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Abstract

Premature mortality and increased physical comorbidity associated with bipolar disorder (BD)
may be related to accelerated biological aging. Sleep disturbances and inflammation may be key
mechanisms underlying accelerated aging in adults with BD. To our knowledge, these
relationships have not been examined rigorously. This cross-sectional study included 50 adults
with BD and 73 age- and sex-comparable non-psychiatric comparison (NC) subjects, age 26—-65
years. Participants were assessed with wrist-worn actigraphy for total sleep time (TST), percent
sleep (PS), and bed/wake times for 7 consecutive nights as well as completing scales for subjective
sleep quality. Within-individual variability in sleep measures included intra-individual standard
deviation (iSD) and atypicality of one evening’s sleep. Blood-based inflammatory biomarkers
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included interleukin (IL)-6, C-reactive protein (CRP), and tumor necrosis factor-alpha (TNF-a).
Linear regression analyses tested relationships of mean and iSD sleep variables with inflammatory
marker levels; time-lagged analyses tested the influence of the previous evening’s sleep on
inflammation. BD participants had worse subjective sleep quality, as well as greater TST iSD and
wake time iSD compared to the NC group. In all participants, higher TST iSD and lower mean PS
were associated with higher 1L-6 levels (p=.04, np22.042; p=.05, np22.039, respectively). Lower
mean PS was associated with higher CRP levels (p=.05, np22.039). Atypicality of the previous
night’s TST predicted next day IL-6 levels (p = 0.05, npz =0.04). All of these relationships were
present in both BD and NC groups and remained significant even after controlling for sleep
medications. Overall, sleep measures and their variability may influence inflammatory markers in
all adults. Thus, sleep may be linked to the inflammatory processes believed to underlie
accelerated aging in BD.

Keywords
interleukin-6; total sleep time; serious mental illness

Introduction

Bipolar disorder (BD) is a serious mental illness that affects 1% of adults (Harvard Medical
School, 2007; Merikangas et al., 2007) and is associated with serious functional
impairment(Kessler et al., 2005) as well as premature and higher mortality due to age-
related chronic diseases (Dev et al., 2017; Fries et al., 2017; Lomholt et al., 2019; Powell et
al., 2018; van den Ameele et al., 2018; Yang et al., 2018). Inflammation is a key biological
process that may underlie biological aging and increased mortality in BD (Rosenblat and
Mclntyre, 2017; Sayana et al., 2017); h wever, the exact links between inflammatory
cytokines, behavior, and psycho athology have not been fully elucidated.

Sleep disturbance may be a potential mechanism of inflammaging in adults with BD. Sleep
disruptions are integr to the primary psychopathology of BD (Harvey et al., 2009), as
decreased need for sleep is a cardinal symptom of mania, and insomnia/hypersomnia are
often associated with depressive episodes. Key sleep features occurring with manic episodes
include reduced REM latency and shortened total sleep time (TST) while sleep features of
depressive episodes include increased fragmentation of REM sleep and greater percentage of
time awake (Gold and Sylvia, 2016). Even when the mood symptoms remit, persons with
BD continue to report worse sleep quality and objectively can have more disturbed sleep
(e.g., lower sleep efficiency) compared with the general population (Ng et al., 2015;
Robillard et al., 2015). Furthermore, within the general population and medically ill patients,
self-reported sleep disturbances and sleep deprivation have been associated with higher
levels of commonly studied pro-inflammatory peripheral cytokines [e.g., higher Interleukin-
(IL-)6, C-Reactive protein (CRP), and TNF-(Tumor Necrosis Factor-)a levels].(Irwin, 2015)
Sleep deprivation for a single night can significantly impact inflammatory markers the
following morning (Irwin et al., 2006). Therefore, both chronic and acute sleep disturbances
may affect inflammatory measures and warrant examination.

