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EFFECTS OF SLEEP CONTINUITY DISRUPTION ON POSITIVE MOOD

The Effects of Sleep Continuity Disruption on Positive Mood and Sleep

Architecture in Healthy Adults
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Objective: The purpose of this study was to test an experimental model of the effects of sleep continuity disturbance on sleep architecture and
positive mood in order to better understand the mechanisms linking insomnia and depression.

Design: Participants were randomized to receive 3 consecutive nights of sleep continuity disruption via forced nocturnal awakenings (FA, n = 21),
or one of two control conditions: restricted sleep opportunity (RSO, n = 17) or uninterrupted sleep (US, n = 24).

Setting: The study was set in an inpatient clinical research suite.
Participants: Healthy, good-sleeping men and women were included.

Measurement and Results: Polysomnography was used to measure sleep architecture, and mood was assessed via self-report each day.
Compared to restricted sleep opportunity controls, forced awakenings subjects had significantly less slow wave sleep (P < 0.05) after the first
night of sleep deprivation, and significantly lower positive mood (P < 0.05) after the second night of sleep deprivation. The differential change in
slow wave sleep statistically mediated the observed group differences in positive mood (P = 0.002).

Conclusions: To our knowledge, this is the first human experimental study to demonstrate that, despite comparable reductions in total sleep
time, partial sleep loss from sleep continuity disruption is more detrimental to positive mood than partial sleep loss from delaying bedtime, even
when controlling for concomitant increases in negative mood. With these findings, we provide temporal evidence in support of a putative biologic
mechanism (slow wave sleep deficit) that could help explain the strong comorbidity between insomnia and depression.
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INTRODUCTION

Adequate sleep is a critical component of adaptive mental
health functioning. Approximately 10% of the population suf-
fers from insomnia, a chronic sleep disorder with daytime
impairments.! The most commonly reported symptom of in-
somnia is sleep continuity disruption, whereby inadequate
sleep is achieved in fits and starts throughout the night.? One
of the most common daytime symptoms of insomnia is de-
pressed mood.* However, the mechanisms underlying the in-
terface of insomnia and depression are poorly understood. In
the current study, we tested an experimental model of the ef-
fects of sleep continuity disturbance on positive and negative
mood in order to better understand the mechanisms linking
insomnia and depression. We evaluated changes in mood and
sleep architecture following a forced awakenings experimental
manipulation of sleep continuity (FA) versus a restricted sleep
opportunity comparison condition (RSO) that matched the FA
condition in overall amount of sleep loss, but permitted well-
consolidated sleep.

Several large epidemiological studies have indicated that
insomnia increases vulnerability for incident and recurrent
depression.*> Depression is characterized by poor mood
regulation, and patients frequently describe frank deficits
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in positive mood, a core symptom known as anhedonia. Al-
though the effects of insomnia and poor sleep quality on
negative mood have been well characterized,’ emerging liter-
ature highlights the possibility that sleep loss and poor sleep
quality may be more robustly linked to deficits in positive
mood, relative to negative mood.”'® Mechanisms accounting
for the effect of insomnia on positive mood, however, have
not been explained.

Evidence suggests that changes in sleep architecture in-
crease risk for depression.'" The sleep architecture changes
most commonly associated with depression include de-
creased latency to rapid eye movement (REM) sleep in-
creased rapid eye movement sleep and increased REM
density.'>"* Although a great deal of attention has been
placed on REM sleep, reductions in slow wave sleep (SWS)
have also been observed in depression.”"7 Despite the ex-
tensive literature on sleep architecture and depression, the
extent to which changes in sleep architecture are associated
with positive relative to negative mood states is not presently
known, and it is not clear if one aspect of sleep architecture
is more strongly associated with positive mood states than
others. One intriguing finding from Walker and Stickgold'®"
revealed that positive emotional memories were more poorly
consolidated, whereas negative emotional memories were
relatively unchanged following total sleep deprivation. The
authors postulated that loss of SWS may have accounted for
this effect,'®!” but could not directly test that hypothesis due
to their inability to measure SWS in the context of total sleep
deprivation. To the extent that sleep continuity disruption
impairs the generation of slow waves, it is reasonable to hy-
pothesize that multiple nights of FA may have a greater effect
on positive, relative to negative, mood than RSO, in which
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Table 1—General inclusion and exclusion criteria.

