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Sleep disturbances represent one risk factor for depression. Reward-related brain function, particularly the activity of the ventral
striatum (VS), has been identified as a potential buffer against stress-related depression. We were therefore interested in testing whether
reward-related VS activity would moderate the effect of sleep disturbances on depression in a large cohort of young adults. Data were
available from 1129 university students (mean age 19.71 � 1.25 years; 637 women) who completed a reward-related functional MRI task
to assay VS activity and provided self-reports of sleep using the Pittsburgh Sleep Quality Index and symptoms of depression using a
summation of the General Distress/Depression and Anhedonic Depression subscales of the Mood and Anxiety Symptoms Questionnaire-
short form. Analyses revealed that as VS activity increased the association between sleep disturbances and depressive symptoms de-
creased. The interaction between sleep disturbances and VS activity was robust to the inclusion of sex, age, race/ethnicity, past or present
clinical disorder, early and recent life stress, and anxiety symptoms, as well as the interactions between VS activity and early or recent life
stress as covariates. We provide initial evidence that high reward-related VS activity may buffer against depressive symptoms associated
with poor sleep. Our analyses help advance an emerging literature supporting the importance of individual differences in reward-related
brain function as a potential biomarker of relative risk for depression.
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Introduction
Depression is a leading cause of disability in the developed world,
being responsible for �4% of global disease burden worldwide
(Whiteford et al., 2013), thus making the improvement of treat-
ment and prevention methods a priority. Poor sleep is one of the
more common risk factors for depression and has been impli-
cated in numerous other negative physical health outcomes such

as chronic pain, cardiovascular and respiratory illness, and im-
mune dysregulation (Taylor et al., 2003; Baglioni et al., 2011;
Harvey et al., 2011; Sofi et al., 2014). Both insomnia and hyper-
somnia are symptoms of depression, but insomnia appears to be
more prevalent and more strongly associated with the onset, se-
verity, and recurrence of major depressive episodes (Manber and
Chambers, 2009; Baglioni et al., 2011). Further evidence linking
poor sleep and depression comes from treatment studies wherein
alleviating sleep problems is associated with a concurrent de-
crease in depression (Fava et al., 2006; Manber et al., 2008). No-Received June 21, 2017; revised Aug. 22, 2017; accepted Aug. 25, 2017.
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Significance Statement

Sleep disturbances are a common risk factor for depression. An emerging literature suggests that reward-related activity of the
ventral striatum (VS), a brain region critical for motivation and goal-directed behavior, may buffer against the effect of negative
experiences on the development of depression. Using data from a large sample of 1129 university students we demonstrate that as
reward-related VS activity increases, the link between sleep disturbances and depression decreases. This finding contributes to
accumulating research demonstrating that reward-related brain function may be a useful biomarker of relative risk for depression
in the context of negative experiences.
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tably, poor sleep does not always lead to the onset of depression,
suggesting that other factors, both intrinsic and extrinsic, may
modulate this association as has been reported for other forms of
common stressors (Caspi et al., 2003; Abela and Skitch, 2007;
Nikolova et al., 2012; Wang et al., 2014).

Individual differences in brain function have emerged as a
particularly important potential moderator of psychopathology,
as they represent not only treatment targets but also risk bio-
markers (Beck, 2008; Admon et al., 2013; Strawn et al., 2014).
Although much early research focused on the contributions of
variability in threat-related amygdala activity to depression, there
has been increasing recent emphasis on individual differences in
the ventral striatum (VS), which functions as a central neural hub
supporting goal-directed behaviors and reward processing. For
example, relatively blunted reward-related VS activity has been
associated with depression (Epstein et al., 2006; Hanson et al.,
2015), and deep brain stimulation targeting the VS has an anti-
depressant effect in patients with treatment resistant or severe
depression (Schlaepfer et al., 2008; Malone et al., 2009; Bewernick
et al., 2010). Previous research has further demonstrated that
reward-related traits increase resilience to stress (Corral-Frías et al.,
2016), and that high reward-related VS activity may buffer against
the effect of negative experiences on the development of depressive
symptoms (Nikolova et al., 2012; Corral-Frías et al., 2015).

