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Abstract

Chronic increases in pro-inflammatory cytokines in older adults, known as inflammaging, are an important risk factor for morbidity and
mortality in the aging population. It has been suggested that circadian disruption may play a role in chronic inflammation, but there has been
limited study that investigated the overall profile of 24-hour rest-activity rhythms in relation to inflammation using longitudinal data. In the
Outcomes of Sleep Disorders in Older Men Study, we applied the extended cosine model to derive multiple rest-activity rhythm characteristics
using multiday actigraphy, and examined their associations with 6 inflammatory markers (ie, C-reactive protein [CRP], interleukin 6 [IL-6],
tumor necrosis factor alpha [TNF-a], tumor necrosis factor alpha soluble receptor II [TNF-a-sRII], interleukin-1f [IL-1p], interferon gamma
[TFN-y]) measured from fasting blood. We assessed both the cross-sectional association between rest—activity rhythms and inflammatory
markers measured at baseline, and the prospective association between baseline rest-activity rhythms and changes in inflammatory markers
over 3.5 years of follow-up. We found that multiple rest—activity characteristics, including lower amplitude and relative amplitude, and
decreased overall rhythmicity, were associated with higher levels of CRP, IL-6, TNF-a, and TNF-a-sRII, but not IL-1f and IFN-y at baseline.
Moreover, the lowest quartile of these 3 rest-activity characteristics was associated with an approximately 2-fold increase in the odds of
having elevated inflammation (ie, having 3 or more markers in the highest quartile) at baseline. However, we found little evidence supporting
a relationship between rest-activity rhythm characteristics and changes in inflammatory markers. Future studies should clarify the dynamic
relationship between rest—activity rhythms and inflammation in different populations, and evaluate the effects of improving rest—activity
profiles on inflammation and related disease outcomes.

Keywords: Circadian rhythms, Inflammation, Older men, Rest-activity characteristics

Aging is accompanied by important changes in the immune system. chronic low-grade inflammation in cells and tissues even in the absence
One such change is referred to as “inflammaging,” a phenomenon char- of infections (1,2). Growing evidence has suggested that inflammaging
acterized by increased levels of pro-inflammatory cytokines that lead to is a strong risk factor for a wide range of aging-related adverse health
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outcomes, including cardiovascular disease (CVD), cancer, cognitive de-
cline, and all-cause mortality. For example, higher C-reactive protein
(CRP) concentration has long been recognized as a reliable predictor of
incident CVD and CVD mortality (3,4). Elevated levels of CRP, inter-
leukin 6 (IL-6), tumor necrosis factor-o. (TNF-a), and soluble TNF-a
receptor 2 (TNF-a-sRII) have been linked to higher risks of certain
cancers, including lung, breast, and ovarian cancer (5,6). Moreover, a
meta-analysis showed that when compared to healthy controls, patients
with Alzheimer’s disease have higher concentrations of IL-6, TNF-a,
and IL-1f in peripheral blood (7). Given the wide range of health im-
plications associated with inflammation in older adults, it is important
to identify factors that could potentially influence inflammation levels
in this population.

The circadian system plays an important role in immune func-
tion and inflammatory responses, and prior research has linked cir-
cadian disruption with elevated inflammation (8,9). For example, an
inverted sleep-wake cycle that mimicked night work led to higher
levels of multiple inflammatory markers under laboratory conditions
(10-13), and observational studies showed increased markers of sys-
temic inflammation among shift workers when compared to nonshift
workers (14). The process of aging is associated with weakened
circadian function (eg, decreased circadian amplitude and shifted
phase), which is often manifested as nighttime sleep disturbances
and altered sleep timing, reduced daytime activity levels, and overall
impairment in the 24-hour rest-activity rhythms (15-17). Although
lack of physical activity and sleep deficiencies have been consistently
linked with elevated inflammatory markers in older adults (13,18-
21), little research has focused on the overall rhythmic profiles of the
diurnal rest-activity cycle, which may serve as unique predictors of
inflammation and its related health outcomes in older adults.

In a large cohort of older men, we investigated various charac-
teristics of rest—activity rhythms in relation to multiple inflammatory
markers at baseline, as well as changes in inflammatory markers over
3.5 years of follow-up. We hypothesized that characteristics that in-
dicate weakened rest-activity rhythms (ie, lower amplitude, reduced
average levels of 24-hour activity, impaired overall rhythmicity, and
extreme activity timing) are associated with higher baseline inflam-
mation and greater increase in inflammation over time.