Inclusion Criteria

Nonsmoker

Low caffeine users (< 2 cups of coffee or equivalent per day)
Pittsburgh Sleep Quality Index Total Score < 5

Usual sleep latency and wake after sleep onset time < 15 min
Stable preferred sleep phase within 22:00 and 08:00

Usual total sleep time between 7 and 8.5 h/night (confirmed via
averages of 2 w of sleep diary and actigraphy monitoring)

Exclusion Criteria

+ Significant medical/psychiatric history within the past 6 mo or
lifetime history of Raynaud syndrome, bipolar disorder, psychotic
disorder, or recurrent major depression

+ Lifetime history of alcohol or substance abuse problem

+ Use of antidepressant medications within 6 mo

+ Significant symptoms of psychological distress (i.., no scales
with T-scores > 64 on the Brief Symptom Inventory)

+ History of chronic pain disorder (lifetime history of persistent
pain for = 6 mo)

+ Acute pain (measured via the McGill Pain Questionnaire and via
2-w baseline diaries)

+ Current or lifetime history of sleep disorders; current daytime
sleepiness (Epworth Sleepiness Scale > 9)

+ History of significant head injury with loss of consciousness

+Abnormal or positive blood chemistries, including a positive
pregnancy test

+ Failed toxicology screen for recreational drugs, stimulants,
opioids, or benzodiazepines

+ Polysomnography-confirmed apnea-hypopnea index < 10

consolidated sleep is permitted and SWS is expected to be
only transiently attenuated.

In the current study, healthy good-sleeping participants
were randomized to receive 3 consecutive nights of FA, or one
of two control conditions: RSO or uninterrupted sleep (US).
We hypothesized that positive mood, but not negative mood,
would be more greatly impaired in the FA condition relative
to RSO, and that the effect would be statistically mediated by
changes in sleep architecture (either REM, REM latency, or
SWS).

METHODS

Participants

The sample was composed of 62 healthy men and women
demonstrating good sleep. The female subjects (n = 39) in-
cluded in this report participated in a prior study examining
the effects of sleep disruption on pain, but did not examine
changes in mood.?’ Subsequent to that publication we recruited
23 men to participate in the current study on sleep and affect,
following identical procedures. Subjects were required to
undergo a 2-w washout period of centrally acting agents (in-
cluding caffeine), prior to starting the study. Eligibility criteria
is provided in Table 1. The protocol was approved by the in-
stitutional review board and all subjects completed informed
consent prior to participation.

Measures

Questionnaires were administered each night prior to the
subject’s typical bedtime. Exact timing of measurements was
not recorded, but technicians were instructed to administer the
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questionnaires as close as possible to the subject’s sleep diary-
verified bedtime, which typically occurred between 22:00 and
23:00. The following questionnaires were administered.

Profile of Mood States Bipolar (POMS Bipolar)

The POMS Bipolar is a 72-item, four-point Likert scale
self-report measure with 36 positive and 36 negative emotion
items. The POMS-Bipolar has good internal consistency and
is sensitive to change.?’ The measure produces a global posi-
tive mood scale and a global negative mood scale, which in our
sample correlated at » = —0.45. We used the global indices in
primary analyses, and followed up with secondary analyses
that investigated group differences in each of the subscales.
The Composed/Anxious subscale assesses low activation posi-
tive items such as relaxed and serene versus high activation
negative items such as anxious and jittery. The Agreeable/
Hostile subscale assesses low activation positive items such as
friendly and sympathetic versus high activation negative items,
such as annoyed and angry. The Elated/Depressed scale mea-
sures high activation positive items such as cheerful and joyful
versus low activation negative items such as lonely and de-
jected. The Confident/Unsure scale measures high activation
positive items such as bold and forceful versus low activation
negative items such as unsure and timid. The Energetic/Tired
scale assesses high activation positive items such as alertness
and vigor versus low activation negative items such as slug-
gishness and exhaustion. Finally, the Clearheaded/Confused
subscale assesses high activation positive items such as effi-
cient and attentive versus low activation negative items such as
confused and dazed.