In the current study, we examined whether reward-related VS
activity modulate the association between poor sleep and the expe-
rience of depressive symptoms in a large cohort of young adult vol-
unteers. Based on the work summarized above, we predicted that
variability in VS activity, assayed with functional MRI (fMRI), would
significantly interact with sleep, as indexed by self-report using the
Pittsburgh Sleep Quality Index, to predict depressive symptoms, as
identified by self-report using the Mood and Anxiety Symptoms
Questionnaire. More specifically, we hypothesized that poor sleep
would be more strongly associated with depressive symptoms in
individuals with relatively low reward-related VS activity.

Materials and Methods
Participants and study design. Data were derived from 1330 participants
(762 women; mean age 19.70 � 1.25 years) who successfully completed
the Duke Neurogenetics Study (DNS), which assessed a range of behav-
ioral and biological traits among young adult, university students. The
DNS was approved by the Duke University School of Medicine Institu-
tional Review Board, and all participants provided written informed con-
sent before participation. Detailed recruitment and exclusion criteria
have been reported previously (Prather et al., 2013; Swartz et al., 2015).
As described below, the current analyses were conducted on data avail-
able for a subset of 1129 participants (637 women; mean age 19.71 � 1.25
years). Based on self reports there were 515 non-Hispanic Caucasians,
119 African-Americans, 304 Asian-Americans, 75 Latino/as, 2 Pacific
Islanders, and 114 multiracial or other participants in this final sample.

As the DNS seeks to examine the broad distribution of dimensional
behavioral and biological variables, any past or current DSM-IV Axis I
disorder or select Axis II disorders (antisocial personality disorder and
borderline personality disorder) was not an exclusion to participation.
However, no individuals, regardless of diagnosis, were taking any psy-
choactive medication during or at least 14 d before their participation.
Categorical diagnosis was assessed with the electronic Mini International
Neuropsychiatric Interview (Lecrubier et al., 1997) and Structured Clin-
ical Interview for the DSM-IV subtests (First et al., 1996). Of the 1129
participants used in our analyses, 236 individuals had at least one
DSM-IV diagnosis, including 121 with alcohol use disorders, 43 with
non-alcohol substance use disorders, 64 with major depressive disorders,
32 with bipolar disorders, 24 with panic disorder (no agoraphobia), 21
with panic disorder including agoraphobia, 11 with social anxiety disorder,

20 with generalized anxiety disorder, 13 with obsessive compulsive disorder,
10 with eating disorders, and 2 with post-traumatic stress disorder.

Race/ethnicity. Because self-reports of race and ethnicity are not always
accurate and whole-genome data were available, an analysis of identity by
state of whole-genome single nucleotide polymorphisms was performed
in PLINK (Purcell et al., 2007). The first four multidimensional scaling
components were used as covariates to reduce possible confounding
effects of ancestry in our primary analyses.

Sleep disturbances. Self-reported sleep disturbances were assessed us-
ing an adapted version of the Pittsburgh Sleep Quality Index (PSQI;
Buysse et al., 1989). The PSQI is a widely used measure of sleep distur-
bances over the past 1 month. It is based on 19 items, which yield seven
component scores that reflect the frequency of sleep problems in the
following areas: subjective sleep quality, sleep latency, sleep duration,
habitual sleep efficiency, sleep disturbance, use of sleep medication, and
daytime dysfunction. The components are summed to yield a global
score that ranges from 0 to 21, with poorer sleep quality associated with a
higher score. A PSQI global score �5 has routinely been used to distin-
guish “poor” from “good” sleepers (Buysse et al., 1989). In our final
sample, 35% of participants were characterized as “poor sleepers”.