Method
Study Population and Analytic Samples

This analysis included participants from the Outcomes of Sleep
Disorders in Older Men Study (MrOS Sleep), an ancillary study of
the Osteoporotic Fractures in Men Study (MrOS, http:/mrosdata.
sfcc-cpme.net) (22). The parent MrOS study enrolled 5994
community-dwelling, ambulatory men 65 years or older from 6 clin-
ical centers in the United States in 2000-2002 (23). Of the original
MrOS cohort, 3135 participants took part in the MrOS Sleep study,
which collected objectively measures rest—activity data between
2003 and 2005 (baseline of the current analysis) (24). Fasting blood
samples were obtained at baseline and again during a follow-up visit
in 2007-2009 for a subset of the baseline MrOS Sleep participants.
Both the parent MrOS and ancillary studies were approved by the
Institutional Review Boards at each of the participating field sites
(University of Alabama at Birmingham; University of Minnesota;
Stanford University; University of California, San Diego; Oregon
Health and Science University; University of Pittsburgh; Case
Western Reserve University). Written informed consent was obtained
from each participant prior to enrollment.

Assessment of Rest-Activity Rhythms

At baseline, MrOS Sleep participants wore the Sleep-watch-O
(Ambulatory Monitoring, Inc.) on the nondominant wrist for §
consecutive 24-hour periods. This actigraph contains a piezoelec-
tric linear accelerometer, which generated a voltage each time the
acceleration surpassed 0.003 g. Activity data were collected using
the proportional integration mode and stored in 1-minute epochs.
The orientation and sensitivity of the accelerometer were optimized
for detecting sleep and wake status using wrist activity (25,26). To
characterize the 24-hour rest-activity rhythms, we applied the ex-
tended cosine model. Compared to the traditional cosine models,
this approach applies an antilogistic transformation and allows for
greater flexibility in fitting the data, and therefore is more suitable
for studying daily activity rhythms in the older population, whose
diurnal patterns tend to deviate from a cosine shape (27).

Based on the extended cosine model, we calculated 5 rest-activity
parameters as our primary independent variables (27): (i) Amplitude,
measured as the difference between the highest and lowest point of
the fitted curve, is an indicator of the strength of the rest-activity
rhythms. (ii) Mesor, measured as minimum + 1/2 amplitude, is an
indicator of average 24-hour activity levels. (iii) Amplitude:mesor
ratio or relative amplitude is a normalized measure of rhythm
strength accounting for average activity levels. (iv) Pseudo-F statis-
tics, a model goodness-of-fit measure, is an indicator of the robust-
ness of rest—activity rhythms. (v) Acrophase, measured as the time
of peak activity, represents the timing of the rest-activity rhythm.
In addition, we also derived 4 secondary rest-activity parameters,
alpha (a larger value indicating narrower peaks and wider troughs),
beta (a larger value indicating steeper rises and falls of the activity
peak), t-left (a larger value indicating a later rise in activity), t-right
(a larger value indicating a later decline in activity). Amplitude,
mesor, amplitude:mesor ratio, pseudo-F statistics, alpha, and beta
were categorized into quartiles, while acrophase, t-left, and t-right
were categorized into 3 groups: low/early (mean - 1 standard de-
viation [SD]), normal (mean = 1 SD), and high/late (mean + 1 SD).
All categories of rest—activity variables were derived using the entire
sample of 3058 men with valid actigraphy data.