J Psychiatr Res. Author manuscript; available in PMC 2022 February 01.
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Intra-individual variability and irregularity of sleep and circadian activity are also
characteristic of persons with BD. Adults with BD have increased variability of actigraphic
sleep measures (TST and sleep efficiency) (Ngetal.,2015; Robillard et al., 2015) as well as
delayed (Robillard et al., 2015) and decreased circadian activity amplitude (Salvatore et al.,
2008). Increased variability sleep measures were observed in persons with inter-episode BD
(Jones et al., 2005; Millar et al., 2004; Ng et al., 2015). Increased variability of sleep and
circadian disturbances has been associated with poor outcomes including more severe manic
and depressive symptoms (Kaufmann et al., 2016), greater mood variability (Carr et al.,
2018; Melo et al., 2017), medication adherence (Kaufmann et al., 2016), working memory
and verbal learning performance (Kanady et al., 2017) among adults with BD. In the general
population, sleep variability in objective measures (i.e., TST, Bed time, Wake time) has been
linked with increased cytokine levels (most commonly IL-6, but also CRP, TNF- a in a few
studies) (Okun et al., 2011; Park et al., 2016). Understanding the link between sleep
variability and inflammation may be important for developing interventions that improve
functioning and decrease the rate of aging in BD. Notably, one study found that sleep
variability was modifiable and improvements in sleep variability post-treatment were
associated with improved cognitive performance in adults with BD (Kanady et al., 2017). It
is not known if these same findings are seen with regards to inflammation. To our
knowledge, this is the first investigation of the links between inflammation and variability of
objective sleep measures among persons with BD.

In the current study, we examined subjective and objective sleep measures in adults with BD
and non-psychiatric comparison (NC) subjects. We hypothesized that relative to NCs,
persons with BD would have higher levels of inflammatory markers (IL-6, CRP, and TNF-
a), worse sleep measures (worse sleep quality, lower percent sleep [PS], shorter TST, later
Bed time and later Wake time) and increased variability of objective sleep measures.
Furthermore, based on the findings in the published literature, we hypothesized that worse
mean and increased variability of objective sleep measures would be associated with higher
IL-6 levels in BD and NC groups. We also explored the relationships of CRP and TNF-a
levels with the subjective and objective sleep measures. In the BD group, we explored the
role of mood symptoms and psychotropic medication load on the sleep-inflammation
relationships. Last, we explored the relationship of single night’s sleep on the following
morning’s inflammatory assessment, using time-lagged analyses.

Materials and Methods

Subjects

All subjects (adults with BD and age- and sex-comparable NCs, age 26—65 years) were
participants in an ongoing longitudinal study of inflammaging in BD. Participants were
recruited using sex- and age-binning to ensure similar distributions in the BD and NC
groups. The protocol was approved by the University of California, San Diego (UCSD)
Human Research Protections Program, and all participants provided written informed
consent. All participants were English-speaking and lived in the greater San Diego area. BD
diagnosis was based on the Structured Clinical Interview for the DSM-IV-TR (SCID).(First,
November 2002) Subjects were excluded for the following: 1) other current DSM-IV-TR

J Psychiatr Res. Author manuscript; available in PMC 2022 February 01.
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Axis | diagnoses; 2) acute illness or pregnancy; 3) recent vaccination; 4) history of
neurodegenerative or a major neurological illness; 5) history of cancer treatment; and 6)
uncontrolled medical illness affecting a subject’s ability to complete study procedures. All
subjects were assessed annually, using a two-week burst design, during which they
completed up to 14-days wrist-worn actigraphy assessments and three in-clinic assessments
for inflammatory biomarker levels among other assessments. Subjects with at least 7 days/
nights actigraphy data were included to ensure enough data for the intra-individual
variability analyses.

Subjects were interviewed by trained study staff and completed the following standardized
assessments for: overall psychopathology (Brief Psychiatric Rating Scale or BPRS), manic
symptoms (Young Mania Rating Scale or YMRS), depressive symptoms (Hamilt Depression
Rating Scale or HAM and Patient Health Questionnaire-9 item or PHQ-9), mental well-
being (Short Form Health Survey - Mental), and physical well-being (Short Form Health
Survey - Physical) (Hamilton, 1960; Kroenke et al., 2001; Ventura et al., 2000; Ware and
Sherbourne, 1992; Young et al., 1978). Subjects were interviewed about their current
medications, and current medication load for all psychotropic medications was calculated
based on dosages as previously described (Hassel et al., 2008). Specific sleep-related
medication use was assessed using the item #7 of Pittsburgh Sleep Quality Index (Buysse et
al., 1989): “During the past month, how often have you taken medicine (prescribed or “over
the counter”) to help you sleep?” The responses were dichotomized as Never versus Ever
use of sleep medications. BMI was calculated from the participant’s measured height and
weight, which were assessed in the clinic.