Stress. Because we previously showed that early and recent life stress
interact with reward-related VS activity to predict anhedonic symptoms
(Nikolova et al., 2012; Corral-Frías et al., 2015), we controlled for possi-
ble effects of early life stress using the Childhood Trauma Questionnaire
(CTQ; Bernstein et al., 2003) and for recent life stress using the Life
Events Scale for Students (LESS; Clements and Turpin, 1996). We also
controlled for the interactions between early and recent life stress and VS
activity in our model. The Cronbach’s � for the 28-item CTQ was 0.70,
and all items were consequently summed to create a total score of early
life stress. For recent life stress, we summed the 38 negatively valenced
items (� � 0.66) from the LESS, which are more consistent with the
negative experience of sleep disturbances.

Depression and anxiety. We assessed symptoms of depression in the
past week before study participation using the Mood and Anxiety Symp-
tom Questionnaire-short form (MASQ; Watson and Clark, 1991). The
MASQ includes 4 subscales: the General Distress/Depression (GDD),
Anhedonic Depression (AD), General Distress/Anxiety (GDA), and
Anxious Arousal (AA). The GDA subscale includes 11 items assessing
negative emotion relating to anxiety. The AA includes 17 items assessing
physiological hyperarousal relating to anxiety (e.g., shaky hands, short-
ness of breath). The two anxiety subscales were summed and used a
covariate in our models. The GDD subscale includes 12 items reflecting
negative mood. The 22-item AD subscale is an instrument assessing lack
of positive mood, loss of interest in activities, and low energy. One item
was excluded from this questionnaire in our sample (“thoughts about
death or suicide”) to be compliant with the Duke University IRB. Nota-
bly both depression subscales do not include items evaluating sleep qual-
ity. The two depression subscales were summed to create a depression
score. In the DNS, the Cronbach’s � for the subscales were 0.84 for GDA,
0.89 for AA, 0.93 for GDD, and 0.91 for AD.

fMRI task. Our blocked design consisted of a pseudorandom presen-
tation of trials wherein participants played a card-guessing game result-
ing in fixed positive or negative feedback for each trial. Subjects were told
that their performance on the card game would determine a monetary
reward to be received at the end of the game. During each trial, subjects
had 3 s to guess, via button press, whether the value of an upcoming
visually presented card would be lower or �5 (index and middle finger,
respectively). After a choice was made, the numerical value of the card
was presented (higher or lower) for 500 ms and followed by appropriate
feedback (green upward-facing arrow for positive feedback; red downward-
facing arrow for negative feedback) for an additional 500 ms. A crosshair
focus point was then presented for 3 s for a total trial length of 7 s. Each
task block was comprised of five trials, with three blocks each of predom-
inantly positive feedback (80% correct) and three of predominantly neg-
ative feedback (20% correct). We included an incongruent trial type
within each task block (e.g., 1 of 5 trials during positive feedback blocks
was incorrect, resulting in negative feedback) to prevent subjects from
anticipating the feedback for each trial and maintain subject’s engage-
ment and motivation to perform well. The positive and negative feedback
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blocks were interleaved with three control blocks. During control blocks,
subjects were instructed to simply make alternating button presses dur-
ing the presentation of an “x” (3 s), which was followed by an asterisk
(500 ms) and a yellow circle (500 ms). Each block was preceded by an
instruction of “Guess Number” (positive or negative feedback blocks) or
“Press button” (control blocks) for 2 s resulting in a total block length of
38 s and a total task length of 342 s. Subjects were unaware of the fixed
outcome probabilities associated with each block and were led to believe
that their performance would determine their net monetary gain, al-
though all subjects received $10 upon completion of the task. As we have
done in our prior work (Nikolova et al., 2012, 2013; Carré et al., 2013;
Corral-Frías et al., 2015; Victor et al., 2015; Baranger et al., 2016), we
focused on the contrast of positive feedback � negative feedback blocks,
which produces localized reward-related VS activity, rather than more
general striatal activity produced by the contrasts of positive feedback �
control and negative feedback � control (Hariri et al., 2006).