Inflammatory Markers

Inflammatory markers examined in our study were measured in an
ancillary study of MrOS that focused on the relationship between
sleep apnea and changes in inflammation. Although the markers
were originally chosen for assays due to their purported associations
with apnea, we hypothesized that they may also be associated with
circadian disruption based on findings from multiple earlier studies
(11,14,28-30). Inflammatory markers were measured from fasting
morning serum samples collected both at baseline and follow-up.
The samples were processed on the same day and stored at -70°C.
Baseline samples were collected on the same day when actigraphy
recording started. All assays were performed at Johns Hopkins
University Clinical Research Unit Core Laboratory. CRP was meas-
ured using an enzyme immune assay kit from ALPCO (Salem, NH)
with interassay CVs ranging from 11.6% to 13.8%. Interferon
gamma (IFN-y), IL-6, IL-1f3, and TNF-a. were measured using the
Human Prolnflammatory I 4-Plex Ultra-Sensitive Kit by Meso Scale
Discovery (Rockville, MD). Interassay CVs ranged from 1.8% to
4.5% for IFN-y, 2.0% to 9.9% for IL-6, 1.5% to 14.7% for IL-1,
and 2.1% to 6.0% for TNF-o. TNF-0-sRII was measured using
ELISA from R&D Systems (Minneapolis, MN), with interassay CVs
ranging from 3.5% to 5.1%.
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The distributions of baseline levels of all inflammatory markers
were skewed right. For CRP, IL-6, TNF-a, and TNF-a-sRII, we per-
formed log transformation to approximate a normal distribution.
For IFN-y and IL-1, because their distributions remained highly
skewed even after log transformation did not adequately improve
the normality of the distribution, we created a dichotomous out-
come variable (0, 1), where value 1 indicated the marker value in the
upper quartile of the study population. We calculated changes in all
markers between baseline and follow-up among those with repeated
measures, with positive and negative values indicating increased and
decreased marker levels over follow-up, respectively. The distribu-
tions of changes for all 6 inflammatory markers were approximately
normal and no transformation was performed. Finally, we defined
elevated inflammation, either at baseline or follow-up, as having 3
or more inflammatory markers in the upper quartile of the analytic
sample.

Analytic Samples

Of the 3135 participants enrolled in the MrOS Sleep study, we ex-
cluded 86 with invalid or missing actigraphy data, 491 with missing
information for one or more inflammatory markers, and 38 with
extreme values of inflammatory markers. Extreme value is defined as
above the top 1%, and this cutoff point was chosen based on visual
inspection of the distribution of the marker values to remove outlier
observations that were most likely due to measurement errors. The
analytic sample was 2420 for cross-sectional analysis.

For prospective analysis, there were 951 men with measure-
ments of all 6 inflammatory markers both at baseline and follow-up.
Of these, we excluded 47 with extreme values (above top 1%) for
changes in at least one inflammatory marker between baseline and
follow-up, resulting in an analytic sample of 904. The distributions
of changes in marker levels were approximately normal and no
transformation was performed. In a separate analysis that focused
on elevated inflammation as a binary outcome, we also excluded
122 men with elevated inflammation at baseline to examine the risk
of developing incident elevated inflammation over follow-up among
those without such a condition at baseline. Supplementary Figure 1
shows a flowchart for deriving analytic samples in our study.

Covariates

At the enrollment of the parent MrOS study, information was
collected on sociodemographic factors (age, education, race/eth-
nicity, marital status). Diet was measured using the Block 98
semiquantitative food frequency questionnaire (31), and a healthy
diet score was calculated using factor analysis (32). At the base-
line of the MrOS Sleep study, participants reported information
on smoking, alcohol use, physical activity (assessed by the Physical
Activity Scale for the Elderly (33)), self-rated health, and medical
history of chronic diseases including CVD and depression (Geriatric
Depression Scale Score > 6 (34)). Body mass index (BMI; weight
(kg)/height (m)?) was calculated using height and weight measured
at baseline.

Statistical Analysis

Descriptive statistics were presented as means and SDs for continuous
variables, and percentages for categorical variables. Group compari-
sons among quartiles of amplitude and categories of acrophase were
conducted using analysis of variance for normally distributed vari-
ables, Kruskal-Wallis test for non-normally distributed continuous
variables, and chi-square test for categorical variables. Variables in

descriptive analyses included both a priori specified covariates that
we included in regression models (see below) as well as additional
variables that were not included in the models but that provide im-
portant information about lifestyle and medical conditions of the
study participants.