Stanford Sleepiness Scale (SSS)

The SSS is a widely used, seven-item, seven-point Likert
scale self-report measure, designed to evaluate subjective
changes in sleepiness.”” The SSS can be repeatedly adminis-
tered and is highly sensitive to change.

Nocturnal Polysomnography (PSG)

Participants slept in a private inpatient research room. PSGs
were acquired according to standard PSG procedures, using
Embla amplifiers (N7000) and Somnologica software, and
scored according to established clinical research standards,”
as described in our earlier publication.?

Study Design

Figure 1 depicts the study design, which is adapted from the
parent study.”® After completing the 2-w screening period, sub-
jects were admitted to the clinical research unit for a night of
polysomnographic screening. Subjects who remained eligible
were randomized to one of three conditions: FA, RSO, or US
(see endnote A). In all three conditions, subjects were required
to remain on the unit throughout the day, and were permitted
to move about the unit, interact with other research partici-
pants, and spend time in the group recreation room at their
leisure. Specific activities were not recorded.

us
Subjects continued to sleep undisturbed with an 8-h sleep
opportunity for the remaining 5 nights.
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FA

Subjects underwent 3 consecutive nights (Nights 2—4) of
partial sleep deprivation via a forced awakening protocol. The
night was divided into eight 1-h intervals. One of the hour-long
intervals was randomly determined as a 60-min forced awak-
ening, during which no sleep was permitted. The remaining
seven, 60-min intervals were subdivided into thirds (20-min
intervals), and one 20-min interval was randomly selected
as a forced awakening period. During assigned forced awak-
ening periods, nursing staff awakened subjects and keep them
awake for the entire interval. Subjects were asked to sit up in
bed with the lights on to reduce the chance of microsleep. The
maximum total sleep time possible was 280 min. Polysomno-
graphic monitoring was maintained for the entire sleep op-
portunity period. Subjects were not permitted to the leave the
inpatient unit during sleep deprivation periods and were under
continuous nursing supervision/monitoring (day and night) to
prevent naps and ensure safety.

RSO

During Nights 2—4 of RSO, subjects’ total sleep opportu-
nity period was restricted and yoked to the amount of total
sleep time achieved by a matched subject in the FA group.
This was accomplished by delaying the RSO subject’s bedtime
and keeping a fixed wake time. For example, if an FA subject
achieved 210 min of total sleep time on Night 2, the yoked
RSO subject would be provided a 210-min opportunity for
undisturbed sleep (bedtime 03:30, wake time 07:00) on Night
2. Subjects in the RSO condition were monitored polysomno-
graphically for an entire 8-h period.

Data Analytic Plan

Prior to conducting primary analyses, FA and RSO groups
were compared to US as a manipulation check on total sleep time
and sleepiness. Primary analyses were then limited to FA and
RSO groups. The primary hypotheses were that positive mood,
but not negative mood, would be significantly lower over time
in the FA condition relative to RSO, and that the effect would be
statistically mediated by changes in REM, REM latency, or SWS.
To test these hypotheses, we first calculated residualized change
scores for SWS, REM, and REM latency (referred to as ASWS,
AREM, and AREM latency, respectively). Next, separate multi-
level growth models were fit to include Group (FA versus RSO),
Time (Day 2 through Day 5), the residualized change in sleep
architecture (ASWS, AREM, and AREM latency, respectively)
(see endnote B), and all two- and three-way interactions therein.
Multilevel models were tested according to specification from
Singer and Willett.* Negative mood was covaried in all models
to partial outshared variance between affective valences. Sex
was covaried due to the imbalance between males and females,
and prior evidence for sex differences in sleep architecture.”
Sleepiness was covaried to account for shared variance with
positive mood. The same models were then repeated, with nega-
tive mood as the outcome and positive mood as the covariate to
determine if effects were differential by valence.