fMRI data acquisition and analysis. Each participant was scanned using
one of two identical research-dedicated GE MR750 3T scanners
equipped with high-power high-duty-cycle 50 mT/m gradients at 200
T/m/s slew rate, and an 8-channel head coil for parallel imaging at high
bandwidth up to 1 MHz at the Duke-UNC Brain Imaging and Analysis
Center. A semiautomated high-order shimming program was used to
ensure global field homogeneity. A series of 34 interleaved axial func-
tional slices aligned with the anterior commissure–posterior commissure
plane were acquired for full-brain coverage using an inverse-spiral pulse
sequence to reduce susceptibility artifacts (TR/TE/flip angle � 2000
ms/30 ms/60; FOV � 240 mm; 3.75 � 3.75 � 4 mm voxels; interslice
skip � 0). Four initial radiofrequency excitations were performed (and
discarded) to achieve steady-state equilibrium. To allow for spatial
registration of each participant’s data to a standard coordinate system,
high-resolution three-dimensional T1-weighted structural images were
obtained in 162 axial slices using a 3D Ax FSPGR BRAVO sequence
(TR/TE/flip angle � 8.148 ms/3.22 ms/12°; voxel size � 0.9375 �
0.9375 � 1 mm; FOV � 240 mm; interslice skip � 0; total scan time �
4 min, 13 s). For participants without a high-quality Ax FSPGR BRAVO
images (n � 24), high-resolution structural images acquired in 34 axial
slices coplanar with the functional scans (TR/TE/flip angle � 7.7 s/3.0
ms/12; voxel size � 0.9 � 0.9 � 4 mm; FOV � 240 mm, interslice skip �
0) were used for spatial registration.

BOLD fMRI data preprocessing. Anatomical images for each subject
were skull-stripped, intensity-normalized, and nonlinearly warped to a
study-specific average template in the standard stereotactic space of the
Montreal Neurological Institute template using ANTs (Klein et al.,
2009). BOLD time series for each subject were processed in AFNI (Cox,
1996). Images for each subject were despiked, slice-time-corrected, re-
aligned to the first volume in the time series to correct for head motion,
coregistered to the anatomical image using FSL’s Boundary Based Registra-
tion (Greve and Fischl, 2009), spatially normalized into MNI space using the
nonlinear warp from the anatomical image, resampled to 2 mm isotropic
voxels, and smoothed to minimize noise and residual difference in gyral
anatomy with a Gaussian filter set at 6 mm full-width at half-maximum. All
transformations were concatenated so that a single interpolation was per-
formed. Voxelwise signal intensities were scaled to yield a time series mean of
100 for each voxel. Volumes exceeding 0.5 mm framewise displacement or
2.5 standardized DVARS (temporal derivative of RMS variance over voxels;
Power et al., 2014; Nichols, 2017) were censored from the GLM.

fMRI quality assurance criteria. Quality control criteria for inclusion of
a participant’s imaging data were as follows: �5 volumes for each con-
dition of interest retained after censoring for framewise displacement
and DVARS and sufficient temporal SNR within 5 mm bilateral ventral
striatum spheres centered at (�12, 10, �10), defined as �3 SD below the
mean of this value across subjects. Additionally, data were only included
in further analyses if the participant demonstrated sufficient engagement
with the task, defined as responding to and receiving positive or negative
feedback on at least 60% of trials within win and loss blocks, respectively.
The highest percentage that could be achieved was 80%, due to the in-
congruent trial in each block.

