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Abstract
Background—Major depression (MDD) is characterized by anhedonia. Although a growing
body of literature has linked anhedonia in MDD to reduced frontostriatal activity during reward
gains, relatively few studies have examined neural responsivity to loss, and no studies to date have
examined neural responses to loss in euthymic individuals with a history of MDD.

Methods—An fMRI monetary incentive delay task was administered to 19 participants with
remitted MDD (rMDD) and 19 never depressed controls. Analyses examined group activation
differences in brain reward circuitry during monetary loss anticipation and outcomes. Secondary
analyses examined the association between self-reported rumination and brain activation in the
rMDD group.

Results—Compared to controls, the rMDD group showed less superior frontal gyrus activation
during loss anticipation and less inferior and superior frontal gyri activation during loss outcomes
(cluster corrected p’s<.05). Ruminative Responses Scale scores were negatively correlated with
superior frontal gyrus activation (r=−.68, p=.001) during loss outcomes in the rMDD group.
Limitations: Replication with a larger sample is needed.

Conclusions—Euthymic individuals with a history of MDD showed prefrontal cortex
hypoactivation during loss anticipation and outcomes, and the degree of superior frontal gyrus
hypoactivation was associated with rumination. Abnormal prefrontal cortex responses to loss may
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reflect a trait-like vulnerability to MDD, although future research is needed to evaluate the utility
of this functional neural endophenotype as a prospective risk marker.
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imaging

Introduction
Major depressive disorder (MDD) is characterized both by negative mood and anhedonia,
the lack of interest or pleasure in usually rewarding activities. Although a growing body of
literature has linked anhedonia to reduced frontostriatal activity during reward gains in
MDD (Forbes et al., 2009; Keedwell et al., 2005; Knutson et al., 2008; Mitterschiffthaler et
al., 2003; Schaefer et al., 2006; Smoski et al., 2011), relatively few studies have examined
neural responsivity to loss. This is a critical omission given that largely overlapping brain
regions respond to reward gains and losses (Knutson and Greer, 2008) and that different
forms of psychopathology are associated with unique patterns of neural deficits when
processing reward gains and losses (Choi et al., 2012).

Knutson et al. (Knutson et al., 2008) investigated neural responses to reward loss with
functional magnetic resonance imaging (fMRI) and found relatively reduced reactivity
across multiple brain regions to loss in patients with MDD, including middle frontal gyri,
parietal cortex, sublenticular extended amygdala, and putamen. Given the clinical relevance
of processing losses for MDD and MDD risk (Kendler and Hettema, 2003; Nolen-Hoeksema
et al., 1994), a critical question is whether abnormal neural responses to losses reflect a
state-dependent abnormality consequent to active depressive symptoms or a trait marker of
vulnerability to MDD. However, no study to date has examined neural correlates of loss
processing in euthymic individuals with a history of MDD.

The purpose of the current study was to examine the neural correlates of loss processing in
individuals with remitted major depression (rMDD). Although such a design is not sufficient
to conclusively establish the neural abnormalities that preceded the onset of MDD, it allows
for an examination of associations between depressogenic risk factors and patterns of brain
function while mitigating the potential confounding effect of current mood state, illness
severity, nonspecific effects of chronic illness and stress, and the effects of psychotropic
medication (Kerestes et al., 2012). Ultimately, examining brain function in individuals with
a history of MDD may contribute to the identification of endophenotypes predictive of
disease onset prior to the manifestation of depressive symptoms.