Several methods for testing statistical mediation have been
proposed,® and study design is a key factor in choosing which
method to employ. Due to the temporal sequencing of the
target variable, the mediator, and the outcome, we elected to
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Figure 1—Study design.

employ the MacArthur approach? to test mediation. This ap-
proach specifies that two criteria be met to infer mediation: (1)
the target variable must temporally precede the mediator, and
(2) the target variable and mediator must be associated. In our
model, the outcome was change in positive mood, the target
variable was the Group X Time interaction because we were
examining group differences in the change in positive mood
over time, and the mediators were ASWS, AREM, and AREM
latency, respectively. Because the sleep manipulation preceded
any change in sleep architecture, mediation was inferred
from either a statistically significant (P < 0.05) interaction of
Group x Time X sleep architecture (ASWS, AREM, or AREM),
or a main effect of one of the sleep architecture terms.*

RESULTS

Table 2 provides demographic information on all participants
by Group. The sample was comprised of a majority of females
due to an initial recruitment strategy that targeted only females,
and subsequently was expanded to include both sexes for the
current ancillary project investigating mood. All other demo-
graphic indicators were evenly distributed between groups.

Manipulation Check

Polysomnographic measures of sleep continuity [total sleep
time (TST) and sleep efficiency (SE)] and a subjective measure
of daytime sleepiness were used to verify the integrity of the
partial sleep deprivation conditions relative to US. Descriptive
statistics for these measures are available in Table 3.

Together, these findings confirmed that participants in US
did not experience disruptions of sleep continuity or sleepiness
relative to FA or RSO. In addition, as expected, US subjects did
not significantly change in positive mood (P = 0.15) or nega-
tive mood (P = 0.43) across days. Given these data, US was not
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Table 2—Sample demographics.
FA(n=21) RSO (n=17) Control (n = 24) Total (n = 62)
Age, mean (SD) 24.76 (5.52) 25.53 (4.65) 27.08 (7.40) 25.87 (6.11)
Race, n (%)
Caucasian 9 (43%) 5 (35%) 12 (50%) 26 (42%)
African American 5 (24%) 6 (35%) 5(21%) 16 (26%)
Asian 5 (24%) 3 (18%) 5(21%) 13 (21%)
Other 2 (10%) 3(17%) 1 (4%) 7 (11%)
Sex, n (%)
Female 12 (57%) 12 (71%) 17 (71%) 41 (66%)
Education, n (%)
College grad 12 (57%) 9 (53%) 14 (58%) 35 (57%)
Employment, n (%)
Employed 6 (28%) 3 (18%) 10 (42%) 19 (31%)
Student 13 (62%) 9 (53%) 12 (50%) 34 (55%)
FA, forced awakenings; RSO, restricted sleep opportunity; SD, standard deviation.
Table 3—Manipulation check on sleep continuity and sleepiness.
Night 1 Night 2 Night 3 Night 4
FA RSO us FA RSO us FA RSO us FA RSO us
ST 457.72  461.87  414.83 246.89  233.23  408.76 27894 26420 418.64 27412 262.96  422.99
(24.39)  (12.07) (129.66) (31.57)  (19.36) (131.33) (46.32)  (31.55) (105.64) (31.11)  (19.76) (96.41)°
SE 0.95 0.96 0.94 0.55 0.98 0.93 0.60 0.99 0.92 0.59 0.98 0.92
(0.04)  (0.02)  (0.05) (0.12)  (0.02)>¢  (0.07) (0.14)  (0.01)>c  (0.09) (0.12)  (0.01)>c  (0.08)
Day 2 Day 3 Day 4 Day 5
SSS 1.85 2.20 1.77 2.74 2.50 2.00 3.4 3.07 1.70 3.56 3.29 1.70
(0.67)  (0.56)  (0.75) (0.87)c  (0.76) (1.11) (1.06)c  (1.07°  (0.80) (1.34)c (091  (0.73)
Values are raw means (and standard deviations). 2 > FA & RSO, P < 0.001.°> FA, P < 0.001.¢> US, P < 0.05. FA, forced awakenings; RSO, restricted sleep
opportunity; SE, sleep efficiency; SSS, Stanford Sleepiness Scale; TST, total sleep time; US, uninterrupted sleep.

included in the primary analyses, and all Group main and inter-
action effects below refer to the contrast between FA and RSO.