The AFNI program 3dREMLfit (Cox, 1996) was used to fit a general
linear model for first-level fMRI data analyses. Following preprocessing,

linear contrasts using canonical hemodynamic response functions were
used to estimate differential effects of feedback (i.e., reward) from the
contrast of positive feedback � negative feedback for each individual.
Individual contrast images were then used in second-level random effects
models in SPM12 (RRID:SCR_007037; http://www.fil.ion.ucl.ac.uk/spm)
accounting for scan-to-scan and participant-to-participant variability to
determine mean condition-specific regional responses using one-sample
t tests. A statistical threshold of p � 0.05, FWE-corrected across our VS
regions-of-interest (spheres 10 mm in radius at approximately: x � �12,
y � 12, z � �10), and �10 contiguous voxels was applied to the positive
feedback � negative feedback contrast.

Mean BOLD values from the resulting VS clusters were extracted using
the volume of interest tool in SPM12. These extracted values for the left
and right VS were then averaged and used in the below analyses. Impor-
tantly, by extracting VS BOLD parameter estimates from the functional
clusters activated by our task rather than clusters specifically correlated
with our independent variables-of-interest, we preclude the possibility of
any correlation coefficient inflation that may result when an explanatory
covariate is used to select a region-of-interest (Viviani, 2010).

Statistical analyses. Mplus v7 (Muthén and Muthén, 2007) was used to
conduct a regression analysis, with MASQ depressive symptoms (GDD
and AD) as the outcome. Mean VS activity values, LESS total scores, CTQ
total scores, and sleep disturbances were grand mean centered before
computing the interaction terms to avoid multicollinearity. Participant
sex (coded as 1 � male, 2 � female), age, categorical diagnosis (coded as
0 � no diagnosis, 1 � 1 or more diagnoses), race/ethnicity, LESS total
scores, CTQ total score, anxiety (a sum of AA and GDA), the interaction

Figure 1. Reward-related VS activity. Statistical parametric maps illustrating bilateral VS
activation clusters for the contrast positive feedback � negative feedback. Activation clusters
are overlaid onto canonical structural brain images. Color bar represents t scores.

Table 1. Descriptive statistics for the main variables and covariates (N � 1129)

Min Max Mean SD

Sleep disturbances 0 17 4.98 2.62
VS activity (centered) �1.17 1.11 0 0.17
Recent life stress 0 18 2.55 2.43
Early life stress 25 76 33.43 8.72
General distress/depression 12 60 20.96 8.44
Anhedonic depression 21 99 51.89 12.87
General distress/anxiety 11 54 17.54 5.83
Anxious arousal 17 84 21.00 6.34
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between CTQ and VS activity, and the interaction between LESS and VS
activity were entered as covariates. Maximum likelihood estimation with
robust SEs, which is robust to non-normality, was used in the regression
analyses. Significant moderation effects were followed up using a web
utility (http://www.yourpersonality.net/interaction) for simple slopes
and region of significance (Roisman et al., 2012).

Results
Descriptive statistics
The mean value and range for each of the main variables used in
our analyses are provided in Table 1.

VS activity
Consistent with earlier reports using data from subsamples of the
DNS (Nikolova et al., 2012,2013; Carré et al., 2013; Corral-Frías
et al., 2015; Victor et al., 2015; Baranger et al., 2016), our analyses
in the final sample revealed robust bilateral reward-related VS
activity from our contrast of interest (left: x � �11, y � 11, z � �7,
t � 18.07, p � 0.000001, kE � 469; right: x � 11, y � 11, z � �7, t �
18.08, p � 0.000001, kE � 461; Fig. 1).

Depressive symptoms
As shown in Table 2, sleep disturbances, anxiety symptoms, and
early life stress predicted higher levels of depressive symptoms

(b � 2.02, SE � 0.19, p � 0.001; b � 0.53, SE � 0.05, p � 0.001;
b � 0.42, SE � 0.07, p � 0.001, respectively). There was a main
effect of race/ethnicity on depressive symptoms with higher scores
for self-reported Asian-American and African-American sub-
samples in comparison with self-reported non-Hispanic Caucasians
(Caucasians: 70.38 � 17.88; African-Americans: 76.86 � 21.59;
75.80 � 19.79; Latino/a: 71.96 � 17.25; and multiracial or other:
72.91 � 19.06).

