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INSOMNIA

Neural Reward Processing Mediates the Relationship between Insomnia 
Symptoms and Depression in Adolescence
Melynda D. Casement, PhD1; Kate E. Keenan, PhD2; Alison E. Hipwell, PhD1; Amanda E. Guyer, PhD3; Erika E. Forbes, PhD1

1University of Pittsburgh, Pittsburgh, PA; 2University of Chicago, Chicago, IL; 3University of California, Davis, Davis, CA

Study Objectives: Emerging evidence suggests that insomnia may disrupt reward-related brain function—a potentially important factor in the development 
of depressive disorder. Adolescence may be a period during which such disruption is especially problematic given the rise in the incidence of insomnia 
and ongoing development of neural systems that support reward processing. The present study uses longitudinal data to test the hypothesis that disruption 
of neural reward processing is a mechanism by which insomnia symptoms—including nocturnal insomnia symptoms (NIS) and nonrestorative sleep 
(NRS)—contribute to depressive symptoms in adolescent girls.
Method: Participants were 123 adolescent girls and their caregivers from an ongoing longitudinal study of precursors to depression across adolescent 
development. NIS and NRS were assessed annually from ages 9 to 13 years. Girls completed a monetary reward task during a functional MRI scan at age 
16 years. Depressive symptoms were assessed at ages 16 and 17 years. Multivariable regression tested the prospective associations between NIS and NRS, 
neural response during reward anticipation, and the mean number of depressive symptoms (omitting sleep problems).
Results: NRS, but not NIS, during early adolescence was positively associated with late adolescent dorsal medial prefrontal cortex (dmPFC) response 
to reward anticipation and depressive symptoms. DMPFC response mediated the relationship between early adolescent NRS and late adolescent 
depressive symptoms.
Conclusions: These results suggest that NRS may contribute to depression by disrupting reward processing via altered activity in a region of prefrontal 
cortex involved in affective control. The results also support the mechanistic differentiation of NIS and NRS.
Keywords: insomnia, nonrestorative sleep, depression, affective processing, fMRI, adolescence 
Citation: Casement MD, Keenan KE, Hipwell AE, Guyer AE, Forbes EE. Neural reward processing mediates the relationship between insomnia symptoms 
and depression in adolescence. SLEEP 2016;39(2):439–447.

INTRODUCTION
Insomnia—recurrent and persistent difficulty with falling 
asleep, staying asleep, or non-restorative sleep with associated 
daytime distress or functional impairment1–3—dramatically in-
creases risk for depression.4–6 In fact, some researchers argue 
that insomnia causes depression.7 Evidence for this assertion 
comes from longitudinal, epidemiological studies, in which a di-
agnosis of insomnia doubles the risk for subsequent depression 
onset,8 as well as intervention studies, in which improvements 
in depressive symptoms are observed following treatment for 
insomnia.9–11 Although the relationship between insomnia and 
depression is likely bidirectional, there is persuasive evidence 
that insomnia often precedes the onset of depression and should 
be regarded as an important etiological factor.12

Adolescence is a key developmental period in which to un-
derstand the link between insomnia and depression, in part 
because this is when insomnia and depression often present 
for the first time.13,14 Symptoms of insomnia and depression are 
also common in adolescence, particularly among adolescent 
girls.13–16 Moreover, because insomnia12 and depression17 are 
both recurrent disorders, their onset during adolescence is as-
sociated with a more protracted and debilitating disease course 
relative to an onset later in life. Elucidating the pathophysi-
ology of insomnia and depression and the direction of associa-
tion between these disorders during adolescence is essential 
for primary and secondary intervention. Existing data indicate 
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Significance
Insomnia is associated with the onset of depression during adolescence, but the mechanisms of this relationship are not well established. One possibility 
is that adolescents with insufficient sleep process positive events differently than adolescents with adequate sleep. The results from this study are 
consistent with a neurodevelopmental model of depression in which insomnia symptoms during early adolescence contribute to later depressive 
symptoms by disrupting reward-related brain function. Future research should try to determine whether nonrestorative sleep and nocturnal insomnia 
symptoms have unique effects on the development of reward-related circuitry and depression during adolescence.