Group Differences in Positive and Negative Mood

Table 4 shows means and standard deviations for positive
and negative mood across days. Groups (FA versus RSO) were
not significantly different in positive or negative mood on any
day. Figure 2A demonstrates that positive mood decreased
for all subjects randomized to RSO or FA. However, a mixed-
effects model revealed a significant Group x Time interac-
tion (t = —2.23, df = 38, P = 0.03), indicating that FA subjects
evidenced a significantly greater reduction in positive mood
from baseline through Day 5 than RSO subjects. This model
was significant (P < 0.05) with and without negative mood and
sleepiness entered as covariates, suggesting the group effect
on positive mood is above and beyond the shared variance be-
tween mood valences and sleepiness.

Negative mood significantly increased throughout the 3-day
partial sleep deprivation period for all subjects (irrespective of
FA or RSO), controlling for positive mood (t = 3.56, df = 103,
P = 0.001). FA and RSO groups did not differ in the rate of
change of negative mood (P = 0.36). Figure 2B displays means
and standard errors.

Together, these findings indicate that (1) FA had a more ro-
bust effect on positive mood compared to RSO; 2) the effect is
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observed on the day after the second night of sleep deprivation
and maintained through the day after a subsequent night of
sleep manipulation; and (3) the RSO and FA conditions did not
differentially influence negative mood.

Secondary analyses on POMS-BI subscales were conducted to
increase the granularity of the findings. Significant Group x Time
interactions were observed for the Agreeable/Hostile (P = 0.02)
and Clearheaded/Confused (P = 0.002) subscales, whereas
groups did not differ over time on other subscales (Ps > 0.17).
These data suggest that there was not a clear pattern of effects
favoring low versus high activation positive mood items, and
support the decision to use the global positive mood index as the
primary dependent measure. Most importantly, these secondary
analyses suggest that the primary group differences on positive
mood were not driven solely by a sense of fatigue, but rather rep-
resented multiple dimensions of positive mood.

Group Differences in SWS, REM, and REM Latency

Means for each sleep stage (in minutes) by group (FA
versus RSO) can be found in Table 4. FA and RSO did not
differ in the duration of stage N2 on any night. FA partici-
pants had more stage N1 sleep on Night 2 (F = 28.36, df = 34,
P <0.001), Night 3 (F = 17.61, df = 32, P < 0.001), and Night
4 (F = 41.85, df = 31, P < 0.001). Notably, in addition to the
increase in stage N1 on Night 2, FA subjects had significantly
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Table 4—Descriptive statistics for sleep architecture variables and mood.

Night 1 (Baseline) Night 2 Night 3 Night 4

FA RSO FA RSO FA RSO FA RSO

SWS 62.05 72.94 36.33 59.13 55.37 69.11 53.60 66.00
(32.11) (37.47) (21.31) (29.61)° (30.64) (34.25) (28.82) (32.56)

REM 105.74 105.05 49.26 48.20 57.24 61.04 57.38 64.18
(23.50) (22.59) (21.60) (14.92) (21.04) (20.76) (22.55) (16.99)

76.43 77.47 214.90 75.33 136.74 49.20 104.22 60.39
REM Latency (2580)  (27.23) (9578) (4155 (8274) (3588 (6341) (3170

N 20.24 16.18 28.45 6.07 22.70 3.96 2017 4.24
(14.87) (13.85) (14.08) (9.37) (16.30) (3.89)° (8.46) (4.10)

\2 269.70 267.70 132.88 119.83 143.64 130.09 142.95 128.54
(36.85) (40.52) (28.60) (31.64) (47.41) (36.50) (33.97) (41.57)

Day 3

Pusiive Mood 64.60 59.44 52.05 50.73 4453 52.33 44.67 52.07
(25.24) (15.10) (20.86) (22.32) (25.87) (22.97) (23.02) (19.97)

. 9.80 6.69 19.05 12.00 20,59 15.60 2261 17.60
Negative Mood (15.59) (6.37) (12.89) (6.28) (21.85) (9.61) (22.09) (10.29)

RSO, restricted sleep opportunity; SWS, slow wave sleep.

