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ARTICLE

Motivation and sensitivity to monetary reward in late-life
insomnia: moderating role of sex and the inflammatory
marker CRP
Chloe C. Boyle 1, Joshua H. Cho 1, Naomi I. Eisenberger2, Richard E. Olmstead1, Dominique Piber1,3, Nina Sadeghi1,
Masih Tazhibi2 and Michael R. Irwin 1

Insomnia is a well-established risk factor for late-life depression, yet the intermediary mechanisms are not known. One plausible
mechanism is dysregulation of the reward system, a common feature of depression. The main objective of the current study was to
determine whether late-life insomnia is associated with reduced motivation and reduced sensitivity for monetary reward.
Secondary exploratory objectives were to test for sex-specific effects and whether elevated inflammation potentiated these
associations. Nondepressed community dwelling older adults (n= 104; aged 60–80) who either met (n= 31) or did not meet (n=
73) criteria for insomnia disorder as assessed by the Structured Clinical Interview for DSM-5 completed the Effort Expenditure for
Rewards Task and provided blood samples for the assessment of C-reactive protein (CRP). Older adults with late-life insomnia
showed reduced reward motivation 95% CI [−0.955, −0.569] and reduced reward sensitivity 95% CI [−0.430, −0.075] relative to
comparison controls. In secondary exploratory analyses, late-life insomnia was associated with reduced motivation to a greater
degree in males than in females 95% CI [0.072, 0.775], particularly when CRP was also elevated 95% CI [0.672, 1.551]. Late-life
insomnia is associated with reduced motivation and sensitivity for monetary reward, which suggests insomnia may confer risk for
late-life depression by dysregulation of reward mechanisms. Exploratory analyses suggest that older males with insomnia and
elevated CRP may be particularly vulnerable to deficits in reward motivation. Although in need of replication and further study,
results suggest that interventions that target insomnia or deficits in reward processing may mitigate the risk of depression in
nondepressed older adults, especially older males with insomnia.

Neuropsychopharmacology (2020) 0:1–8; https://doi.org/10.1038/s41386-020-0735-7

INTRODUCTION
Insomnia is an established risk factor for depression onset,
maintenance, and recurrence which becomes more prevalent
with age [1–4]. Indeed, over one-third of older adults suffer from
insomnia, and late-life insomnia has been shown to prospectively
predict incident depressive symptoms and major depressive
disorder [2, 5]. In a large multi-site study, the continued presence
of insomnia predicted the maintenance of depression in older
adults over a 12-month period, and this was only partially
mitigated by active antidepressant treatment [3]. Furthermore,
sleep disturbance has been shown to predict depression
recurrence in older adults independent of depressive symptom
severity, chronic illness, or antidepressant use [6]. The mechanisms
that contribute to the link between insomnia and depression are
not known, and the absence of research is particularly striking in
older adults given their prevalence of insomnia and the adverse
effects of late-life depression on psychosocial and physical health
[1, 7, 8].
Insomnia may increase risk for late-life depression through

dysregulation in the reward system. Reward dysregulation is not
only a common feature of depression [9], but is also evident in

nondepressed at-risk populations [10, 11] and prospectively
predicts onset of depression and increases in depressive
symptoms [12, 13]. Anhedonia, a cardinal symptom of depression,
is thought to be due to alterations in reward processing and can
manifest as reduced motivation for reward (i.e., reduced “want-
ing”), reduced sensitivity for reward (i.e., reduced “liking”), and/or
blunted reward learning. Older adults report difficulties with
motivation in the context of depression [7] and are hypothesized
to be vulnerable to reward dysregulation due to age-related
decreases in frontostriatal dopaminergic function [14, 15].
In striking contrast to the prevalence of insomnia in older adults

[1], as well as evidence of reward dysregulation in older adults
[14, 15], no study to our knowledge has examined whether
insomnia might contribute to changes in reward processing in
older adults, although some research in adults supports this
emerging hypothesis [16, 17]. One small study found that adults
with sleep complaints had lower desire for (i.e., “wanting”) and
enjoyment of (i.e., “liking”) rewarding experiences than compar-
ison controls over 7 days of self-report experience sampling [18].
Other work found that diagnostic insomnia is associated with
reduced gray matter volume [19, 20] and altered functional
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connectivity [21] in reward-related brain regions, although
assessment of reward processes was not performed. It is not
known whether insomnia as diagnosed by the Diagnostic and
Statistical Manual (DSM)-5 [22] is associated with behavioral
deficits in reward processing.
Furthermore, no studies have evaluated individual difference