that, consistent with associations in adults, there is a bidirec-
tional relationship between adolescent insomnia and depres-
sion; however, the most common pattern during adolescence is 
for insomnia to precede and predict depression onset.18–20

Despite robust evidence for the positive association between 
insomnia and depression in adolescence, the mechanisms by 
which insomnia contributes to depression are not well es-
tablished. One possibility is that hyperarousal and insuffi-
cient sleep in insomnia disrupt the function of corticolimbic 
circuitry such as the prefrontal cortex (PFC), striatum, and 
amygdala, and thereby compromise affective reactivity and 
regulation.21,22 Consistent with this proposition, insomnia, 
poor sleep quality, and experimentally induced sleep depriva-
tion all predict disrupted reactivity to affective stimuli, and 
sleep deprivation additionally shows robust negative effects 
on mood.19,23–25 Furthermore, disruption of approach-related 
systems may be particularly central to the development of de-
pression, and several studies indicate that partial sleep restric-
tion produces greater decrements in positive/approach-related 
affect than in negative affect.26–30 There is also emerging evi-
dence that neural response to approach-related cues such as re-
wards is disrupted in adolescents with poor sleep quality, and 
following sleep deprivation in both adolescents and adults.31–33 
Collectively, these data suggest a triadic link between adoles-
cent insomnia, neural response to rewards, and depression, but 
this model has not been formally evaluated.
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In the present study, we tested the hypothesis that disrup-
tion in neural response to rewards is a mechanism by which 
insomnia symptoms during early adolescence contribute to 
depressive symptoms in later adolescence in a sample of girls 
enriched for depression risk. We evaluated insomnia symp-
toms, including nocturnal insomnia symptoms (NIS; difficulty 
falling and staying asleep) and nonrestorative sleep (NRS; 
feeling poorly rested upon awakening), for five consecutive 
years during early adolescence. NIS and NRS are both included 
in widely used insomnia diagnostic criteria1–3 and they have 
comparable levels of association with depressive symptoms.34 
However, there is ongoing debate as to whether NRS should be 
a distinct diagnostic entity.34–36 Therefore, NRS and NIS were 
examined in combination and separately. When participants 
were 16 years of age, we assessed neural response during an-
ticipation of reward in four approach-related regions of interest 
(ROIs): the striatum, which is key to reward motivation37; the 
medial prefrontal cortex (mPFC), which is instrumental in 
affective control and evaluation of the self-relevance of re-
wards38–40; the orbitofrontal cortex (OFC), which is implicated 
in reward valuation41; and the amygdala, which is involved in 
reward representation.42 Depressive symptoms were assessed 
in early adolescence at age 9 years and late adolescence at ages 
16 and 17 years. These data were used to examine associations 
between early adolescent insomnia symptoms and later neural 
response during reward anticipation and depressive symptoms 
(excluding sleep-related items), adjusting for depressive symp-
toms in early adolescence. Meta-analytic results indicate that 
depression is typically associated with decreased response to 
reward in the striatum and increased response in the dorsal 
mPFC (dmPFC).43 Therefore, we expected insomnia symp-
toms during early adolescence to predict decreased striatal 
and increased dmPFC response to rewards and greater depres-
sive symptoms in late adolescence. Furthermore, we expected 
neural response to rewards to mediate the relationship between 
insomnia symptoms and depressive symptoms.

METHODS

Participants
Participants were drawn from the Pittsburgh Girls Study - 
Emotions Sub-study (PGS-E)—a longitudinal study of precur-
sors to depression that includes functional magnetic resonance 
imaging (fMRI) during adolescence. Previously published neu-
roimaging papers with the PGS-E sample are described briefly 
in the supplemental material. Of the 123 girls included in the 
present analysis, 65% were Black, 27% were White, and 8% 
identified as multi-racial. Sixty percent of the study families 
received some form of public assistance when the girls were be-
tween the ages of 9 and 12; 26% of the families received public 
assistance continuously during that period. Criteria for major 
depressive disorder (MDD) were met by 18 participants during 
the first PGS-E assessment at age 9, three participants when 
they were scanned at age 16, and two participants at age 17.