Values are raw means (and standard deviations). 2FA < RSO; P < 0.05. °FA > RSO; P < 0.001. FA, forced awakenings; REM, rapid eye movement;
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lower SWS (F =7.03, df =34, P = 0.01) and significantly higher
REM latency (F = 27.76, df = 34, P < 0.001) observed on that
night. Because increased stage N1 might be considered an
inherent artifact of the FA condition (i.e., subjects typically
reinitiate sleep via N1), we entered stage N1 as a covariate in
subsequent models.

Sws
Across subjects, minutes of SWS significantly decreased
(t=-2.87,df =99, P = 0.005; see Figure 3). Groups did not
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significantly differ in the rates of change over all nights
(P =0.17). However, a post-hoc analysis indicated that the rate
of change in SWS from Night 1 to Night 2 was significantly
greater for the FA group compared to the RSO group (F =4.74,
df =33, P =0.04).

These findings indicate that FA has a stronger immediate
effect on SWS compared to RSO. Although not statistically
significant, a trend in the means (see: Table 2) indicates that FA
subjects did not fully recover this relative SWS deficit even as
sleep pressure increased on the second night of FA.
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Figure 3—Means and standard errors in slow wave sleep by group
over time. FA, forced awakenings; RSO, restricted sleep opportunity;
SWS, slow wave sleep.

REM

Groups did not differ in REM on any experimental night.
Across subjects, minutes of REM significantly decreased
(t=-10.49, df = 101, P < 0.001), and the groups did not signifi-
cantly differ in the rate of change (P = 0.76).

REM Latency

FA subjects had significantly greater REM latency on each
experimental night, and a greater change over time from base-
line, relative to RSO (t = 4.85, df = 97, P < 0.001). A post-
hoc comparison indicated that the rate of change in REM
latency from baseline to Night 2 was significantly greater for
the FA group compared to the RSO group (F = 27.34, df = 33,
P <0.001).

Do Changes in SWS or REM Latency Mediate the Effect of
Forced Awakenings on Positive Mood?

Based on the aforementioned findings, we created residual-
ized change scores for SWS and REM Latency from baseline
to Night 2, and included them as mediators in separate media-
tion models. Because there were no group differences in REM
change over time, it was not eligible to test as a mediator.

SWS Mediation Model

The SWS mediation model tested whether change
in SWS from baseline to Night 2 mediated the linear
Group x Time effect on positive mood. The results for this
model are included in Table 5. Notably, the significant interac-
tion of Group x Time X ASWS (t = —3.34, df = 34, P = 0.002)
provides evidence that the change in SWS from baseline to
Night 2 mediated the group differences (FA > RSO) in the
rate of change in positive mood across nights of partial sleep
deprivation. To determine how much variation in positive
mood was explained by the mediation effect, a pseudo R? was
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Table 5—Primary mixed-effects mediation model.

Random Effects B SE z P
Intercept 338.75 88.61 3.82  <0.001
Autocorrelation 59.25 14.30 414 <0.001

Fixed Effects B SE t P
Group (FAvs. RSO) 4.21 10.20 0.41 0.68
Day -2.02 1.85 -1.09 0.29
Negative Mood -0.58 0.17 -3.38 0.001
Sleepiness 2.01 2.27 0.89 0.38
Sex -0.96 8.03 -0.12 0.91
Stage N1 0.15 0.14 113 0.26
REM Latency 0.03 0.02 1.9 0.06
ASWS 0.28 0.28 1.01 0.32
Group x Day -5.76 0273 -21 0.04
Group x ASWS -0.15 0.49 -0.30 0.76
Day x ASWS 0.24 0.08 3.04 0.005
Group x Day x ASWS  -0.46 0.14 -3.34 0.002

Results are presented for the mixed-effects mediation model in which
positive mood was the dependent variable, group (FA vs. RSO),
day, and change in slow wave sleep (ASWS) and their interactions
were the primary independent variables, and negative mood, sex,
and stage N1 sleep were the covariates. The Group x Day x ASWS
interaction, in bold, was used to infer mediation (i.e., that changes in
SWS mediated group differences in the rate of change in positive mood).
FA , forced awakenings; REM, rapid eye movement; RSO, restricted
sleep opportunity; SWS, slow wave sleep.