factors, such as sex and inflammatory burden, which could
modulate effects of late-life insomnia on the reward system.
Inflammation is implicated in depression pathophysiology, asso-
ciated with alterations in reward function [23, 24], and elevated
following sleep disturbance [25]. Moreover, inflammation predicts
treatment response to antidepressants [24] and electroconvulsive
therapy [26] as well as susceptibility to stress in preclinical models
[27]. It is not known if elevated inflammation confers enhanced
vulnerability to reward dysregulation in the context of late-life
insomnia. Sex-specific effects in relation to insomnia have received
little empirical attention, although adult females have been shown
to exhibit lower motivation for monetary reward as compared to
males [28], as well as greater alterations in reward processing
following an inflammatory challenge [29].
To address these gaps, community dwelling older adults with

and without late-life insomnia underwent evaluation of reward
processing by administration of a standard monetary reward task,
which assessed both reward motivation (i.e., “wanting”) and
reward sensitivity (i.e., “liking”). It is hypothesized that, in
comparison to older adults without insomnia, those with late-life
insomnia will exhibit (1) reduced reward motivation; and (2)
reduced reward sensitivity. Secondary study objectives are to test
for sex-specific effects and whether elevated inflammation
potentiates these associations.

MATERIALS AND METHODS
Participants and procedure
Data for the current study were obtained from the baseline
assessment of an ongoing randomized controlled trial investigat-
ing psychobiological effects of an acute inflammatory challenge
(R01# AG051944; Sleep and Healthy Aging Research on Depres-
sion Study; NCT03256760). All study procedures were approved by
the University of California (UCLA) Institutional Review Board.
Baseline assessment included administration of the Structured
Clinical Interview for DSM-5 (SCID-DSM-5) by trained research staff
and completion of self-report questionnaires and behavioral tasks.
Participants were 104 healthy older adults (aged 60–79) who
either met (n= 31; 21 female) or did not meet (n= 73; 31 female)
criteria for insomnia disorder (i.e., late-life insomnia) as assessed
by the SCID-DSM-5. Exclusion criteria are described in detail in
Supplementary Material and included among others current
psychiatric illness as assessed by the DSM-5 except insomnia
disorder; cognitive impairment as indicated by a score < 24 on the
Mini-Mental Status Exam (MMSE)1; sleep apnea as confirmed by
polysomnography; presence of an acute infectious illness in the
2 weeks prior to an experimental session (via self-report and white
blood cell count within normal range); BMI > 35 kg/m2; smoking;
use of medications known to modulate the immune system; use of
over the counter or prescription sleep aids (via self-report).
Participants were recruited from the Los Angeles community

August 2016–July 2019 using the GENESYS Sampling Systems
company, which provided contact information for households
with at least one person aged 60 years or older within a 10 mile
radius of UCLA. A total of 283 responded to recruitment letters
and phone calls and completed phone and in-person eligibility
screening. Out of 117 eligible participants who provided C-
reactive protein (CRP) data, 115 provided complete self-report

questionnaire data and 113 completed the Effort Expenditure for
Rewards Task (EEfRT) (data lost by computer malfunction (n= 4)).
Six participants were excluded for completing fewer than 18 trials
on the EEfRT, and one participant was excluded due to levels of
CRP at 36.3 mg/L. In total, 104 participants provided complete
data across all measures; participants with missing data did not
differ from participants with full data in terms of insomnia
diagnosis or demographic or psychosocial characteristics
(Table S2).

Assessments
Insomnia and related behavioral symptoms. Insomnia disorder
was diagnosed by SCID-DSM-5 and confirmed in a diagnostic
consensus meeting with a board-certified psychiatrist (MRI).
Severity of insomnia symptoms was assessed with the Insomnia
Severity Index. Severity of depressive symptoms was assessed by
the Beck Depression Inventory-II; the scale item relating to sleep
quality was removed prior to calculating the total score. Physical
fatigue symptoms were assessed with the physical fatigue
subscale from the Multidimensional Fatigue Inventory Scale.
Depressive and fatigue symptoms were assessed and included
as covariates in statistical analyses to ensure they were not
contributing to possible group differences in reward processing;
both have been associated with reward motivation [30, 31] and
insomnia [32].