The PGS-E sample was recruited from the youngest cohort of 
participants in a larger longitudinal study, the Pittsburgh Girls 
Study (PGS), after screening high for depressive symptoms 
(n = 135) or being randomly selected from PGS participants 

who did not screen high for depressive symptoms (n = 128).44 
Of the 263 families eligible to participate in the PGS-E, 232 
(88.2%) agreed to participate and completed the first assess-
ment when the girls were 9 years of age. PGS-E participants 
were assessed annually until 13 years of age, and again be-
tween 16 and 17 years of age. Retention in each year through 
age 13 was greater than 89%, and was above 74% at ages 16–17. 
Of the 147 girls who completed the fMRI scan, 24 participants 
were excluded from fMRI analysis. Reasons for exclusion in-
cluded: > 25% of volumes with movement > 3 standard de-
viation (SD) from the subject’s mean, > 0.5 mm scan-to-scan 
translation, or > 0.01 degrees of scan-to-scan rotation (n = 5); 
incidental findings (n = 1); < 80% striatum coverage (n = 13); 
poor quality scan (n = 1); or failure to respond on ≥ 80% of the 
trials or inappropriate response timing (n = 4). The distribu-
tion of race, public assistance, insomnia symptoms, and de-
pressive symptoms for girls whose data was included in fMRI 
analyses was representative of the full PGS-E sample. The 
PGS-E protocol was approved and monitored by the Univer-
sity of Pittsburgh Institutional Review Board and performed in 
accordance with relevant guidelines and regulations.

Symptom Assessment
The Schedule for Affective Disorders and Schizophrenia for 
School-Age Children (K-SADS)45 provided a measure of in-
somnia and depression symptoms across early to late adoles-
cence. The K-SADS is a semi-structured interview that was 
administered separately to the girls and their primary care-
givers at each PGS-E assessment by research assistants who 
were trained and monitored by a licensed clinical psycholo-
gist (K.K.). The 3 K-SADS items that assess NIS (difficulty 
falling asleep, middle of the night awakening, early morning 
awakening) and the single item that assesses NRS (feeling un-
rested upon awakening) were scored using three-point scales 
(1 = “not present,” 2 = “subthreshold,” 3 = “threshold”). Symp-
toms of insomnia were considered present if they were en-
dorsed by either the girl or her primary caregiver. We counted 
the total number of insomnia (INS: NIS+NRS), NIS, and NRS 
items at threshold for each assessment year (range = 0 to 4 for 
INS; 0 to 3 for NIS, 0 to 1 for NRS). The mean counts of INS, 
NIS, and NRS across ages 9 through 13 years were used as 
predictors in regression analyses (INS mean = 0.43, SD = 0.48; 
NIS mean = 0.27, SD = 0.35; NRS mean = 0.15, SD = 0.24). 
Due to the positive skew of INS, NIS, and NRS scores, these 
values were natural log transformed for analyses (constant of 
0.5 was added to scores to eliminate “0” values prior to log 
transformation). There was a small but significant correlation 
between NIS and NRS scores in this sample (r = 0.25, P < 0.05).

Each of the 9 symptoms of depression was assessed 
using a 3-point scale (1 = “not present,” 2 = “subthreshold,” 
3 = “threshold”) regardless of whether disturbance in mood or 
anhedonia were endorsed. Symptoms of depression were con-
sidered present if they were endorsed by either the girl or her pri-
mary caregiver. The count of depressive symptoms at threshold, 
omitting sleep problems, was calculated for each assessment 
year (range: 0 to 8). A mean count of depressive symptoms 
across ages 16 and 17 years was used in regression analyses 
(with log-transformation). Age 16 and 17 depression scores were 
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combined due to the low count of depressive symptoms in this 
sample during later adolescence (Age 16: mean = 0.87, SD = 1.16; 
Age 17: mean = 0.79, SD = 1.07). The count of depressive symp-
toms at age 9 was used as a covariate to adjust for baseline de-
pression. K-SADS ratings were also used to determine whether 
participants met Diagnostic and Statistical Manual of Mental 
Disorders (DSM-IV)2 criteria for MDD.