1740

calculated from the residual variance components from suc-
cessive models with and without the Group x Time x ASWS
interaction term. The pseudo R? for this effect was 0.14, indi-
cating that the Group x Time x ASWS interaction accounted
for 14% of the explainable variance in positive mood.

REM Latency Mediation Model

Results from REM latency mediation model indicated that
neither the main effect of change in REM latency nor the in-
teraction of Group x Time X AREM latency was statistically
significant (Ps > 0.95). Thus, the evidence indicated that the
change in REM latency did not mediate the group differences
in the rate of change of positive mood.

DISCUSSION

This study revealed the following key findings: (1) 3 nights
of forced nocturnal awakenings (FA) reduced positive mood to
a significantly greater extent than 3 nights of restricted sleep
(RSO) in a sleep duration-yoked experimental design; (2) FA
produced a significantly larger reduction in SWS and increase
in REM latency than the RSO condition; and (3) the change in
SWS, but not REM latency, significantly mediated the effect of
FA on positive mood.

The current study introduces several novel findings. To
our knowledge, this is the first human experimental study
to demonstrate that, despite comparable reductions in TST,
partial sleep loss from sleep continuity disruption (i.e., FA)
is more detrimental to positive mood than partial sleep loss
from delaying bedtime (i.e., RSO), even when controlling for
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concomitant increases in negative mood. Notably, the group
difference emerged after the second night of sleep manipula-
tion and was maintained through the next day, indicating that
the effect of sleep continuity disruption on positive mood may
accumulate over time. The FA paradigm was initially devel-
oped as an experimental model for sleep maintenance problems,
which are characterized by repeated nocturnal awakenings re-
sulting in elevated levels of wake after sleep onset. Sleep main-
tenance difficulty is the most commonly reported symptom of
insomnia,"?> and is a common feature of sleep in a variety of
other contexts, such as early parenthood, combat, and on-call
health care work. As such, the ecological validity of the FA
paradigm enhances the generalizability of the present findings.
Future studies will be needed to determine the extent to which
the acute effects of experimental sleep continuity disruption
correlate with the daily effects of sleep maintenance insomnia,
which may be less severe than those experienced through our
manipulation.

FA and RSO were both associated with decreases in posi-
tive mood and increases in negative mood. However, whereas
FA more strongly affected positive mood, the groups were
equivalent in their effect on negative mood. This suggests that
sleep continuity disruption is especially harmful for positive
mood, compared to restricted sleep loss. Additionally, the ef-
fect of FA on positive mood was present even when negative
mood was covaried, suggesting that FA has unique effects
on positive relative to negative mood. These findings support
the results of several recent studies that have revealed: (1) a
cross-sectional association between self-reported sleep quality
and lower positive mood, independent of negative mood, in
depressed patients’; (2) a stronger lagged daily association be-
tween self-reported sleep quality and lower positive, relative to
negative, mood’; (3) a larger change in positive, relative to neg-
ative, mood following total sleep deprivation'; and (4) a failure
to consolidate positive, but not negative, emotional memories
following total sleep deprivation.'® Notably, the current results
are in contrast to those demonstrating transient bursts in posi-
tive mood following therapeutic total sleep deprivation in de-
pressed patients.”” These conflicting findings are likely due to
differences in sleep manipulation (e.g., FA versus total sleep
deprivation), and sample constituency (e.g., healthy subjects
versus depressed patients), and should be resolved in future
investigations with clinical subjects.