Behavioral reward task. The EEfRT [28] was used to evaluate
reward processing. The EEfRT is a computerized task that assesses
effort-based decision making in the context of monetary reward.
During the task, participants are presented with a series of trials in
which they choose between an easy, low-effort trial (worth a low
reward amount of $1.00) and a hard, high-effort trial (worth higher
reward amounts ranging between $1.24 and $4.30). Easy trials
required 30 button presses using the index finger of the
nondominant hand in 7 s, while hard trials required 100 button
presses with the pinky finger of the dominant hand in 21 s.
Participants were told that not all successfully completed trials
would be rewarded, and the probability that a successful response
would yield a reward (12, 50, and 88%) was presented for each
trial. In the current study, the EEfRT was shortened from 20 to 10
min and hard trials used the pinky finger of the dominant hand
rather than the nondominant hand to accommodate constraints
in the laboratory environment (also used in [23]).
Motivation for reward on the EEfRT is operationalized by

willingness to exert effort for monetary reward; i.e., the selection
of high-effort/high-reward trials relative to the selection of low-
effort/low-reward trials. Sensitivity to reward is operationalized by
the association between changes in monetary reward magnitude
(ranging from $1.24 to $4.30) and changes in likelihood of
selecting high-effort/high-reward trials vs. low-effort/low-reward
trials [23, 33].

Inflammation. Inflammation was assessed by measuring circulat-
ing levels of the systemic inflammatory marker CRP between the
hours of 8 and 9 a.m. Participants provided blood samples prior to
receiving breakfast as part of the larger experimental protocol, but
were not required to fast. Blood samples were collected by
venipuncture into EDTA tubes, placed on ice, centrifuged for
acquisition of plasma, and stored at −80 for batch testing. CRP
levels were determined utilizing the Human CRP Quantikine ELISA
(R&D Systems) according to the manufacturer’s protocol with a
lower limit of detection of 0.2 mg/L. Samples were assayed in
duplicate. Intra- and inter-assay precision of all tests was <6.1%.

Sample size
No studies have evaluated group differences in effort-based
decision making in association with insomnia disorder. Several
studies have evaluated EEfRT performance in other patient

1All participants scored > 28 on the MMSE, and inclusion of MMSE
scores as a covariate did not alter results.
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populations relative to comparison control participants and
yielded large effect sizes (d > 0.8) [30, 31]. Assuming an effect
size of d= 0.8, 100 participants in the current study provide
statistical power of >90% (α= 0.05) to detect differences in EEfRT
performance as a function of insomnia, the primary objective of
the current study. For secondary analyses, past studies have
shown small to medium effects of sex [23, 28] and inflammation
[23] on EEfRT performance. Given these estimates, we recognize
that secondary analyses that examine moderating effects of sex or
inflammation on reward processing as a function of insomnia are
exploratory, as they are not adequately powered.

Analytic approach
Data reduction. Participants who chose fewer than 18 total trials
were excluded (n= 6; 5 comparison controls). Individual EEfRT
trials in which the participant did not choose between an easy or
hard task were excluded (7.28% of all trials). Participants
successfully completed 93.94% of the hard trials and 82.46% of
the easy trials; trials that the participant selected but completed
fewer than 10% of the required button presses were excluded (n
= 39 trials; 0.96% of all trials).

Generalized estimating equations (GEE) models. GEE with a binary
logistic model and independent working correlation structure
were used to analyze decision-making behavior on the EEfRT; this
is a typical approach for this task as GEE account for correlated
data and are appropriate for a binary dependent variable [28]. The
working correlation structure was determined with the STATA
program QIC (quasilikelihood under the independence model
criterion).
Consistent with previous studies [28], the following task-specific

variables were included as continuous time-varying covariates:
reward magnitude (range $1.24–$4.30), probability, and, to control
for fatigue effects during the task, trial number (see Table S1 for
GEE models with these task-specific variables only). Between-
subject predictors were group (insomnia vs. control), severity of
depressive symptoms, severity of physical fatigue, and sex. The
dependent binary variable was coded as 0 (low-effort/low-reward
choice) and 1 (high-effort/high-reward choice). Level of signifi-
cance was set at p < 0.05 and hypothesis tests were two sided.