Reward Processing Task
Neural response to rewards was measured using a Reward 
Guessing Task.46 Participants were instructed to guess whether 
the value of a visually presented card, with possible value from 
1–9, would be greater or less than five. In the event-related task 
design, each trial began with the presentation of a blank card. 
Participants had 4 s to guess the value of the card via button 
press. The type of trial was then displayed for 6 s using an 
image with hands shuffling cards overlaid on an upward facing 
yellow arrow to indicate potential reward trials or a downward 
facing yellow arrow to indicate potential loss trials. This was 
followed by the presentation of the “actual” card value for 500 
ms, feedback on the trial outcome for 500 ms (a green upward-
facing arrow for win, a red downward- facing arrow for loss, 
or a yellow circle for a no-change outcome), and a crosshair 
displayed for 9 s. There were 24 trials, 20 s each, administered 
over a single 8 min run. Trials were presented in pseudorandom 
order and outcomes were predetermined with a balanced 
number of trial types (12 potential reward, 12 potential loss; 6 
win, 6 loss, and 12 no-change outcomes). Participants were told 
that they would receive their winnings after the scan ($1 per 
win outcome, 50¢ per loss); in fact, all participants received $10.

MRI Acquisition, Processing, and Analysis
Neuroimaging was conducted on a Siemens 3.0 T Tim Trio 
scanner. Functional images were acquired using a gradient 
echo planar imaging (EPI) sequence that included 39 axial 
slices (3.1 mm wide) beginning at the cerebral vertex and ex-
tending across the entire cerebrum and most of the cerebellum 
(TR/TE = 2000/28 ms, field of view = 20 cm, matrix = 64 × 64). 
Scanning parameters were selected to optimize BOLD signal 
quality while maximizing whole brain coverage. A reference 
EPI scan was acquired before fMRI data collection to visu-
ally inspect for artifacts (e.g., ghosting) and ensure adequate 
signal across the entire volume. In addition, a 160-slice high-
resolution sagittally acquired T1-weighted anatomical image 
was collected for co-registration and normalization of func-
tional images (TR/TE = 2300/2.98 ms, field of view = 20 cm, 
matrix = 256 × 240).

Preprocessing and analysis of imaging data were conducted 
using Statistical Parametric Mapping (SPM8; http://www.fil.
ion.ucl.ac.uk/spm) software. Anatomical images were auto-
segmented in SPM8 prior to analysis. Functional image pre-
processing included: (1) slice timing correction to the middle 
volume in the time-series; (2) spatial realignment to the first 
volume in the time series to correct for head motion; (3) spa-
tial normalization to Montreal Neurological Institute (MNI) 
stereotaxic space using a 12-parameter affine model; and (4) 
image smoothing using a Gaussian filter set at 6 mm full-width 
half-maximum to minimize noise and individual differences 

in gyral anatomy. Voxel-wise signal was ratio-normalized to 
the whole-brain global mean. In addition, Artifact Detection 
Toolbox (ART; http://www.nitrc.org/projects/artifact_detect/) 
software was used to detect functional volumes with move-
ment > 3 SD from the subject’s mean, > 0.5 mm scan-to-scan 
translation, or > 0.01 degrees of scan-to-scan rotation. Prepro-
cessed data were inspected prior to second-level analysis to en-
sure that all participants had fewer than 25% of volumes with 
excessive movement detected by ART, good scan quality, and 
ventral striatum coverage of at least 80%. Temporal censoring 
based on ART output was used to remove motion artifacts in 
first-level analysis for the remaining 123 participants.47