Sleep assessments

Self-reported sleep quality was measured using the Pittsburgh Sleep Quality Index (Buysse
et al., 1989). Objective sleep measures from wrist-worn actigraphy were assessed for at least
seven 24-hour periods (days and nights) using the actisleep-BT (Actigraph, Pensacola, FL),
a tri-axial accelerometer. F subjects with more than 7 days/nights of objective sleep data,
only the first seven 24-hour periods were included in the analyses. The data were analyzed
using validat d algorithms to determine PS, TST, Bed time and Wake time (Ancoli-Israel et
al., 2003). PS is the percentage of time in bed that is spent sleeping. TST is the aggregated
number of minutes spent sleeping during an overnight sleep bout. Bed time and Wake time
reflect the times that overnight sleep is initiated and terminated, respectively. Participants
completed a nightly sleep log with bed-time and wake-times which were used to edit the
actigraphy data.

Sleep variability

Within-subject variability in sleep measures was assessed with intraindividual standard
deviation (iSD) across the seven days/nights of actigraphy data (Taylor et al., 2016). We also
studied more acute influences of variability by conducting time-lagged analyses of the
prediction of next day inflammation by the previous night’s sleep atypicality. For these
analyses, sleep atypicality (a measure of how atypical the previous evening’s sleep was
relative to the mean values) was calculated by squaring the difference between each

J Psychiatr Res. Author manuscript; available in PMC 2022 February 01.
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individual’s mean sleep value and their sleep value of the previous night.(Kaufmann et al.,
2016). Larger atypicality values indicate an abnormal night of sleep for that individual and
smaller atypicality values indicate a normal night of sleep for that individual. Atypicality
was assesed for each sleep measure (TST, PS, BT, and WT).

Inflammatory assessments

All blood-based biomarkers were assessed at three timepoints during the two-week burst.
The values in this work represent the average of the three assay results.

Plasma IL-6, TNF-a, and CRP levels were quantified using Meso Scale Discovery (MSD)
MULTI-SPOT® Assay System and analyzed on a SECTOR Imager 2400 instrument
(Rockville, MD, USA). Using MSD Discovery Workbench® analysis software, standard
curves were formed by fitting the electrochemiluminescence signal from calibrators to4-
parameter logistic model with a 1/y2 weighting. All samples were run in duplicates, using V-
PLEX Hum n Biomarker panels (Catalog # K151A0H-2) to measure the cytokines, and V-
PLEX Human kit (Catalog # K15198D-1) for CRP. V-PLEX Kkits are fully validated
according to fit-for-purpose principles and the FDA’s analytical validation guidelines
according to the manufacturer (MSD). The laboratory technician performing the assays was
“blinded” to the subject’s diagnosis. Intra-assay variability was <10% and inter-assay
variability was <5% for both cytokines. The lowest detected levels for cytokines were: 0.05
pg/mL (IL-6) and 0.06 pg/mL (TNF-a). No sample showed cytokine levels below the
detection limits. Intra- and inter-assay variability coefficients for CRP were <5%.

Statistical analyses

Variables were assessed for violation of distribution assumptions. Mann-Whitney U'test,
independent sample t-tests and chi-square tests were used to assess differences in
sociodemographic, mental and physical health, cytokine, and sleep variables between the
BD and NC groups. Variables with non-normal distributions were log-transformed for the
regression analyses. Relationships between sleep measures over the 7-day time period and
mean inflammatory biomarker levels (over 3 blood draws) were examined. General linear
models were conducted to examine the relationship of sleep variability to cytokine levels,
controlling for age, diagnostic group, sex, sleep medication use, and mean sleep measure.
Major assumptions of these models included 1) linear relationships between sleep variability
and cytokine levels, homoscedasticity, independence of sleep assessments between
individuals, and normal distributions of log-transformed sleep variables and cytokine levels.
We included the mean sleep measures in the models because iSD is often correlated with the
mean, and we desired to observe relationships of inflammation with variability over and
above any relationships to the mean sleep measures. Models were also run to examine the
relationship of sleep quality (PSQI) to cytokine levels, controlling for age, diagnostic group,
sleep medication use, and sex. Linear models also included mood symptoms and
psychotropic medication load in the BD group only. Follow-up linear models with
interaction terms diagnosis x sleep measures were run if there was a significant relationship
between sleep and inflammation in the first model.