Euthymic individuals with a history of MDD show a range of altered patterns of brain
functioning (Farb et al., 2011; Hooley et al., 2009, 2005; Kerestes et al., 2012; Liotti et al.,
2002; McCabe et al., 2009; Norbury et al., 2010; Thomas et al., 2011). Of relevance to the
current study, a growing literature has demonstrated that rMDD is characterized by lower
frontostriatal reactivity to negative emotional stimuli relative to never depressed controls.
Specifically, rMDD showed reduced dorsolateral prefrontal cortex (DLPFC) activation to
maternal criticism (Hooley et al., 2009, 2005), decreased hippocampus, insula, putamen,
fusiform gyrus, and inferior frontal gyrus activation to negative emotional faces (Thomas et
al., 2011), decreased medial prefrontal cortex activation to sad film clips (Farb et al., 2011),
and decreased pregenual anterior cingulate cortex activation to sad autobiographical
memories (Liotti et al., 2002). However, a few studies have also demonstrated increased
brain activity in rMDD in response to negative emotional stimuli. For example, rMDD
showed greater left DLPFC activity to negative emotional distractors during a working
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memory task (Kerestes et al., 2012), greater bilateral DLPFC activity to fearful faces
(Norbury et al., 2010), higher calcarine cortex activity to sad film clips (Farb et al., 2011),
and greater activation of the bilateral caudate to the sight of moldy strawberries (McCabe et
al., 2009). The discrepant findings of prior studies may be attributed to differences in
subthreshold depressive symptoms and ongoing psychotropic medication use between
rMDD control groups. To address these limitations, the current study will focus on euthymic
individuals with a history of depression who are medication-free.

Our research group recently examined neural responses to monetary gains in rMDD (Dichter
et al., 2012). We found increased activation during reward gain anticipation and decreased
activation during reward gain outcomes in prefrontal cortex and striatal areas in rMDD. The
purpose of the current study was to extend this line of research to examine loss anticipation
and outcomes in rMDD. Based on prior research showing decreased activity to loss in
patients with current MDD and decreased activity to negative emotional stimuli in
individuals with rMDD (Hooley et al., 2009, 2005; Knutson et al., 2008; Thomas et al.,
2011), we hypothesized that the rMDD group would be characterized by reduced
frontostriatal activation during both loss anticipation and outcomes. Secondary analyses
explored the association between neural responses to losses and self-reported rumination in
the rMDD group.

Method
Participants and Procedures

Nineteen euthymic adults with remitted major depressive disorder (rMDD) (4 male; 13
Caucasian; 23.6 ± 4.1 years old; 17 right-handed), based on DSM-IV diagnosis, were
recruited from the Cognitive Behavioral Research and Treatment Program at Duke
University Medical Center. Nineteen affectively healthy adult controls (7 male; 15
Caucasian; 27.9 ± 6.3 years old; all right-handed), free of lifetime MDD, were recruited
from lists of potential participants maintained by the Duke–UNC Brain Imaging and
Analysis Center (BIAC). After providing a complete description of the study to the
participants, written informed consent was obtained.

The Structured Clinical Interview for DSM-IV-TR Axis I Disorders (SCID) (First et al.,
2002) was used to confirm inclusion and exclusion criteria for both groups. Additional
exclusion criteria for both groups included age <19 or >55 years, current Axis I
psychopathology, psychiatric medication use within the past month, estimated verbal IQ
scores <80, BDI>8, or MRI contraindications.

Estimated IQ was assessed using the North American Adult Reading Test (NAART).
Depressive symptoms were assessed using the Beck Depression Inventory-II (BDI-II)
(Spasojević and Alloy, 2001) and rumination was assessed using the Ruminative Responses
Scale (RRS) (Nolen-Hoeksema and Morrow, 1991). The RRS is a 22-item self-report
questionnaire used to assess trait rumination. Participants indicated their general tendency
(i.e., never, sometimes, often, or always) to engage in ruminative behaviors (e.g., “Go
someplace alone and think about your feelings”) and cognitions (e.g., “Think “What am I
doing to deserve this?””) in response to negative emotions.

Clinical characteristics are reported in Table 1. Groups did not differ in age, estimated
verbal IQ, or gender distribution, p’s > .07. By design, groups did not differ in BDI-II
scores, p>.30; however, participants with rMDD reported significantly more rumination than
the control participants p<.05.
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fMRI task
The fMRI task was a modified MID task (Knutson et al., 2000). Participants practiced the
task outside the scanner prior to the scan session and completed four functional imaging
runs. On two runs, money could be lost or not lost, but money could not be won; on the
other two runs, money could be won or not won, but money could not be lost. Consistent
with our aim of characterizing neural responses to loss in rMDD, only results from runs with
potential monetary losses are presented here. Results from runs with potential monetary gain
have been reported previously (Dichter et al., 2012). Each run began with a 10-s
instructional screen indicating whether the forthcoming run would be a “win” or a “loss”
run. Run types (i.e., win or loss runs) were presented in alternating order, and the run type
presented first was counterbalanced across participants.