Second-level random effects models were used to estimate 
neural response to rewards while accounting for scan-to-scan 
and between-participant variability. For each participant, con-
dition effects were calculated at each voxel using paired t-
tests for reward anticipation > baseline. Reward anticipation 
was defined as the 12 potential win intervals that included 8 
s total: the 6 s potential win arrow, 500 ms number feedback, 
500 ms outcome feedback, and the first second of fixation. The 
reward anticipation period extended 2 s beyond the potential-
win arrow to account for the typical timing of the hemody-
namic response relative to neural activity and to capture as 
much of the reward anticipation response as possible while 
avoiding substantial overlap with BOLD response to reward 
outcome events. The last 3 s of fixation for all 24 trials served 
as the baseline condition. By averaging the last 3 s of fixation 
across all the outcome events (6 win, 6 loss, 12 no-change), the 
baseline condition served as a relatively neutral comparison for 
contrasts with reward anticipation.

Analysis of imaging data was restricted to a composite mask 
that included four reward-related ROIs: the striatum, mPFC, 
OFC, and amygdala. All 4 ROIs were defined using PickAtlas 
3.0.3 (http://fmri.wfubmc.edu/software/PickAtlas). The striatal 
ROI was defined as a sphere with a 20 mm radius, centered 
on the Talairach coordinates of x = 0, y = 10 and z = −10, and 
encompassing the ventral and dorsal striatum bilaterally (in-
cluding nucleus accumbens). The mPFC ROI was defined as a 
sphere with a 25 mm radius, centered on Talairach coordinates 
x = 0, y = 42, z = 18, and encompassing BA32 and medial 
regions of BA9 and BA10. Spheres were used for the striatal 
and mPFC ROIs because this approach focuses analyses on the 
striatum and medial regions of BAs 9 and 10 more precisely 
than atlas-based anatomical masks of those regions (especially 
for mPFC, which includes medial sections of large prefrontal 
regions such as BA10). The OFC was defined as BA11 and 
BA47 with a dilation of 2, and the amygdala was defined using 
the human PickAtlas label. AlphaSim (http://afni.nimh.nih.
gov/afni/) cluster extent thresholds were calculated a priori to 
determine the minimum functional cluster size necessary to 
maintain a corrected P < 0.05 across the composite functional 
mask of all 4 ROIs (cluster extent threshold: 175 voxels) and the 
secondary functional masks that were generated for the con-
junction analyses described below.

Regression analyses were performed in SPM8 to determine 
whether insomnia scores were associated with reward-related 
BOLD response in the four ROIs. An initial regression used 
the mean INS score as the independent variable of interest 



SLEEP, Vol. 39, No. 2, 2016 442 Insomnia, Reward Processing, and Depression—Casement et al.

and a second regression included NIS and NRS as separate 
independent variables. To adjust for the potential influence 
of baseline depression, the count of depressive symptoms at 
study entry (age 9) was included as a covariate. In addition, 
to adjust for the potential influence of concurrent insomnia 
symptoms on reward-related BOLD response, a supplemen-
tary regression analysis was performed that included mean 
NIS and NRS scores in late adolescence (ages 16 and 17) as 
additional covariates. Regression analyses were repeated in 
SPSS to generate unstandardized regression coefficients (B), 
standard errors (SE), and effect sizes (R2). To accomplish this, 
functional masks from SPM regressions of reward response 
on insomnia scores were saved and used as functional ROIs 
for main effect t-tests of reward-related BOLD response. Next, 
main effect beta values for the average BOLD response within 
each functional mask were extracted using the “eigenvariate” 
tool in SPM, and regressions were performed in SPSS.

