-based analyses of
fMRI data to examine the similarities and differences in brain activation patterns
between 48 preadolescents with remitted UD, 46 preadolescents with remitted UD,
and 48 healthy controls within the context of reward processing, as evoked by the
MID task. The results of Study 2 revealed differential connectivity in corticostriatal
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circuitry during reward processing among BD, UD, and HC in preadolescence.
Specifically, BD exhibited increases in OFC-VS connectivity during anticipation of
larger reward, whereas UD and HC showed no changes in OFC-VS connectivity
across anticipation conditions. Furthermore, BD and UD generally showed more
abnormal whole-brain responses to anticipation (valence) than HC, as indicated by
weaker correlations between a priori established CSNmaps and whole-brain reward
responses in BD and UD relative to HC. Taken together, these findings suggest that
preadolescents with BD and UD exhibit reward processing dysfunction relative to HC
even during remission.
Overall, the results of the dissertation suggest that reward processing
dysfunction is a worthy focus of future research on mood disorders. Given that no
previous research has examined whether brain activation and connectivity patterns
associated with reward processing would differ as a function of reporting source, it is
important for future studies to explore this question. In addition, future research may
consider examining whether BD, UD, and HC can be distinguished from each other
by reward-related brain activation patterns (e.g., striatal responses to reward) using
MVPA. Moreover, future studies with larger samples and different mood states will
be essential for robustly characterizing the nature of reward processing abnormalities
in mood disorders. Furthermore, longitudinal studies will be necessary to understand
how reward processing abnormalities may predict recurrences, recovery, and
conversion to more severe forms of illness (e.g., from UD to BD). Finally, other
approaches, such as single-case designs (J. D. Smith, 2012), may be useful to uncover
individual differences among people with mood disorder.
While improving diagnostic accuracy and treatment for individuals diagnosed
with mood disorders is critically important, it is equally important to develop effective
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early identification and prevention strategies for individuals at risk for developing
mood disorders. Consequently, future studies may employ genetic high-risk designs
and fMRI to examine the similarities and differences in reward-related brain
activation patterns between healthy offspring of parents with BD, UD, or no
psychopathology. Importantly, the findings from such a study and Study 2 might
synergistically inform our understanding of neurobiological markers associated with
risk (i.e., when abnormalities are found in high-risk and affected individuals but not
normal controls), resilience (when abnormalities are found only in high-risk
individuals but not affected individuals and normal controls), or illness (when
abnormalities are found only in affected individuals but not high-risk individuals and
normal controls). By focusing on individuals who have not yet exhibited, but are at
high genetic risk for BD or UD, rather than those who have already developed them,
we may be able to identify neurobiological markers of risk, rather than expression, of
these disorders. As a result, it may aid efforts to ensure early identification of risks for
the disorders, which may improve our ability to intervene with targeted intervention,
and thus, prevent disorder expression or result in a more benign prognosis over the
lifespan.
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