Task conditions and trial timings are summarized in Figure 1. Each trial consisted of: 1) a
2000 ms cue that indicated whether a slow response to the forthcoming target bulls-eye
could result in a “loss” (a triangle) or no loss (a circle); 2) a delay period during which a
crosshair was presented for 2000–2500 ms; 3) a target bulls-eye that required a speeded
button press presented for up to 500 ms; 4) 3000 ms of feedback that indicated whether that
trial was a “loss” or not; and 5) a variable length ITI crosshair presented such that the total
duration of each trial was 12 s. Trial types (i.e., potential loss or not potential loss) were
aperiodic and pseudorandomly ordered (Knutson et al., 2000).

Participants could lose $1 per trial, and feedback was a text display of the amount of money
lost (e.g., “–$1”). Coincident with this feedback, a cumulative count of the number of dollars
lost within the run was presented. Participants were instructed to respond to all target bulls-
eyes as quickly as possible, and outcomes were contingent on reaction times. The task was
adaptive such that participants were successful on approximately two-thirds of trials,
regardless of individual differences in reaction times. Each 8-minute run contained 40 trials:
20 were potential loss trials, 20 were non-loss trials. Prior to entering the scanner,
participants were shown the money they could lose based on scanner task performance.
Stimuli were presented using E-Prime presentation software v.1.1 (Psychology Software
Tools Inc. Pittsburgh, PA) and displayed in the scanner though magnet-compatible goggles
(Resonance technology, Inc., Northridge, CA). Reaction times were recorded on each trial of
the MID task.

Imaging methods
Scanning was performed on a General Electric (Waukesha, Wisconsin, USA) MR750 3.0
Tesla scanner with a quadrature birdcage radio frequency head coil. This scanner is
equipped with high-power heavy-duty-cycle-50-mT/m gradients at a 200 T/m/s slew rate
and a 32-channel head coil for parallel imaging. A high-resolution T1-weighted image with
166 slices was acquired using a 3D FSPGR pulse sequence (TR=7.484 ms; TE=2.984 ms;
FOV=256 mm; image matrix = 256×256; voxel size=1 mm3) and used for coregistration
with the functional data. This structural image was aligned in a near axial plane defined by
the anterior and posterior commissures. Whole brain functional images were acquired using
a spiral pulse sequence with SENSE reconstruction sensitive to blood oxygenation level
dependent contrast (TR, 2000 ms; TE, 30 ms; FOV, 256 mm; image matrix, 64 × 64; α=60°;
voxel size=4mm3; 32 axial slices). Functional images were aligned similarly to the T1-
weighted structural image. A semi-automated high-order shimming program ensured global
field homogeneity.

Imaging data analysis
Functional data were preprocessed using FSL version 4.1.8 (Oxford Centre for Functional
Magnetic Resonance Imaging of the Brain (FMRIB), Oxford University, U.K.). Timing files
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were converted to FSL-compatible format and NIFTI image data files were generated. The
following preprocessing steps were implemented using the FSL FEAT preprocessing utility:
(i) brain extraction for non-brain removal (Smith et al., 2004), (ii) motion correction using
MCFLIRT (Smith, 2002), (iii) spatial smoothing using a Gaussian kernel of FWHM 5 mm,
(iv) mean-based intensity normalization of all volumes by the same factor, and (v) high-pass
filtering (Jenkinson et al., 2002). Functional images were co-registered to structural images
in native space for each participant, and structural images were normalized into a standard
stereotaxic space (Montreal Neurological Institute) for inter-participant comparison. The
same transformation matrices used for structural-to-standard transformations were then used
for functional-to-standard space transformations of co-registered functional images. All
registrations were carried out using an intermodal registration tool (Jenkinson et al., 2002;
Smith et al., 2004). Voxel-wise temporal autocorrelation was estimated and corrected using
FMRIB’s Improved Linear Model (FILM) (Jenkinson and Smith, 2001).