Assessment of reward motivation. Motivation for reward was
operationalized as willingness to exert effort for a monetary
reward. Hence, reduced reward motivation was characterized as
being less willing to exert effort for a higher amount of monetary
reward (i.e., choosing fewer high-effort/high-reward trials and
more low-effort/low-reward trials). The predictor of interest for the
primary analysis was the group (insomnia vs. control) variable. For
sex-specific analyses, sex differences in reward motivation were
tested as the main effect of sex in the prediction of willingness to
exert effort for a high monetary reward. Sex differences in relation
to insomnia were tested with a two-way interaction term (sex by
group).

Assessment of reward sensitivity. Sensitivity to reward was
operationalized by the association between changes in monetary
reward magnitude and changes in likelihood of selecting high-
effort/high-reward trials vs. low-effort/low-reward trials [23, 33].
Hence, reduced reward sensitivity was represented by an
attenuated association between increases in potential monetary
reward magnitude and increased likelihood of selecting high-
effort/high-reward trials. Late-life insomnia vs. comparison control
group differences in reward sensitivity were tested using an
interaction term between group and reward magnitude. For sex-
specific analyses, sex differences in reward sensitivity were tested
with an interaction term between sex and reward magnitude; this
allowed us to ascertain whether changes in monetary reward

magnitude were associated with changes in likelihood of selecting
high-effort/high-reward trials differently as a function of sex. Sex
differences in relation to late-life insomnia for reward sensitivity
were tested with a three-way interaction term (sex by reward
magnitude by group).

Assessment of CRP in late-life insomnia and in association with EEfRT
performance. Levels of CRP were evaluated for outliers and due
to positive skew were log transformed prior to analyses; seven
participants with levels below the limit of detection were imputed
to 50% of the lower limit of detection; one participant was
excluded as an outlier (CRP of 36.3 mg/L) and all other CRP values
were within 3 standard deviations of the mean. To evaluate CRP as
a moderator of the effect of late-life insomnia on reward
motivation, a two-way interaction term between group (binary)
and CRP (continuous) was tested in the GEE model predicting hard
trial choice. Sex-specific analyses included a three-way interaction
term (sex by group by CRP). To evaluate CRP as a moderator of the
effect of late-life insomnia on reward sensitivity, a three-way
interaction term (group by reward magnitude by CRP) was tested.
Sex-specific analyses included a four-way interaction term (sex by
group by reward magnitude by CRP). Models with CRP controlled
for age, BMI, and ethnicity.

RESULTS
Participant characteristics
Participants were community dwelling older adults (Mage= 65.86)
with (n= 31) and without (n= 73) late-life insomnia who were
predominantly white, educated, and of normal BMI (Table 1).
There were more females than males in the insomnia group (n=
21 females) but not in the comparison control group (n= 31
females). The groups did not otherwise differ on sociodemo-
graphic characteristics (Table 1). Older adults with late-life
insomnia had significantly higher severity of insomnia, depressive,
and physical fatigue symptoms, as compared to comparison
controls (Table 1), with no further differences as a function of sex
(see Table S3 for differences by sex collapsing across groups).
Levels of CRP were on average low (M= 1.73mg/L, SD= 2.38;

range: 0.1–14.55 mg/L) and did not differ by sex (p= .761). CRP
was significantly elevated in individuals with late-life insomnia
relative to comparison controls, t(114)= 2.040, p= .044, d= .413,
and CRP was correlated with severity of insomnia symptoms, r=
0.280, p= 0.002, for all participants with CRP data. Similar patterns
were evident for the subset of participants with full data across all
measures, t(102)= 1.600, p= 0.113, d= 0.343, r= 0.292, p= 0.002.

Reward motivation
Late-life insomnia was hypothesized to be associated with
reduced reward motivation. Indeed, results showed that those
with late-life insomnia were significantly less likely to select hard
(high effort/high reward) trials than comparison controls (b=
−0.580, SE= 0.078, p < 0.001; 95% CI [−0.732, −0.428]). This
association remained significant controlling for sex, depressive
and physical fatigue symptoms, and task-specific variables (i.e.,
reward magnitude, probability, and trial number) (95% CI [−0. 955,
−0.569]; Table 2; Fig. 1). To further interrogate the role of insomnia
on reward motivation, we examined whether severity of insomnia
symptoms was associated with hard trial choice across the sample,
and found that more severe insomnia symptoms predicted fewer
hard trial choices in unadjusted (95% CI [−0. 026, −0.0004]) and
adjusted (95% CI [−0. 048, −0. 013]) models (Table S4). Thus, both
insomnia diagnosis and severity of insomnia in older adults were
associated with a shift away from high-effort/high-reward trials
and toward low-effort/low-reward trials, indicative of reduced
reward motivation for monetary reward in the context of effort-
based decision making.