J Psychiatr Res. Author manuscript; available in PMC 2022 February 01.
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Follow-up time-lagged analyses were performed to examine the acute relationship between
one night’s sleep and the following morning’s inflammatory marker levels. For the time-
lagged models, sleep data were selected for one evening and the inflammatory assessment
data from the following morning. Most participants had one or two datapoints with both
sleep and inflammatory data; thus, for participants with multiple assessments that met this
criterion, the first timepoint was selected for the analyses. In these models, the dependent
variables were the inflammatory biomarker levels and the independent variables were the
sleep characteristics — the previous night’s measure and the atypicality of that night’s
measure (described above). All models also included age, diagnostic group, sex, and sleep
medication use.

Significance was defined as a < 0.05 (two-tailed) all analyses and False Discovery Rate
(FDR) was used to account for multiple comparisons in the regression models to ensure
overall Type 1 error at a = 0.05. All analyses were conducted in SPSS Statistics for
Windows, Version 26 (IBM Corp., Armonk, N.Y., USA).

The total sample included 50 dults with BD and 73 NC subjects. Of all assessed participants,
5.3% of participant-visits (similar number of BD and NC participants) had less than 7 nights
of data and were excluded from the analyses. The BD and NC groups were comparable in
mean age as well as distribution of sex and race (Table 1). The BD group had lower mean
years of education compared with the NCs. The BD group also had greater depressive
symptoms and higher levels of IL-6 and TNF-a.. The BD group also had worse reported
sleep quality on the PSQI and were more likely to have ever used sleep-inducing
medications. Though mean objective sleep values did not differ between the groups, the BD
group had increased variability in TST and Wake Time.

Sleep measures and IL-6 levels

The general linear models found that variability of TST (iSD), but not mean TST, was
significantly associated with IL-6 levels, such that greater variability of TST was linked with
higher IL-6 levels, controlling for age, diagnostic group, sex, sleep medication use, and
mean TST (Table 2). There was no significant main effect of diagnostic group in this model
(B =-0.08, SE = 0.07, p = 0.27), although the general linear model of 1L-6 withoutsleep
variables (including only sex, diagnostic group and age as independent variables) did show a
significant main effect diagnostic group (B = -0.12, SE = 0.05, p = 0.02, np2 =0.05). A
follow-up gene al linear model with the group x TST variability interaction found no
significant interaction (B = —0.34, SE = 0.74, p = 0.65). The scatterplot of the relationship
between TST and IL-6 levels showed similar relationships in the BD and NC groups (Figure
1). Due to high collinearity of depressive symptoms and psychotropic medication load with
diagnostic group, these factors were examined within the BD group lo e, nd neither model
found a change in the effect size of the association between IL-6 and TST variability after
including the potential confounds.

Lower mean PS was also significantly associated with higher IL-6 levels, with no significant
group interaction (Table 2). No relationships of 1L-6 with variability of PS, or mean and

J Psychiatr Res. Author manuscript; available in PMC 2022 February 01.
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variability of Bed time and Wake time (controlling for sex, group, age, and sleep medication
use) were observed.

Subjective sleep quality (PSQI) was not significantly associated with IL-6 levels (B = —0.10,
SE =0.07, p = 0.16), while controlling for sex, diagnostic group, age, and sleep medication
use (data not shown).

Time-lagged analyses also found that greater atypicality of the previous evening’s TST (B =
<0.001, SE =<0.001, p=0.05, npz =0.04), but not the previous evening’s TST (B = <
0.001, SE =< 0.001, p = 0.56), was significantly associated with higher IL-6 levels, while
controlling for sex, diagnostic group, age, and sleep medication use. The time-lagged
analyses did not find a relationship between PS, Bed time, or Wake time and IL-6 levels (all
p’s > 0.05). Sex, diagnostic group, age, psychotropic medication load, and sleep medication
were not significantly associated with I1L-6 levels in these models (all p’s > 0.05).

Sleep measures with CRP and TNF-a levels

The general linear models for CRP levels found that lower mean PS was associated with
higher CRP levels (Table 3). Other mean and variability of sleep measures were not related
to CRP levels when controlling for sex, diagnostic group, age, and sleep medication use. The
time-lagged analysis did not find a significant relationship between previous night’s PS and
CRP (B =-0.008, SE = 0.008, p = 0.28). However, time-lagged analysis did show small but
significant relationships between greater TST atypicality and higher CRP levels (B <0.001,
SE <0.001, p = 0.05) as well as between previous night’s Wake time and higher CRP levels
(B =0.002, SE =0.001, p =0.02).