To investigate the associations between rest-activity rhythm char-
acteristics and inflammatory markers, we used multiple linear regres-
sion models to estimate multivariable-adjusted geometric means for
the concentrations of inflammatory markers in the cross-sectional
analysis and multivariable-adjusted beta coefficients for changes in in-
flammatory markers between baseline and follow-up. For the binary
outcome of elevated inflammation, we used multiple logistic regres-
sion to estimate odds ratios (ORs). For all regression analyses, we con-
sidered a series of models. Model 1 is a base model adjusted for age
alone as a continuous variable. Model 2, which we consider as our
main model, was adjusted for covariates determined a priori as po-
tential confounders because they may influence both the rest-activity
patterns and inflammation. Covariates in Model 2 include age (con-
tinuous), study site (Birmingham, AL; Minneapolis, MN; Palo Alto,
CA; Pittsburgh, PA; Portland, OR; San Diego, CA), education (less
than high school, high school, some college, college, more than col-
lege), marital status (married, not married), race (White, non-White),
smoking status (current, past, never), alcohol consumption (<1, 1-13,
14+ drink/wk), and season of data collection (December—February,
March-May, June-August, September-November). In Model 3, we
included covariates in Model 2 and several additional lifestyle vari-
ables that are associated with rest—activity rhythms and may have
an impact on inflammation, including physical activity (continuous),
total sleep time (quartiles), sleep efficiency (continuous), and BMI
(continuous). Physical activity and sleep are essential components of
the rest—activity rhythms and they have been previously associated
with inflammatory markers. BMI has a bidirectional relationship with
the rest—activity rhythms and/or its underlying circadian clock, and
is also a risk factor for inflammation. The main purpose of Model 3
is to examine whether the association of rest-activity rhythms and
inflammation are independent of the well-established effects of sleep,
physical activity, and obesity. We did not include medical conditions,
because both weakened rest-activity rhythms and elevated inflamma-
tion are potential causes of many chronic diseases, and adjusting for
common outcomes of both the dependent and independent variables
may induce spurious associations (35). However, we did perform sen-
sitivity analysis excluding people with several common chronic dis-
eases (ie, CVD, depression, and cancer) to assess their potential impact
on our results. For the analysis of changes in biomarkers, we also
considered the role of baseline marker levels. On one hand, baseline
markers may confound the association between baseline rest—activity
rhythms and changes in marker levels over follow-up; on the other
hand, adjusting for baseline levels when studying change as the out-
come can also lead to biased results (36). We included baseline marker
values as a sensitivity analysis but considered results obtained without
adjusting for baseline values as our main results.

To test for trend, we modeled categorical variables as or-
dinal and evaluated the significance of coefficients using the Wald
test. We avoided overemphasizing statistical significance using a
single criterion, such as a p value threshold. Instead, we followed
the guidelines by Greenland et al to provide a more balanced and
comprehensive interpretation of our results by presenting effect es-
timates, 95 % confidence intervals (Cls), and p values for all the asso-
ciations, and evaluating our findings based on effect sizes, measures
of statistical significance, dose-response patterns, and possible bio-
logical mechanisms (37).
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Results

In Table 1, we present baseline characteristics according to quartiles
of amplitude and categories of acrophase. When compared to the
highest quartile of amplitude, lower quartiles were associated with
an older age, lower alcohol intake, higher BMI, poorer self-rated
health, lower levels of physical activity, lower sleep efficiency (Q1
only), a later sleep midpoint (Q1 only), and a higher prevalence of
CVD, depression, and cancer. When compared to the normal cat-
egory of acrophase, both the early and late categories were asso-
ciated with a smaller percentage of college-educated participants,
lower likelihood to be married, lower alcohol intake, higher BMI,
poorer self-rated health, and shorter total sleep time, and the late
category alone was additionally associated with lower levels of phys-
ical activity, lower sleep efficiency, and a higher prevalence of CVD
and depression.