Motivation and sensitivity to monetary reward in late-life insomnia:. . .
CC Boyle et al.

3

Neuropsychopharmacology (2020) 0:1 – 8



Sex differences and reward motivation. Female sex was associated
with reduced reward motivation, i.e., lower likelihood of selecting
hard trials, in comparison to male sex, as indicated by a main
effect of sex in unadjusted (b=−0.421, SE= 0.078, p < 0.001; 95%
CI [−0.564, −0.278]) and adjusted (95% CI [−0.448, −0.137];
Table 2) models. To examine whether this sex difference further
varied as a function of insomnia status, a two-way interaction term
between sex and insomnia group was examined. The interaction
between sex and insomnia was significant, such that late-life
insomnia was associated with a reduction in selection of hard trials
to a greater degree in males as compared to females in
unadjusted (b= 0.390, SE= 0.163, p= 0.017; 95% CI [0.070,

0.710]) and adjusted (95% CI [−0.225, −0.915]; Table 2) models
(Fig. 1). Follow-up within-group analyses found that both males
(b=−0.248, SE= 0.033, p < 0.001) and females (b=−0.127, SE=
0.026, p < 0.001) exhibited a reduction in monetary reward
motivation in association with late-life insomnia, and this
difference was significantly greater for males, X2(1)= 9.97, p=
0.002.

Inflammation and reward motivation. There was no evidence that
elevated systemic inflammation accentuated the effect of late-life
insomnia on reward motivation in adjusted or unadjusted models
(p’s > 0.7; Fig. 2). However, sex-specific analyses revealed a

Table 2. Reward motivation is reduced in older adults with late-life insomnia relative to comparison controls (Model 1) with sex-specific effects
(Model 2) using Generalized Estimating Equations (GEE) and adjusting for participant characteristics and task-specific variables. Reward sensitivity is
reduced in those with late-life insomnia relative to comparison controls (Model 3) with no sex-specific effects (Model 4).

Model 1: insomnia and
reward motivation

Model 2: insomnia and
reward motivation by sex

Model 3: insomnia and
reward sensitivity

Model 4: insomnia and
reward sensitivity by sex

Variable b (SE) z b (SE) z b (SE) z b (SE) z

Group −0.762 (0.096)** −7.74 −1.134 (0.152)** −7.46 −0.089 (0.259) −0.34 −1.197 (0.440)* −2.72

Sex −0.292 (0.079)** −3.68 0.113 (0.148) 0.76 −0.293 (0.080)** −3.68 1.319 (0.462)* 2.86

Depressive symptoms 0.069 (0.012)** 5.51 0.072 (0.012)** 5.76 0.067 (0.012)** 5.44 0.072 (0.012)** 5.79

Physical fatigue −0.021 (0.024) 0.86 0.031 (0.024) 1.29 0.020 (0.024) 0.85 0.030 (0.024) 1.25

Reward magnitude 0.522 (0.043)** 12.06 0.523 (0.043)** 12.07 0.605 (0.053)** 11.40 0.649 (0.072)** 9.00

Probability 0.181 (0.048)** 3.79 0.182 (0.048)** 3.81 0.181 (0.048)** 3.80 0.182 (0.048)** 3.81

Trial number −0.041 (0.004)** −10.28 −0.041 (0.004)** −10.29 −0.041 (0.004)** −10.26 −0.041 (0.004)** −10.25

Group × sex −0.570 (0.176)** −3.24 −1.555 (0.544)* −2.86

Group × reward magnitude −0.253 (0.091)* −2.79 0.016 (0.155) 0.10

Sex × reward magnitude −0.089 (0.106) −0.83

Group × reward magnitude × sex −0.362 (0.194) −1.86

Intercept 0.400 (0.200)* −2.73 −0.347 (0.148)* −2.43 −0.613 (0.166)** −3.70 −0.667 (0.206)* −3.23

Group is coded as comparison control (0; n= 73; 31 female) relative to insomnia (1; n= 31; 21 female). Sex is coded as male (0; n= 52) relative to female (1; n=
52). Reward magnitude refers to the monetary value for each hard (i.e., high effort/high reward) trial, ranging from $1.24 to $4.30. The interaction term
between group and reward magnitude is used to test for group differences in reward sensitivity. The interaction term between sex and reward magnitude is
used to test for sex differences in reward sensitivity. The three-way interaction term (group by reward magnitude by sex) tests for group differences in reward
sensitivity as a function of sex.
*p < 0.01; **p < 0.001.