In all the sleep models, diagnostic group (BD) and age (older) were strongly associated with
higher TNF-alpha levels, but there were no associations between sleep measures and TNF-
alpha levels (Table 3). Time-lagged analyses did not find a significant relationship between
sleep measures and TNF-a levels (p>0.05).

Subjective sleep quality (PSQI) was not significantly associated with CRP levels (B = —0.01,
SE =0.15, p = 0.94) or TNF-a levels (B = -0.002, SE = 0.03, p = 0.95).

Discussion

This study found associations of objective, but not subjective, measures of sleep with
inflammatory biomarkers among adults with BD and NCs. While the BD group did have
higher inflammatory marker levels and worse self-repoted sleep quality compared to NCs,
the groups did not differ on mean objective sleep measures. The BD group did, however,
show increased variability in TST and Wake time compared to the NC group. We found that
greater TST variability and atypicality of the previous night’s TST were associated with
higher IL-6 levels. Individuals with lower (worse) mean PS had higher IL-6 and, in
exploratory analyses, CRP levels. However, PS on the previous night did not relate to levels
of either of these inflammatory markers. Self-reported sleep quality, sleep medication, and
psychotropic medication load were not related to inflammatory biomarker levels.

J Psychiatr Res. Author manuscript; available in PMC 2022 February 01.
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Similar to several other published studies, the current investigation found no difference in
mean objective sleep values, but increased variability in TST and Wake time (Ankers and
Jones, 2009; Gershon et al., 2012; Kaplan et al., 2012; Millar et al., 2004; Ng et al., 2015).
While a few studies have demonstrated increased TST and decreased efficiency in patients
with BD, these studies differed in sample population: a non-psychiatric comparison group of
good sleepers (Harvey et al., 2005), adolescent subjects (age 11-17 years) (Mullin et al.,
2011), and an older BD group compared to a younger NC group (Ritter et al., 2012). For the
current study, our groups were comparable for age and there were no eligibility criteria for
the NC group that required good sleep. Thus, the comparison group had mean sleep duration
that was less than the recommended 7-9 hours per night. Similarly, since sleep duration
among US adolescents likely differs from adults due to developmental changes in sleep
(Bartel et al., 2015; Twenge et al., 2017), our findings may not be comparable to those from
adolescent BD samples.

The relationship between IL-6 levels and TST variability was consistent with a 2011 study
by Okun et al. that examined inflammatory biomarker levels and sleep variability in older
adults (age 60+ years) (Okun t al., 2011). This study examined variability of self-reported
time in bed for either 7 or 14 nights, comparing good sleepers vs. people with insomnia vs.
bereaved adults vs. caregivers for spouses with dementia. Standard deviation, the most
common measure of intra-individual variability (Ng et al., 2015), was used. Our finding was
modestly supported with time-lagged analyses where greater sleep atypicality was
associated with higher IL-6 levels. The effects of sleep appear to occur both on very short-
term scales (the previous evening’s sleep affects the following morning’s inflammatory
response) as well as over the timespan of a week, which may mirror both acute and chronic
inflammatory changes. The effects of potential sleep interventions should consider both
acute and longer-term effects on inflammatory responses.

The association between IL-6 levels and PS was consistent with the findings in the literature
where sleep deprivation and poor sleep quality are associated with elevated IL-6 levels in
studies of older adults (Irwin, 2006; Nowakowski et al., 2018; VVgontzas et al., 2002; von
Kanel et al., 2006), but not with studies of younger adults (Floam et al., 2014). This
discrepancy could reflect the impact of chronic low-grade inflammation associated with
aging (“inflammaging”) in the studies of older adults. Furthermore, persons with BD have
even higher inflammatory marker levels compared to the general population. Together, age
and serious mental illness were found to be associated with TNF-a levels within the models
of sleep factors. Depression is another important contributory factor to inflammation. While
few studies have compared inflammation between major depressive disorder (MDD) and
BD, one meta-analysis reported considerable overlap between biomarker findings for BD
and MDD (Yuan et al., 2019). Future studies should consider the contribution symptom
domains versus diagnostic domains on the sleep-inflammation elationship and include
persons with BD, MDD, and schizophrenia.