More importantly, the interaction between sleep disturbances
and VS activity was significant (b � �2.44, SE � 0.85, p � 0.004).
Follow-up simple slopes analysis revealed that as VS activity in-
creased the association between sleep disturbances and depres-
sive symptoms decreased (VS activity slopes: at �1 SD � 2.44, at
the mean � 2.02, and at 	1 SD � 1.60). The interaction is shown
in Figure 2. A region of significance analysis indicated that the
regression of depressive symptoms on sleep disturbances was sta-
tistically significant for all values of VS activity that were �0.468
(valuesofcenteredVSactivityrangedbetween�1.17 and 1.12). Thus,

very high VS activity (�2 SD above the
mean) dissociated the significant associa-
tion between sleep disturbances and de-
pressive symptoms. Notably, excluding
the 236 individuals with a clinical diagno-
sis from the sample or adding the interac-
tions between the variables of interest and
the covariates as recommended by Keller
(2014) did not change the significance of
the interaction between sleep distur-
bances and VS activity (b � �2.67, SE �
0.99, p � 0.007; b � �2.08, SE � 0.92, p �
0.02, respectively).

As post hoc analyses we tested whether
one of the MASQ depression subscales
was driving the results and whether the
effect is specific to reward or can be ex-
plained by a more general response to
feedback (i.e., the response to positive or
negative feedback � control; Hariri et al.,
2006). AD and GDD were analyzed sepa-
rately in the same model that was used to

predict depressive symptoms (i.e., with the same covariates). The
interaction between sleep disturbances and VS activity signifi-
cantly predicted both GDD (b � �1.12, SE � 0.36, p � 0.002)
and AD (b � �1.32; SE � 0.66, p � 0.045), indicating that the
effect is robust to both negative mood and anhedonia. The anal-
yses of the model with either the positive feedback � control or
negative feedback � control did not yield significant interaction
effects (positive feedback � control and sleep disturbances inter-
action: b � 1.09, SE � 1.06, ns; negative feedback � control and
sleep disturbances interaction: b � 0.79, SE � 1.28, ns), indicat-
ing that the effect is specific to reward-related VS activity (i.e., a
differential response to positive feedback).

Discussion
In the current study, we show that reward-related VS activity
interacts with poor sleep to predict depressive symptoms. Specif-
ically, as VS activity increased the association between sleep dis-
turbances and depressive symptoms decreased. The interaction
between sleep disturbances and VS activity was robust to the
inclusion of sex, age, race/ethnicity, past or present clinical dis-
order, early and recent life stress, anxiety symptoms, and their
interactions with our variables-of-interest as covariates. Notably,
the interaction also significantly predicted both the general dis-

Figure 2. VS activity moderates the association between sleep disturbances and depressive symptoms.

Table 2. Predicting MASQ depressive symptoms scores with sleep disturbances,
reward-related VS activity, and their interaction

Depressive symptoms

b (SE) � (SE)

Ethnicity 1 �4.005 (10.203) �0.01 (0.027)
Ethnicity 2 20.463 (7.708)** 0.063 (0.024)
Ethnicity 3 �55.482 (30.946) �0.05 (0.028)
Ethnicity 4 �17.029 (29.17) �0.012 (0.021)
Sex 0.352 (0.917) 0.009 (0.024)
Age �0.583 (0.364) �0.038 (0.024)
Diagnosis 1.31 (1.237) 0.028 (0.026)
Early stress 0.416 (0.071)** 0.19 (0.033)
Recent stress �0.181 (0.219) �0.023 (0.028)
Anxiety 0.533 (0.052)** 0.317 (0.032)
VS activity 2.585 (2.418) 0.024 (0.022)
Sleep disturbances 2.019 (0.194)** 0.277 (0.027)
VS activity � sleep disturbances �2.441 (0.848)** �0.065 (0.024)
VS activity � recent stress 0.758 (1.012) 0.021 (0.028)
VS activity � early stress 0.077 (0.359) 0.007 (0.033)

**p � 0.01. N � 1129.
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tress/depression and anhedonic depression subscales of the
MASQ, thus indicating that neither set of symptoms solely ac-
counted for the observed association.