Table 1. Demographic and psychosocial characteristics of community dwelling older adults with and without late-life insomnia.

Variablea Older adults with late-life insomnia
(n= 31)

Older adults without late-life insomnia
(n= 73)

Age, mean years (SD) 65.71 (4.25) 65.92 (4.51)

Female sex*, n (%) 21 (68%) 31 (42%)

BMI, mean (SD) 25.06 (3.13) 24.76 (3.13)

CRP, mean (SD) 2.03 (2.49) 1.60 (2.35)

White ethnicity, n (%) 24 (77%) 58 (79%)

Education, bachelor’s degree and higher, n (%) 23 (76.67%) 50 (69%)

Depressive symptoms**, mean (SD) 5.84 (4.92) 1.84 (2.04)

History of diagnosed depression, n (%) 8 (26%) 8 (11%)

Physical fatigue symptoms*, mean (SD) 1.98 (2.33) 1.12 (1.33)

Insomnia symptom severity**, mean (SD) 11.35 (5.52) 1.24 (1.62)

Depressive symptoms were assessed with the Beck Depression Inventory-II; the scale item relating to sleep quality was removed prior to calculating the total
score. Physical fatigue symptoms were assessed with the physical fatigue subscale from the Multidimensional Fatigue Inventory Scale. Severity of insomnia
symptoms was assessed with the Insomnia Severity Index.
aGroup differences for each variable were tested with independent samples t-tests or chi-square tests as appropriate.
*p < 0.02; **p < 0.001.
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significant three-way interaction (b= 1.091, SE= 0.214, p < 0.001;
95% CI [0.672, 1.551]), such that among males only, higher CRP
was associated with lower monetary reward motivation for those
with late-life insomnia relative to comparison controls. This
association held in models adjusted for depressive and fatigue
symptoms, task-specific variable, age, BMI, and ethnicity (b=
1.131, SE= 0.241, p < 0.001; 95% CI [0.658, 1.604]; Table S5). As
shown in Fig. 2 and confirmed by follow-up within-group analyses,
higher levels of CRP were associated with a reduction in monetary
reward motivation for males with late-life insomnia (b=−0.150,
SE= 0.041, p < 0.001) but not comparison control males (b=
0.024, SE= 0.017, p= 0.142), comparison control females (b=
−0.027, SE= 0.018, p= 0.130), or females with late-life insomnia
(b= 0.035, SE= 0.023, p= 0.118).

Reward sensitivity
Late-life insomnia was also hypothesized to be associated with
reduced sensitivity to reward. Consistent with hypotheses, those
with late-life insomnia showed an attenuated association between
increases in potential monetary reward and increases in hard trial
choice, as compared to comparison controls (b=−0.265, SE=
0.087, p= 0.002; 95% CI [−0.436, −0.094]). Results remained
significant in an adjusted model (95% CI [−0.430, −0.075];
Table 2). Follow-up within-group analyses confirmed that while
increases in reward magnitude were associated with increases in
hard trial choice for both those with (b= 0.079, SE= 0.016, p <
0.001) and without (b= 0.128, SE= 0.010, p < 0.001) late-life
insomnia, this association was significantly attenuated in those
with late-life insomnia as compared to comparison controls, X2(1)
= 6.72, p= 0.010 (Fig. 3). There was no evidence that higher
insomnia symptom severity across the sample was associated with
reduced reward sensitivity (p > 0.4).

Sex differences and reward sensitivity. Sex was associated with
reward sensitivity, as represented by a significant interaction between
sex and reward magnitude in the prediction of hard trial choice in
unadjusted (b=−0.227, SE= 0.083, p= 0.006; 95% CI [−0.389,
−0.064]) and adjusted (b=−0.226, SE= 0.086, p= 0.008; 95% CI
[−0.394, −0.058]; Table S6) models. Follow-up within-group analyses
found that while increases in reward magnitude were significantly
associated with increases in hard trial choice for both male (b= 0.132;
SE= 0.012, p< 0.001) and female (b= 0.094; SE= 0.013, p< 0.001)
older adults, this effect was significantly stronger for males X2(1)=
5.07, p= 0.024. Thus, male sex in older adults is associated with
higher sensitivity to monetary reward on the EEfRT. There was no
evidence that this sex difference varied as a function of insomnia, as
tested by a three-way interaction term (group by reward magnitude
by sex) (p= 0.063; 95% CI [−0.743, 0.019]; Table 2, Fig. 3).