Interestingly, the associations between sleep variables and inflammation did not differ
significantly between study groups, despite higher inflammatory marker levels in the BD
group. Two possible explanations include: 1) inadequate power in this study to detect
differences in the associations in BD and HC groups or 2) individuals with BD are more

J Psychiatr Res. Author manuscript; available in PMC 2022 February 01.
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vulnerable to sleep disturbances (i.e., have greater inflammatory response to sleep problems)
than controls. Furthermore, sleep interventions might be helpful in reducing the excess
inflammation seen in those with BD. Of note, we found that differences in IL-6 levels
between BD and HC groups were diminished in their effect size and no longer significant
when TST mean and variability as well as sleep medication were included in the statistical
model. The same was not true for CRP or TNF-alpha, which may reflect the specific
mechanistic pathways that link sleep and inflammation, chronicity of the inflammatory
response, and immune cell response (Irwin, 2015; Morris et al., 2018). This finding suggests
that IL-6 elevations shown frequently in BD, in particular, may be driven by poor sleep and
thus might be most responsive to sleep-focused interventions.

Interestingly, in the present study, there were no significant relationships between self-
reported sleep quality (PSQI scores) and the inflammatory assessments. This observation
may reflect the potential inaccuracy self-reported sleep measures (Kaufmann et al., 2019) or
a mismatch in the timescales of the PSQI and the inflammatory markers. For example, the
PSQI assesses sleep disturbances over the past month; however, inflammatory biomarkers
may respond more acutely to sleep problems, i.e., one evening of poor sleep may result in
increased inflammation the following day. Self-reported sleep quality has been reported to
be associated with negative mental and physical he Ith outcomes. Thus, longitudinal daily
assessment through modalities like ecological momentary assessment may relate more
closely to outcomes like inflammatory marker levels.

This study had several limitations. Due to the cross-sectional design, we cannot infer
causality. While actigraphy has the advantages of being deployed in free-living
environments, due to the lack of polysomnography data, sleep staging was not possible.
Peripheral cytokine measures may be limited in their assessment of the inflammatory
cascade. In this study, TST was examined only as a continuous variable due to the small size
of certain subgroups. However, short and long sleep may both be associated with increased
inflammatory processes. Long sleep (>8 hours, by self-report) was associated with higher
IL-6 levels the following morning in a study of over a thousand Taiwanese adults (53+ years
old) (Dowd et al., 2011). Due to the high collinearity of depression scores with diagnostic
group, the depression measures could not be included in the main sleep-inflammation
models, although including depression severity in BD-only models did not influence effect
sizes of the relationship between sleep and inflammation. Furthermore, the BD group in the
current study included outpatients with a chronic and relatively stable course of illness and
14 years of education on average; thus, these results may not be generalizable to medication-
naive, acutely ill, and treatment-resistant patients. On the other hand, the fact that sleep-
inflammation links could be found in this sample with relatively mild mood symptoms, such
relationships appear to be persistent (Ng et al., 2015; Robillard t al., 2015). Sleep medication
use was not assessed on a nightly basis, which limits the ability to assess the direct impact of
sleep medications on the evening’s sleep. Furthermore, due to the low relative usage of
medications (sleep and other types) in the control group, the interactions between
medication use and the study variables could not be fully assessed. The role of BMI was not
explicitly examined in this study, as mean BMI was similar between the two diagnostic
groups. Obesity affects both sleep and inflammation, and warrants further examination in
future work. The strengths of the study include the objective sleep measures, multiple

J Psychiatr Res. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 10

cytokine biomarkers, and a patient sample that was not currently suffering from high levels
of mania or depression.

Future studies of sleep in BD populations should explore the longitudinal relationships
between sleep and inflammation. Objective sleep measures, specifically intra-individual
variability of those measures, may provide an additional clinical measure to predict decline
in mental well-being and physical functioning, beyond the mean sleep measures. On the
other hand, self-reported sleep quality may not capture important characteristics of sleep that
impact inflammation. In light of the strong associations between poor sleep and mental/
physical health, further investigation is required to improve longevity and quality of life for
persons with BD, a vulnerable high-risk population. Measurement burst designs can
integrate both acute and chronic effects of sleep on inflammatory measures. Better
understanding of the sleep-inflammation links in psychiatrically ill populations may present
novel approaches to improving health and well-being in persons with serious mental
illnesses.
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Figure 1: Scatterplot of total sleep time variability with Interleukin-6 (IL-6) levels in persons
with bipolar disorder (BD) and non-psychiatric comparison subjects (NCs)

BD = bipolar disorder

IL-6 = interleukin-6

iSD = intra-individual standard deviation
NC = non-psychiatric comparison subjects
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Table 2:

General linear models for Interleukin-6 levels and objective sleep measures

Interleukin-6 Levels

B SE  p P2

Total Sleep Time (TST)
Sex (female) 0.002 0.05 096 <0.001
Diagnostic Group (NC) -0.08 0.07 027 0.012
Sleep Medication (never) -0.06 0.07 041 0.007

Age 0.003 0.003 0.40 0.007
Mean TST -045 035 020 0.016
iSD TST 030 014 0.04 0.042

Percent Sleep (PS)
Sex (female) 0.01 0.05 0.79 0.001
Diagnostic Group (NC) -0.10 0.06 0.12 0.023
Sleep Medication (never) -0.06 0.07 0.33  0.009

Age 0.001 0.003 0.72 0.001

Mean PS -1.65 082 005 0.039

iSD PS 0.18 0.13 0.16 0.020
Bed time

Sex (female) -0.03 0.05 058 0.003

Diagnostic Group (NC) -0.09 0.07 018 0.018
Sleep Medication (never) -0.05 0.07 0.46  0.005

Age 0.004 0.003 023 0.014

Mean Bed time 0.97 1.02 034 0.009

iSD Bed time 0.11 011 031 0.010
Wake time

Sex (female) -0.03 005 061 0.003

Diagnostic Group (NC) -0.10 007 016 0.02
Sleep Medication (never) -0.06 0.07 0.40 0.007

Age 0.004 0.003 0.24 0.01
Mean Wake time 0.12 0.28 0.69 0.002
iSD Wake time 0.03 0.10 0.76  0.001

*
False discovery rate (FDR)-adjusted p-values

iSD = intra-individual standard deviation, NC = non-psychiatric comparison subjects
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Table 3:

General linear models for CRP and TNF-a levels with objective sleep measures

CRP TNF-a

B SE p Tp? B SE p Ty

Total Sleep Time (TST)
Sex (female) 0.05 0.12 0.70 0.001 -0.04 0.02 0.07 0.033
Diagnostic Group (NC) -016 015 029 0.011 -0.08 0.03 0.009 0.065
Sleep Medication (never)  0.02 015 091 <0.001 -0.001 0.03 0.99 <0.001

Age 0.007 0.007 031 0.010 0.006 0.001 <0.001 0.149
Mean TST 0.05 081 095 <0.001 0.03 0.16 0.87 <0.001
iSD TST 0.15 0.33 0.65 0.002 0.07 0.06 0.31 0.010

Percent Sleep (PS)
Sex (female) 0.11 0.12 037 0.008 -0.04 0.02 0.09 0.029
Diagnostic Group (NC) -0.17 015 025 0.013 -0.08  0.03 0.006 0.073
Sleep Medication (never) 0.007 0.15 096 <0.001 -0.004 0.03 0.91 <0.001

Age 0.004 0.007 0.60 0.003 0.005 0.001 <0.001 0.127

Mean PS -3.77 186 005 0.039 -0.13  0.38 0.74 0.001

iSD PS 0.12 029 0.67 0.002 0.04 0.06 0.55 0.004
Bed time

Sex (female) 0.03 012 0.79 0.001 -0.05 0.02 0.03 0.048

Diagnostic Group (NC) -0.15 015 032 0.010 -0.08 0.03 0.01 0.063
Sleep Medication (never)  0.02 015 0.89 <0.001 -0.005 0.03 0.88 <0.001

Age 0.007 0.007 029 0.011 0.006 0.001 <0.001 0.162

Mean Bed time 1.89 229 041 0.007 0.77 0.45 0.09 0.028

iSD Bed time 0.13 0.24 058 0.003 -0.03  0.05 0.47 0.005
Wake time

Sex (female) 0.03 0.12 081 0.001 -0.05 0.02 0.04 0.042

Diagnostic Group (NC) -0.14 015 037 0.008 -0.09 0.03 0.005 0.076
Sleep Medication (never)  0.01 0.15 094 <0.001 -0.003 0.03 0.92 <0.001

Age 0.007 0.007 0.34 0.009 0.006 0.001 <0.001 0.163
Mean Wake time 0.53 0.63 0.40 0.007 0.07 0.12 0.60 0.003
iSD Wake time 0.18 023 045 0.006 -0.04  0.05 0.38 0.008

iSD = intra-individual standard deviation, NC = non-psychiatric comparison subjects
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