In cross-sectional analysis, we found that multiple inflamma-
tory markers were associated with rest-activity characteristics in
age-adjusted models (Supplementary Table 1) and after adjusting
for additional potential confounders (Table 2). Of the 6 inflamma-
tory markers, CRP, IL-6, TNF-a, and TNF-a-sRII showed consistent
associations with multiple rest-activity parameters, and these asso-
ciations were significant with amplitude, mesor, amplitude:mesor
ratio, and pseudo-F statistics. Overall, the patterns support a rela-
tionship between weaker rest—activity rhythms and higher inflam-
mation: a lower amplitude and relative amplitude (amplitude:mesor
ratio), lower average activity level (mesor), and weaker robustness
of rhythmicity (pseudo-F statistics) were all associated with higher
circulating levels of CRP, IL-6, TNF-a, and TNF-a-sRIL. For ex-
ample, when compared to the highest quartile, the lowest quartile
of amplitude:mesor ratio was associated with 31.8%, 23.3%, 6.0%,
and 6.4% higher marker levels measured as geometric means for
CRP, IL-6, TNF-0, and TNF-a-sRII, respectively (adjusted differ-
ence [p-for-trend], 0.47 pg/mL [<.0001], 0.28 pg/mL [<.0001], 0.29
pg/mL [.0008], 0.26 pg/L [<.0001], respectively), while the lowest
quartile of pseudo-F statistics was associated with 32.6%, 23.3%,
and 8.9% higher levels of CRP, IL-6, and TNF-a-sRII (0.51 pg/mL
[<.0001], 0.24 pg/mL [<.0001], 0.31 [<.0001], respectively). Neither
IL-1B or IFN-y were associated with any of the rest—activity markers.
In addition, acrophase was generally not associated with any inflam-
matory marker, except for IL-6, which was higher among people
with a late acrophase (adjusted geometric mean, 1.23 pg/mL) than
that for the normal acrophage group (1.12 pg/mL). The results for
alpha, beta, t-left, and t-right were generally weaker than those for
the main rest-activity parameters, although we found several sug-
gestive associations, including relationships between a higher alpha
and higher levels of CRP and IL-6, a later t-left and higher IL-6, and
an earlier t-right and higher CRP (Supplementary Table 1, Model
2). After adjusting for sleep duration and efficiency, physical ac-
tivity level, and BMI, the effect sizes were slightly attenuated for
IL-6, TNF-a, and TNF-0-sRII, but most of the observed patterns
remained similar (Supplementary Table 1, comparing Model 3 with
Model 2). Finally, removing participants with CVD, depression, and
cancer reduced sample size by half and led to slight attenuation in
results (<10% for most effect estimates), but the pattern of overall
findings remained unchanged (data not shown).

When using elevated inflammation (ie, having 3 or more inflam-
matory markers in the upper quartile of the analytic sample) as a
binary outcome in cross-sectional analysis, we found that a lower
amplitude, amplitude:mesor ratio, and pseudo-F were all associated
with higher odds of having elevated inflammation at baseline (Table

3). Specifically, when compared to participants in the highest quar-
tile of these 3 rest-activity parameters, those in the lowest quartiles
were about twice more likely to have elevated inflammation (OR
[95% CIly, . g 2:22 [1.63, 3.02] for amplitude, 2.48 [1.82, 3.37]
for amplitude:mesor ratio, and 1.81 [1.34, 2.46] for pseudo-F statis-
tics) after multivariate adjustment (Table 3, Model 2). Additionally
adjusting for sleep, physical activity, and BMI led to attenuated as-
sociations (1.75 [1.27, 2.41] for amplitude, 2.04 [1.47, 2.83] for
amplitude:mesor ratio, and 1.41 [1.02, 1.95] for pseudo-F statistics),
although the trends remained similar (Table 3, Model 3).

In prospective analysis, we found little evidence supporting a re-
lationship between rest—activity rthythm characteristics and changes
in inflammatory markers (results from Model 2 and for primary
rest-activity parameters are presented in Table 4, and Supplementary
Table 2 presents results from all models, as well as for all primary
and secondary rest—activity parameters). Although a few results
showed borderline statistical significance based on p value < .05,
they did not exhibit a clear dose-response pattern and we cannot
exclude chance as an explanation for these findings. Likewise, results
from the analysis using incident elevated inflammation as the out-
come were also largely null (Table ), although there appeared to be
suggestive evidence for a relationship of lower mesor and pseudo-F
with elevated inflammation (OR [95% Clly 4 qp 1-80 [0.91, 3.57]
for mesor, and 1.83 [0.98, 3.41] for pseudo-F). Adjusting for sleep,
physical activity, and BMI further attenuated the associations (Table
5, Model 3). Adjusting for baseline marker values did not have a
substantial impact on results (data not shown).

Discussion

In this analysis of older men, we observed a cross-sectional relation-
ship between weakened rest—activity rhythms, characterized by lower
amplitude and relative amplitude, and decreased overall rhythmicity,
and higher levels of inflammatory markers in blood. However, we
did not find a prospective relationship between baseline rest—activity
characteristics and changes in inflammation, or incident elevated in-
flammation over an average of 3.5 years of follow-up.