Inflammation and reward sensitivity. There was no evidence that
elevated inflammation moderated the effect of late-life insomnia
on reward sensitivity (b= 0.206, SE= 0.121, p= 0.089; 95% CI
[−0.032, 0.444]), nor was there evidence for further moderation by
sex (b=−0.456, SE= 0.263, p= 0.084; 95% CI [−0.972, 0.061]) in
adjusted models.

DISCUSSION
Late-life insomnia is associated with reduced motivation and
reduced sensitivity for monetary reward. As compared to commu-
nity dwelling older adults without insomnia, those with late-life
insomnia were less willing to exert effort to attain a higher monetary
reward. Those with late-life insomnia were also less behaviorally
responsive to increases in monetary reward, indicating a reduction
in sensitivity to increases in reward magnitude. These effects were
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Fig. 2 Reward motivation in relation to late-life insomnia, sex, and systemic inflammation plotted with 95% confidence intervals and
adjusted for participant and task characteristics. CRP is not related to reward motivation among older adults with late-life insomnia (n= 31;
21 female) or comparison controls across sexes (n= 73; 31 female) (p= 0.614; (a)) but there were sex-specific effects (p < 0.001). Among males
with late-life insomnia, higher levels of CRP are associated with lower reward motivation (p < 0.001; (b)). CRP was not significantly associated
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Fig. 1 Reward motivation in relation to late-life insomnia and sex plotted with 95% confidence intervals and adjusted for participant and
task characteristics. Reward motivation is significantly reduced in older adults with late-life insomnia (n= 31; 21 female) relative to
comparison controls (n= 73; 31 female) (p < 0.001; (a)) with evidence of sex-specific effects (p= 0.001; (b)). Late-life insomnia is associated with
reduced reward motivation in males (p < 0.001) and females (p < 0.001), and this reduction is greater for males than females (p= 0.002).
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not attributable to group differences in depressive symptoms or
fatigue, which underscores the importance of the reward system as
a potential clinical target in efforts to decrease risk for late-life
depression, particularly in the context of other risk factors such as
insomnia. Moreover, results provide preliminary evidence that males
may be more vulnerable to insomnia and inflammation-associated
reductions in motivation for monetary reward.
There is an emerging literature linking sleep disturbance to

dysregulated reward processing. One study found that adults with
sleep complaints exhibited lower “wanting” for and “liking” of
positive daily experiences than comparison controls [18], which
parallels the insomnia-associated reductions in motivation and
sensitivity observed in the current study. Consistent with these
behavioral effects, structural and functional alterations in reward-
related brain regions have been observed in adult insomnia
patients relative to comparison controls [20, 21]. In experimental
studies, sleep deprivation alters reactivity in reward neurocircuitry
in response to rewarding stimuli [34, 35], suggesting a causal role
for sleep loss in reward dysregulation. Several studies have shown
associations between sleep disturbance in adolescence and
alterations in neural reactivity to reward or functional connectivity
in corticolimbic reward circuitry [36, 37]. Thus, although small, the
literature converges in demonstrating an interconnection of the
sleep and reward systems. The present study extends these prior
findings and demonstrates an association between late-life
insomnia and reward processing, using a validated assessment
of multiple reward processes on a behavioral level.
Several lines of evidence support a role for inflammation in the

association between late-life insomnia and reward processing.
Treatment of insomnia has been shown to reduce systemic,
cellular, or genomic markers of inflammation [38] and elevated
inflammation can interfere with dopamine synthesis and function
[24] and has been correlated with alterations in behavioral reward
tasks [23] and reward neurocircuitry [39]. In the current study CRP
was elevated in older adults with late-life insomnia, and among
males elevated CRP accentuated the effect of late-life insomnia on
reward motivation. This finding is consistent with other work
demonstrating sex-specific associations between inflammation
and depression or depressive phenotypes [40, 41], but additional
study is required to ascertain the determinants of the presence
and direction of these associations.
Prior research has also shown sex differences in reward