The current findings fit the arc of a narrative describing a
putative pathway from insomnia to depression in individuals
without preexisting mood disturbance. Notably, secondary
analyses on mood subscales indicated that the effects of FA on
positive mood were not limited to aspects of energy and vigi-
lance, but rather extended to low activation positive emotions
such as agreeableness. This supports our findings’ relevance
for depression; indeed, a deficit in the ability to experience pos-
itive emotions is the critical element of anhedonia, one of the
core symptoms of depression. Poor positive emotion regulation
is associated with cardiovascular disease,?® chronic pain,* and
inflammation,**2 all of which are comorbid with depression.
Furthermore, positive mood promotes resilience to day-to-day
spikes in physical and social stressors,**¢ which commonly
precipitate depressive episodes.’” Thus, our findings may help
future research to clarify sleep related mechanisms by which
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individuals become vulnerable versus resilient to developing
depression and other comorbid chronic illnesses. Additionally,
our findings may help explain the high rate of depression re-
mission observed in Manber et al.’s** clinical trial of cogni-
tive-behavioral therapy for insomnia in patients with comorbid
depression and insomnia. Understanding valence-specific ef-
fects of sleep continuity disruption on mood, and their cor-
responding mechanisms, could lead to an improvement in the
specificity of treatments available to patients with insomnia.

With these findings, we provide temporal evidence in sup-
port of a putative biologic mechanism (SWS deficit) that could
explain the strong comorbidity between insomnia and depres-
sion. Both groups demonstrated similar levels of partial SWS
loss (compared to baseline) for the second and third nights of
sleep deprivation. However, because SWS is under robust ho-
meostatic control, the FA group carried forward a larger rela-
tive deficit in SWS compared to RSO, which in turn mediated
the differential deficit in positive mood. In terms of effect size,
the initial change in SWS accounted for 14% of the variance in
the divergent linear slopes of positive mood, indicating that the
mediation effect was of moderate to large size. Interestingly,
the group divergence in positive mood was lagged by 1 day
from the group divergence in SWS. These data may indicate
that the effects of SWS loss take time to unfold, and may be
particularly harmful in the context of chronic sleep continuity
disruption.

It remains to be determined whether the relationship be-
tween SWS and positive mood changes over the course of daily
life with chronic sleep maintenance insomnia and comorbid
depression. With the advent of emerging ambulatory sleep
electroencephalography technology, it will be imperative to
gather longitudinal measurements of sleep architecture, along
with sleep-maintenance insomnia symptoms and positive
mood, to determine if the present experimental findings can
be replicated in a naturalistic setting.

This study was limited in a few respects. First, because the
parent study introduced total sleep deprivation before par-
ticipants engaged in recovery sleep, we were unable to study
recovery sleep associated changes in sleep architecture and
mood without confound. Future investigations should seek to
replicate our findings and include recovery sleep immediately
following FA and RSO. Second, the current findings are lim-
ited to self-reported mood, and therefore may be influenced
by reporting biases. Future studies should include psycho-
physiological and/or neurobiological measures of emotion to
support and extend the present results. Third, mood was only
sampled once per day, which prevents our ability to examine
the dynamic changes in mood that may be expected to occur
throughout the day as a result of circadian variation.* Finally,
although our findings provide temporal evidence that SWS
mediates the effect of sleep continuity disruption on positive
mood, we cannot conclude that the effect is causal because
the FA condition was an indirect manipulation of SWS. Future
studies that selectively disrupt SWS versus REM would extend
the current results.

In summary, the current study introduces the novel finding
that sleep continuity disruption reduces positive mood via
disruption of SWS, and adds texture to an emerging body of
literature that highlights the ramifications of insomnia on the
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regulation of positive emotions. Together, these emergent data
provide a compelling rationale for a putative pathway linking
insomnia and depression.

ENDNOTES

A: The parent study protocol 20 also included a night of total
sleep deprivation and a night of recovery sleep, both of which
followed the partial sleep deprivation period. Data associated
with those 2 nights were not included in the current analyses
for two reasons. First, our hypotheses were specific to the ef-
fects of FA on sleep architecture. Second, the night of total
sleep deprivation confounded our ability to examine the ef-
fects of recovery sleep on sleep architecture and mood.

B: The original manuscript reported a significant difference
between FA and RSO on SWS. However, since 21 additional
male subjects were recruited for the present analyses, we left
open the hypothesis that groups would be different on that pa-
rameter, and elected to test all three sleep architecture vari-
ables as mediators in the event of significant group differences.
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