Mechanisms that may underlie the protective effect of high
VS activity
Neuroscience research on the influence of sleep disturbances has
shown a general diminishment of brain activity (Thomas et al.,
2000). Specifically in the VS, sleep disturbances have been shown to
downregulate dopamine receptors (Volkow et al., 2012). Lower lev-
els of dopamine have been correlated with lower activity in the VS
(Robbins and Everitt, 1992), and with depression (Meyer et al.,
2001). It is possible that individuals with relatively high VS activity
are also characterized by initially high levels of dopamine. Conse-
quently, these individuals may be less affected by the downregulation
of dopamine that is associated with sleep disturbances, than individ-
uals who are characterized by initially low VS activation, and possi-
bly low levels of dopamine. In other words, in those with initially
high VS activity and dopamine function, the negative effects of sleep
disturbances may not decrease dopamine functionality to the levels
that contribute to the development of depression.

The link between high VS activity and resilience to depressive
symptoms may also reflect variability in reward-related traits,
such as sensation and novelty seeking. VS activity has been shown
to positively correlate with sensation seeking (Abler et al., 2006),
and previous preclinical (Stedenfeld et al., 2011) and clinical (Clin-
ton et al., 2014) research has shown that high sensation seeking con-
fers resilience to stress and to the development of depressive
symptoms. The observed link between high VS activity and resil-
ience may further be related to the association between VS activity
and optimism (Kuzmanovic et al., 2016), wherein an optimistic out-
look may help individuals to cope more adaptively with poor sleep.
Further research is needed to shed light on the mechanisms that
underlie the protective effect of reward-related VS activity.

Limitations
The current study, of course, is not without limitations. First, only
self-reported sleep quality was assessed. Future studies using labo-
ratory-based polysomnography will be important to confirm the
observed association. Second, because depression and poor sleep
may have a bidirectional relationship (Bao et al., 2017) and the data
used in the current study are cross-sectional, a causal inference can-
not be made with certainty and needs to be tested with longitudinal
data. Third, reward processing is complex and involves multiple
components such as anticipation, motivation, and receipt of reward
(Richards et al., 2013). The task used in this study cannot disentangle
these component processes. Future studies can use tasks that are
better equipped to differentiate VS activity during these various re-
ward components and examine which may be specifically relevant to
resilience. Last, the study was conducted on a group of relatively
healthy young adults. Therefore, the generalizability of the findings
to older and to clinical samples should be directly tested.

Conclusions
The global public health burden of depression continues to rise while
effective treatment options remain limited (Mrazek et al., 2014;
World Health Organization, 2017). Consequently, extensive efforts
are underway to discover specific genetic and biological risk factors
for depression (Clarke et al., 2010), elucidate possible environmental
triggers (Van Praag, 2005), and identify depression subtypes that are
resistant to treatment (Bennabi et al., 2015). Our current findings
build on an accumulating research base demonstrating involvement
of the VS in depression (Malone et al., 2009; Nikolova et al., 2012;

Pizzagalli, 2014; Hanson et al., 2015), by showing that high reward-
related VS activity can decrease the strength of the association be-
tween poor sleep and depressive symptoms. Our findings further
add to an emerging literature demonstrating the importance of in-
dividual differences in reward-related brain function as a potential
biomarker of risk for psychopathology, and consequently support
treatments that target VS activity.
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