Onset times of events were used to model a signal response containing a regressor for each
response type, which was convolved with a double-γ function to model the hemodynamic
response. Group-wise activation images were calculated by a mixed effects higher-level
analysis using Bayesian estimation techniques with FMRIB Local Analysis of Mixed Effects
(FLAME) (Smith et al., 2004; Woolrich et al., 2001). Key anatomical regions within the
reward system (frontal lobes, amygdala, nucleus accumbens, insula, thalamus, caudate
nucleus, anterior cingulate gyrus, and putamen) that have previously been found to be
functionally impaired in MDD (Davidson et al., 2002a; Knutson et al., 2008) were defined a
priori for small volume correction. These regions were generated in FSL using the Harvard–
Oxford cortical and subcortical structural probabilistic atlases. All masks were thresholded
at 25%, binarized, and then combined into a single mask using fslmaths.

The anticipation and outcome phases of the task were analyzed separately. For both phases,
the primary method of analysis was to identify clusters that showed significant interactions
of Group (control and rMDD) and trial type (potential loss and non-potential loss during the
anticipatory phase, and losses and non-losses during the outcome phase). For all analyses,
voxels were considered significant if they passed a statistical threshold of p<.005,
uncorrected, and were part of a 39-voxel cluster of contiguous significant voxels, resulting
in a cluster-corrected p<.05. This cluster size was determined by performing 1000 Monte
Carlo simulations using 3dClustSim (Ward, 2000).

Results
Head Motion

There were no significant differences between groups in mean displacement across three
dimensions (X, Y, and Z) on any of the runs (all p’s>.16).

In-Scanner Reaction Times
As shown in Table 1, participants with rMDD showed slower reaction times than controls
when anticipating potential loss, p<.05. Groups did not differ in reaction times on non-loss
trials, p=.50.

Brain Activation
Clusters with significant activation differences between rMDD and control participants
during both loss anticipation and outcome are shown in Table 2. During anticipation of loss,
relative to anticipation of non-loss, rMDD participants showed relatively less activation of
the left superior frontal gyrus (see Figure 2). During loss outcomes, relative to non-loss
outcomes, rMDD participants showed relatively less activation of the left inferior frontal

Schiller et al. Page 5

J Affect Disord. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



gyrus and left superior frontal gyrus (see Figure 2). There were no clusters with significantly
greater activation in the rMDD group than the control group.

Correlations with Task Behavior and Rumination
Correlations between the magnitude of brain activation in clusters showing significant
differences between groups (i.e., the superior frontal gyrus during loss anticipation depicted
in Figure 2 and the inferior and superior frontal gyri during loss outcomes depicted in Figure
2), reaction times, and RRS scores were examined in the rMDD group (see Table 2).
Because six correlations were examined (i.e., between activations in three clusters with RT
and RRS values), these correlations were evaluated for significance at a Bonferroni-
corrected statistical threshold of =.0083. Activation in the left superior frontal gyrus during
loss outcomes (relative to non-loss outcomes) were negatively correlated with RRS scores in
the rMDD group, r= −.68. p<.0015 (see Figure 3).

Discussion
The current examination of loss processing in rMDD extends our previous research on
reward gain processing in rMDD (Dichter et al., 2012) and complements prior research on
the neural characteristics of depression risk (Farb et al., 2011; Hooley et al., 2009, 2005;
Thomas et al., 2011). Our prior research on reward gains showed abnormal neural responses
during both reward gain anticipation and outcomes in rMDD (Dichter et al., 2012), and as
such, we expected to see group differences during both loss anticipation and outcomes.
Consistent with our hypothesis, rMDD showed significantly reduced brain activation
compared to controls during both loss anticipation and outcomes. The reduced left inferior
and superior frontal gyri reactivity to loss outcomes seen in rMDD in the current study was
consistent with previous studies demonstrating reduced prefrontal cortex reactivity to fear,
sadness, and criticism in rMDD (Farb et al., 2011; Hooley et al., 2009, 2005; Thomas et al.,
2011). Loss anticipation and outcomes have been shown to elicit negative affective arousal
(Knutson and Greer, 2008). Taken together, these results suggest that MDD risk is
characterized by reduced prefrontal cortex reactivity to negative affective states.