processing, with adult females exhibiting reduced motivation for
monetary reward relative to adult males [28, 31]. The current study
suggests this pattern remains evident in older adults, despite the
array of neurobiological and socioemotional changes that
accompany aging [7, 14, 15, 42, 43]. However, in the presence
of late-life insomnia, this pattern was reversed; males showed a
heightened vulnerability to dysregulation of monetary reward
processes, in which late-life insomnia conferred greater reductions
in reward motivation in males relative to females. The fact that
insomnia reverses sex difference in monetary reward processing is

striking, especially given evidence of the male sex advantage in
motivational processing in the older adult comparison controls.
This enhanced vulnerability for males with insomnia was most
marked in the context of elevated inflammation, an unexpected
finding that is nevertheless consistent with large scale epidemio-
logical studies linking elevated inflammation to depressive
symptoms in males [41]. If corroborated by future studies, this
finding would have clinical implications for precision medicine in
psychiatry; specifically, older males with insomnia and elevated
inflammation may preferentially benefit from interventions
targeted at remediating reductions in reward motivation.
While speculative, the heightened salience of monetary reward

for males in the current study may also be linked to key
developmental transitions in aging. Retirement can increase risk
for depression [44], with older males at elevated risk [45], possibly
due to new challenges to self-worth, self-efficacy, and productivity
that can be intertwined with monetary reward and perceived
masculinity. Indeed, financial and occupational stressors have
been shown to predict depression in males, whereas interpersonal
social stressors predict depression in females [46]. Addressing
these contextual socioemotional and environmental factors will be
important in developing treatments to address reward dysregula-
tion. Furthermore, the extent to which insomnia alters response to
social rewards, and how this may vary by sex, requires further
examination. Most notably, there is evidence for greater sensitivity
to social reward in females as compared to males [47].
These results should be interpreted in the context of several

limitations. As a cross-sectional observational study, no causal
conclusions can be made. While validated and widely used, the
EEfRT does not assess affective response to reward and uses
monetary reward only; a fine-grained interrogation of the multi-
faceted reward system using multiple tasks and social rewards will
enrich future studies. The EEfRT is also a complex decision-making
task, and aging is most consistently associated with impaired
reward processing for tasks requiring integration of reward
information [48] rather than disruption of more basic reward
function [49]. Whether insomnia disrupts basic reward function in
older adults requires examination with less cognitively burden-
some tasks. While the study had adequate statistical power to
answer the primary study aims, secondary analyses on sex
differences and CRP in relation to insomnia and reward sensitivity
were exploratory, as they were not adequately powered. More-
over, the sample size for males with insomnia was small, and
moderation analyses focusing on sex differences and CRP in
relation to reward motivation should be interpreted with caution
and require replication. Finally, although plasma CRP is a common
indicator of systemic inflammation that predicts health outcomes
and has been shown to correlate with other markers of
inflammation, including inflammatory cytokines in both plasma
and cerebrospinal fluid [50], assessment of a broader array of
inflammatory biomarkers would provide a more comprehensive
picture of immune system status.
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Fig. 3 Reward sensitivity in relation to late-life insomnia and sex plotted with 95% confidence intervals and adjusted for participant and
task characteristics. Older adults with late-life insomnia (n= 31; 21 female) show reduced reward sensitivity relative to comparison controls
(n= 73; 31 female) (p= 0.005; (a)) with no evidence for sex-specific effects (p= 0.063; (b, c)).
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Insomnia is prevalent in older adults and a well-established risk
factor for depression. Results from the current study suggest that
dysregulation in the reward system may be one mechanism
linking insomnia to late-life depression; if confirmed by future
studies, this suggests that interventions that either target
insomnia and/or deficits in reward processing may mitigate the
risk of depression in nondepressed older adults, especially males
with insomnia. Findings also indicate that late-life insomnia is
associated with both reduced motivation and reduced reward
sensitivity, which has further implications for treatment given that
these constructs are phenomenologically and biologically distin-
guishable. An important topic moving forward is to identify
whether males with elevated inflammation are especially vulner-
able to insomnia-induced deficits in reward function, as our
exploratory findings suggest. Ultimately, characterizing these
mechanistic pathways is a critical step toward refined prevention
and treatment of depression, particularly given that insomnia,
elevated inflammation, and reward deficits are all modifiable risk
factors that can be specifically targeted for intervention.
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