To test the insomnia-reward-depression link, we used con-
junction analyses in SPM48 and bootstrap tests of mediation in 
SPSS.49 Conjunction analyses determined whether depression 
scores during late adolescence were associated with reward-re-
lated neural response in regions that were also associated with 
early adolescent insomnia scores. To accomplish this, reward-
related BOLD response was regressed on the mean depressive 
symptom count within the insomnia-related functional ROIs 
described above. Next, mediation analyses were performed in 
SPSS. To accomplish this, a second set of functional masks was 
created from SPM regressions of reward response on the mean 
count of depressive symptoms. These masks were then used as 
functional ROIs for main effect t-tests of reward-related BOLD 
response, and main effect beta values for the average BOLD 
response within each functional mask were extracted from 
SPM. Finally, insomnia scores in early adolescence (X1) were 
used to predict depression scores in late adolescence (Y) when 
reward-related BOLD response was included as a mediator 

(M) and depression scores at study entry were included as a 
covariate (X2) using the SPSS PROCESS macro.49 Bootstrap 
tests of mediation use repeated random sampling (n = 1,000) 
with replacement to estimate the indirect effect of X on Y.

RESULTS

Reward-Related BOLD Response
ROI and whole-brain results for within-subject t-tests of 
BOLD response during reward anticipation (reward antici-
pation > baseline) are available in the supplemental mate-
rial (Tables S1 and S2). These results confirm that the mPFC, 
striatum, and OFC had increased response during reward an-
ticipation compared to baseline. The amygdala did not show a 
significant differential response to reward anticipation versus 
baseline. Whole-brain results are presented to describe regions 
that were responsive to reward outside of the pre-defined ROIs.

Association between Insomnia Symptoms and Reward-Related 
BOLD Response
Participants with higher INS scores had greater BOLD re-
sponse in the dmPFC during anticipation of monetary rewards 
(BA 8/9/32 cluster size = 585, t120 = 3.41, Pcorrected < 0.05, MNI 
coordinates of maximum voxel: 12, 28, 30, B = 0.26, SE = 0.09, 
R2

Adjusted = 0.06); see Figure 1. In a second regression with NIS 
and NRS scores entered as separate predictors, higher NRS 
scores were associated with greater reward-related BOLD 
response in the dmPFC (BA 8/9/10/24/32 cluster size = 1366, 
t119 = 4.59, Pcorrected < 0.05, MNI coordinates of maximum voxel: 
2, 18, 26, B = 0.36, SE = 0.10, R2

Adjusted = 0.09), and NIS was not 
significantly associated with reward-related BOLD response; 
see Figure 2. The positive association between early adolescent 
NRS scores and reward-related BOLD response in the dmPFC 
remained significant after accounting for late adolescent NIS 
and NRS (see Results in supplemental material).

Figure 1—Positive association between INS scores during early adolescence and reward-related BOLD response during late adolescence.
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Association between Reward-Related BOLD Response and 
Depressive Symptoms
Conjunction analyses indicated that depression scores during 
late adolescence were not significantly associated with BOLD 
response during reward anticipation in the dmPFC subregion 
that was associated with INS scores. However, higher depres-
sion scores during late adolescence were associated with greater 
reward-related BOLD response in the dmPFC subregion that 
was associated with NRS (BA 32 cluster size = 129, t120 = 3.17, 
Pcorrected < 0.05, MNI coordinates of maximum voxel: 2, 32, 18, 

B = 0.17, SE = 0.07, R2
Adjusted = 0.05); see Figure 3. This posi-

tive association remained significant after accounting for late 
adolescent NIS and NRS (see Results in supplemental material).

Mediation of NRS-Depression Association by Reward-Related 
BOLD Response
NRS scores during early adolescence were positively associ-
ated with the depression scores in later adolescence (B = 0.39, 
R2

Adjusted = 0.03, P < 0.05). Bootstrap tests of mediation indi-
cated that greater dmPFC response during reward anticipation 

Figure 2—Positive association between NRS scores during early adolescence and reward-related BOLD response during late adolescence.

Figure 3—Positive association between late adolescent depression scores and reward-related BOLD response in the dmPFC region that was also 
associated with early adolescent NRS scores.
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significantly mediated the relationship between NRS and 
non-sleep depressive symptoms (B = 0.09, 95% CI: 0.02, 0.27, 
P < 0.05). NRS did not have a direct effect on depressive symp-
toms after accounting for reward anticipation response in the 
dmPFC (B = −0.03, 95% CI: −0.39, 0.33, P > 0.05), indicating 
full mediation. Greater dmPFC response during reward antici-
pation also mediated the relationship between early adolescent 
NRS and late adolescent non-sleep depressive symptoms after 
adjusting for late adolescent NIS and NRS (see Results in sup-
plemental material).