The left superior frontal gyrus is involved in both working memory and self-awareness
(Boisgueheneuc et al., 2006; Goldberg et al., 2006). Recent research in healthy individuals
suggests that the superior frontal gyrus becomes inactive during cognitively demanding
perceptual tasks during which reflective self-awareness is diminished (Goldberg et al.,
2006). One interpretation of the reduced superior frontal gyrus activity in rMDD is therefore
that the reward trials were more cognitively demanding for rMDD than controls, which
resulted in a diminished cognitive capacity to engage in self-awareness. This interpretation
is supported by the slower reaction times to targets following loss cues but not non-loss
(neutral) cues in rMDD, which suggests that increased cognitive demand was specific to the
loss trials rather than the task as a whole. Thus, reduced superior frontal gyrus activity
during loss trials may reflect increased cognitive load associated with rumination. Indeed,
lower superior frontal gyrus activity during loss outcomes was associated with greater trait
rumination in rMDD.

We also found that individuals with rMDD demonstrated significantly lower activation in
the inferior frontal gyrus (BA 45), an area associated with semantic processing (Liakakis et
al., 2011) and negative affect (Kret et al., 2011). In a prior fMRI study, negative emotional
load during a cognitive task that involved making judgments about images was associated
with attenuated activation of the ventral part of the inferior frontal gyrus (Northoff et al.,
2004). Thus, inferior frontal gyrus activity may be attenuated in rMDD as a result of an
increased sensitivity to the emotional load associated with loss. Moreover, a prior study of
personality and neural responsivity to negative emotional faces demonstrated
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hyporesponsivity in BA 45 among individuals with higher levels of negative affect (Kret et
al., 2011). Thus, reduced inferior frontal gyrus responsivity to loss in the current study may
constitute a neural biomarker of trait negative affectivity and depression vulnerability.

Comparing the present findings with those reported in Dichter et al (2012), it is noteworthy
that neural responses to loss may be distinguished from neural responses to gain in rMDD.
Whereas across studies the rMDD group was characterized by reduced activation in frontal
regions during both loss anticipation and outcomes, responses during monetary gain were
characterized by frontal cortex hyperactivation during reward anticipation and
hypoactivation during reward outcomes (Dichter et al., 2012). Additionally, none of the
brain areas associated with group differences between rMDD and controls in response to
gain were associated with rumination (Dichter et al., 2012). One interpretation is therefore
that the loss condition was more sensitive to ruminative response styles associated with
rMDD, thus explaining the hypoactivation in frontal areas associated with attention and
cognitive processing. Nonetheless, these results make clear that examining the full
chronometry of the reward response, both anticipation and experience of gains and losses, is
essential to uncover subtle differences between rMDD and controls.

Additionally, the left lateralization of prefrontal cortex hypoactivity in rMDD seen in the
current study is consistent with prior EEG research linking left frontal hypoactivity,
behavioral approach deficits, and MDD (Davidson, 1998; Davidson et al., 2002b; Tomarken
et al., 2004). Davidson, Tomarken, and colleagues have posited that left prefrontal cortex
hypoactivity is a depressogenic vulnerability that, when combined with negative life events,
increases the probability of developing MDD (Davidson, 1998). One way to study first-
onset MDD risk is to examine prospectively a group of adolescents who have never
experienced depression but who have family members with depression. Consistent with
Davidson’s model, euthymic adolescents, whose mothers had a history of depression,
showed left frontal hypoactivity during resting-state EEG (Tomarken et al., 2004). Taken
together, the current fMRI and previous EEG findings suggest that left prefrontal cortex is
underactive during loss processing and hypoactive at rest. Given that left lateralized
prefrontal cortex activity is seen as a marker of effective coping and resilience to affective
illness (Davidson, 2004), the left hypofrontality seen in the current study in response to both
loss anticipation and outcomes may therefore reflect a trait vulnerability to depression.
Further research is needed to explore the peripheral neuroendocrine and immune function
associated with left frontal hyporeactivity to loss that would be predicted by Davidson’s
conceptualization of resilience (Davidson, 2004) and to determine whether individual
differences in left frontal hypoactivity in rMDD can be used to explain variance in relapse
rates.