DISCUSSION
The results from the current study provide support for a neu-
robiologically-based developmental model linking earlier in-
somnia symptoms to later depressive symptoms via reward 
response in the dmPFC. NRS during early adolescence was 
associated with increased dmPFC response during anticipation 
of rewards and more depressive symptoms in later adolescence. 
Furthermore, dmPFC response mediated the association be-
tween NRS and depression, supporting our hypothesis that 
altered function in this region is a mechanism for the influ-
ence of nonrestorative sleep on the development of depression. 
However, we did not find the anticipated association between 
NIS and reward-related brain function. Furthermore, while 
the composite measure of insomnia (INS: NIS+NRS) was 
positively associated with reward-related BOLD response in 
a more constrained set of dmPFC regions, reward response in 
these regions was not significantly associated with depression. 
Collectively, these results suggest that adolescents with NRS 
may be especially susceptible to disruptions in neural reward 
processing and affect.

The link between NRS, increases in reward-related dmPFC 
response, and increased depressive symptoms is consistent 
with a recent meta-analytic synthesis of fMRI studies of re-
ward-related processing in depression.43 In addition, the posi-
tive association between NRS and reward-related response in 
the mPFC is somewhat consistent with research by Mullin et 
al.,32 which demonstrated that sleep deprived young adults had 
greater reward-related response in the mPFC than participants 
who were not sleep deprived, though the cluster identified 
by Mullin was in a more rostral region of the mPFC than the 
dmPFC cluster identified in the present research. Disruption of 
the mPFC specifically is consistent with theories that sleep dis-
ruption may be particularly detrimental to cortical regions that 
integrate and regulate arousal and affective processes.22,50 It is 
also consistent with the proposition from neurodevelopmental 
theories that the PFC, which continues to mature through the 
mid-twenties, should be especially sensitive to the effects of 
adolescent homeostatic stressors such as sleep disturbance.51–56 
The dmPFC is postulated to be instrumental in evaluating the 
self-relevance and social value of rewards,38–40 and increased 
response in this region may indicate that individuals with NRS 
compensate for dmPFC disruption by allocating greater re-
sources to evaluating the personal relevance or relative value of 
potential rewards compared to those without NRS. The asso-
ciation between NRS and reward anticipation response could 
indicate that NRS disrupts self-relevant affective evaluation 
when anticipating stimuli typically deemed as rewarding. This 

interpretation is consistent with dual-process theories of rea-
soning which postulate that associative and hypothetical rea-
soning are especially prone to homeostatic stressors.57,58

Notable characteristics of the study sample include the 
common incidence of insomnia symptoms, particularly NRS, 
during early adolescence and the decrease in the incidence of 
MDD between age 9 and later adolescence. While the point 
prevalence of MDD in the sample at ages 16 and 17 (2.03%) is 
consistent with the point prevalence of depression in epidemio-
logic studies of adolescents (3.37% [95% CI: 1.35, 5.39]),59 we 
expected the prevalence of depression to increase between early 
and late adolescence, particularly given that half of the PGS-E 
sample was selected for high levels of depressive symptoms 
at baseline and the prevalence of depression at age 9 (14.6%) 
was higher than in the general adolescent population. The 
slight decrease in the incidence of MDD in this sample could 
reflect symptom habituation or adaptation to chronic stressors, 
such as poverty60 or negative parenting experiences,46 during a 
period of continued neurodevelopment. Despite the potential 
floor effect of MDD during late adolescence, we found an asso-
ciation between NRS in early adolescence and later depressive 
symptoms. We were not able to evaluate the association be-
tween NRS and clinically significant depression in this study 
given the low incidence of late adolescent MDD, but this is a 
key area for future research.