Results of the current study also demonstrate a significant association between neural
response to loss and rumination in the rMDD group. Rumination, defined as the tendency to
perseverate on negative emotions, characterizes chronic, severe depression (Nolen-
Hoeksema, 2000) and increases the risk for depression following loss (Nolen-Hoeksema et
al., 1994). In prior studies, RRS scores have been found to be positively correlated with
reactivity of the inferior frontal gyrus to fearful faces (Thomas et al., 2011) and medial
prefrontal cortex to sad film clips (Farb et al., 2011). However, in the current study, we
observed a negative correlation between RRS scores and superior frontal gyrus reactivity to
loss outcomes. Differences inherent in the study designs, such as the elicitation of brain
activation by varying methods (e.g., fearful faces, sad films, or monetary loss) and clinical
characteristics of the rMDD group (e.g., the inclusion of those with significantly elevated
depressive symptoms and currently using psychotropic medications), may explain the
differences in findings. However, the results of these studies generally suggest that
depression risk, reduced frontal reactivity to negative emotions, and rumination are
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interrelated. Although our analyses cannot provide information about the direction of the
effects, rumination mediated the association between prefrontal cortex activity and
depression relapse in rMDD in a previous study (Farb et al., 2011). Thus, follow-up studies
will be necessary to determine whether the depressogenic effects of reduced frontal
reactivity to loss are mediated by rumination.

Limitations of this study include a small sample size, the inclusion of two participants with
rMDD who were receiving psychotherapy at the time of participation, and a history of
psychotropic medication in five participants with rMDD. Although the neural correlates of
MDD risk were examined without the confounding effects of current depressive symptoms
or medication use, further research is needed to evaluate the utility of this functional neural
endophenotype as a prospective marker of MDD risk.

In summary, our findings suggest that currently euthymic individuals with a history of MDD
are characterized by reduced superior frontal gyrus activation during loss anticipation and
reduced activity of both the inferior and superior frontal gyri during loss outcomes. In the
context of a growing body of literature demonstrating reduced prefrontal cortex reactivity to
negative emotions in rMDD, these results highlight the importance of examining neural
responses to loss, in addition to gains, when studying reward network dysfunction in MDD.
More broadly, these findings suggest that aberrant prefrontal cortex response to loss may
represent a trait endophenotype for MDD, although future studies in high-risk groups,
particularly those without a history of MDD, will be critical to establish this as a prospective
marker of MDD vulnerability.
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Figure 1.
The MID task. Each trial consisted of a cue (i.e., a triangle indicated an incentive trial, a
circle indicated a non-incentive trial), an anticipatory delay, a target, and outcome feedback.
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Figure 2.
Coronal and sagittal images depicting significantly less activation prefrontal cortex
activation in rMDD versus controls during (A) loss anticipation relative to non-loss
anticipation and (B) loss outcomes relative to non-loss outcomes. Statistical images were
thresholded using a cluster corrected significance threshold of p<.05. Coordinates are in
Montreal Neurological Institute space. SFG=superior frontal gyrus; IFG=inferior frontal
gyrus.
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Figure 3.
Correlation between activation of the left superior frontal gyrus during loss outcomes and
RRS scores in the rMDD group. SFG=superior frontal gyrus.
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Table 1

Demographic and clinical characteristics of control and rMDD participants.

rMDD (n=19; 4♂) Controls (n=19; 7♂)

M (SD) M (SD) t (p)

Age 23.6 (4.1) 27.9 (6.3) 1.9 (0.072)

RRS 1.4 (0.3) 1.3 (0.2) 2.1 (0.045)

NAART: Verbal IQ 110.4 (5.0) 110.7 (3.3) 0.2 (0.81)

BDI-II 2.6 (4.9) 1.4 (2.3) 1.0 (0.32)

Number with a prior hospitalization for MDD 3.0 0.0

Past MDD episodes 1.6 (0.9) 0.0

Duration in months of most recent MDD episode 6.8 (5.2) 0.0

Number of months since most recent MDD episode 40.8 (44.9) 0.0

Reaction time on loss trials (ms) 201.1 (19.3) 186.4 (19.0) 2.4 (0.02)

Reaction time on non-loss trials (ms) 224.1 (32.3) 217.2 (30.5) 0.7 (0.5)

Note. rMDD = remitted major depressive disorder; RSS = Ruminative Responses Scale; NAART = North American Adult Reading Test; BDI-II =
Beck Depression Inventory-II; MDD = Major Depressive Disorder
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