This study has several strengths as well as some limita-
tions. One strength is the large sample size with five years 
of insomnia symptom assessment prior to the fMRI scan. In 
combination with the assessments of depressive symptoms at 
the time of the scan and one-year post-scan, the longitudinal 
design allowed us to evaluate our mediational model with tem-
poral precedence from NRS to later reward processing to de-
pressive symptoms. Moreover, the link between NRS and later 
reward processing and depressive symptoms was present after 
adjusting for depressive symptoms at baseline. However, one 
limitation of this study is the absence of a baseline assessment 
of reward processing, therefore, we cannot rule out the possi-
bility that “changes” in neural reward circuitry were at stable 
levels as a trait or preceded the onset of insomnia symptoms. 
Cross-lagged models using concurrent measurement of all 
three constructs—NRS, neural reward processing, and depres-
sion—over time and in large samples could be applied in future 
research to further delineate the direction of these associations.

We also recognize that compromised neural reward pro-
cessing may result from experiences other than insomnia 
(e.g., poverty,60 negative parenting experiences,46 stressful life 
events61,62) and disruptions in reward-related neural response are 
implicated in multiple forms of psychopathology (e.g., problem-
atic substance use, attention deficit disorder, schizophrenia).63–68 
The analyses in the current study tested the a priori hypothesis 
that neural reward processing would mediate the relationship 
between insomnia and depressive symptoms, but we did not 
evaluate whether insomnia symptoms are uniquely associated 
with neural reward processing and depression after adjusting for 
other early experiences, psychopathology symptoms, or neural 
and cognitive processes. One reason for this approach is the 
large number of potential covariates and the lack of clear jus-
tification for their inclusion. Models that incorporate multiple 
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potential moderators (e.g., parenting experiences, stressful life 
events), mediators (e.g., reward processing, cognitive style), and 
outcomes (e.g., depression, problematic substance use) are best 
accomplished by research that has adequate power for covari-
ance structure analysis.

There are also some limitations in our measures of insomnia 
symptoms and reward processing. The K-SADS is not a stan-
dard measure of insomnia and it has not been validated for this 
purpose. It does, however, assess the four cardinal symptoms of 
insomnia, and the interview format is consistent with the wide-
spread use of unstandardized interviews to diagnose insomnia. 
The format allows the interviewer to ask follow-up questions 
and apply clinical judgment before scoring the symptoms as 
present or absent. This may be particularly important during 
adolescence when sleep tends to be short in duration and timed 
differently on weekdays and weekends.69 For example, ado-
lescents often wake feeling poorly rested because they do not 
allow themselves enough opportunity for sleep; the interview 
format of the K-SADS allowed us to assess whether nonrestor-
ative sleep was present even when the participant had sufficient 
sleep opportunity. However, we cannot rule out the possibility 
that the NRS reported in this sample was due to insufficient 
sleep duration or other sleep disorders such as sleep disordered 
breathing or sleep movement disorders. In addition, NRS was 
indexed using a single KSADS item and there is ongoing de-
bate as to whether NRS is a symptom of insomnia or a distinct 
diagnostic entity.34–36 NRS has been included in widely used 
insomnia diagnostic criteria,1–3 criteria that were applied for the 
vast majority of studies linking insomnia to depression. Future 
research linking insomnia to depression should use validated 
indices of NIS and NRS and attempt to determine whether NIS 
and NRS have similar34 or differential36 predictive value.

This is the first study to explicitly test the triadic links be-
tween insomnia symptoms, neural reward processing, and 
depressive symptoms in a prospective design. Our results pro-
vide preliminary evidence that NRS contributes to depression 
by altering reward-related dmPFC function. If this pattern of 
results bears out in subsequent research, it will be worthwhile 
to consider primary interventions for depression that include 
screening for NRS and secondary interventions that target 
sleep disturbance—for example, with cognitive behavioral 
therapy for insomnia—and hedonic response—for example, 
with behavioral activation. Providing these interventions to 
adolescents, particularly in early adolescence, may protect 
reward-related neural circuitry and decrease the incidence of 
depression. The application of these interventions with mea-
surement of reward-related neural response would be an ex-
citing area for future research.
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