The cross-sectional relationship between weakened rest-ac-
tivity rhythms and elevated inflammatory markers is consistent
with earlier studies that showed a critical role of circadian rhythms
in inflammatory responses. Almost all of these studies focused on
severe circadian misalignment such as shift work and/or disturb-
ances in individual behavioral components such as sleep. For ex-
ample, among healthy adults, Morris et al showed that a multiday
lab protocol to induce circadian misalignment similar to night shift
work led to significant increases in IL-6, CRP, and TNF-a by 15%,
7%, and 3%, respectively (10). In a large cross-sectional study of
almost 2000 middle-aged adults in Finland, working the night shift
was associated with significantly higher levels of CRP in men after
adjusting for infection and multiple lifestyle factors (14). Sleep de-
ficiency, which can both be a cause and consequence of impaired
circadian function, has also been consistently linked to inflamma-
tion. In the MrOS study, an earlier analysis reported that short sleep
duration (<5 hours) and longer wake after sleep onset (290 min-
utes) were both associated with higher inflammatory burden defined
as the total number of inflammatory markers in the upper quartile
(20). Moreover, in animal studies, experimentally induced circadian
disruption by manipulating light-dark cycles led to elevated inflam-
matory responses, including heightened IL-6 release, following lipo-
polysaccharide exposure (29,38). Although these earlier studies did
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Table 1. Baseline (2003-2005) Characteristics According to Quartiles of Amplitude and Categories of Acrophase of the Rest—Activity Rhythm in the MrOS Sleep Study
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Table 2. Cross-Sectional Associations' Between Rest—-Activity Rhythm Characteristics and Inflammatory Markers

Adjusted Geometric Mean (95% CI)*

Adjusted OR (95% CI)$

CRP (ug/mL) IL-6 (pg/mL) TNF-o. (pg/mL) TNF-osRII (pg/L)  IFN-y IL-1p
Amplitude
Q1 1.78 1.31 5.18 3.78 0.88 1.34
(1.64,1.93)** (1.24,1.37)%** (5.05,5.31)%* (3.68, 3.88)*** (0.67,1.16)  (1.02,1.76)*
Q2 1.56 1.17 5.08 3.70 1.00 0.91
(1.44,1.69)** (1.11,1.23)%=** (4.96,5.20)* (3.61,3.79)%** (0.77,1.30)  (0.69, 1.21)
Q3 1.28 1.07 5.03 3.56 0.83 0.99
(1.18,1.38) (1.02,1.12) (4.91,5.15) (3.47,3.66) (0.63,1.08)  (0.75,1.30)
Q4 (ref) 1.31 1.03 4.89 3.52 ref ref
(1.21,1.42) (0.98, 1.08) (4.78,5.01) (3.43,3.61)
p-trend <.0001 <.0001 0.001 <.0001 0.64 0.07
Mesor
Q1 1.64 1.20 5.04 3.71 0.85 1.18
(1.51,1.78)%* (1.15,1.27)%* (4.92,5.16) (3.61,3.81) (0.64,1.12)  (0.90, 1.56)
Q2 1.52 1.17 5.16 3.65 1.05 0.98
(1.41, 1.65) (1.11, 1.23)* (5.04,5.28) (3.56,3.75) (0.80,1.36)  (0.75,1.29)
Q3 1.33 1.10 4.99 3.60 1.07 1.11
(1.22, 1.44) (1.05, 1.16) (4.87,5.11) (3.51,3.70) (0.82,1.39)  (0.84,1.45)
Q4 (ref) 1.40 1.08 5.00 3.59 ref ref
(1.29,1.51) (1.02,1.13) (4.88,5.12) (3.50, 3.68)
p-trend 0.001 0.0004 0.28 0.05 0.27 0.38
Amplitude:mesor ratio
Q1 1.75 1.31 5.16 3.73 1.26 1.31
(1.61,1.90)*** (1.25,1.38)%** (5.04, 5.29)%** (3.63,3.83)%* (0.96,1.66)  (0.99,1.74)
Q2 1.50 1.14 5.10 3.75 1.12 1.09
(1.38,1.62)* (1.09, 1.20)* (4.98,5.23)** (3.65,3.84)%** (0.85,1.47)  (0.83, 1.45)
Q3 1.35 1.06 5.04 3.57 1.22 1.40
(1.24, 1.46) (1.01, 1.11) (4.92,5.16)% (3.48, 3.66) (0.93,1.59)  (1.07,1.84)*
Q4 (ref) 1.32 1.06 4.87 3.51 ref ref
(1.22,1.43) (1.01, 1.11) (4.76,4.99) (3.42, 3.60)
p-trend <.0001 <.0001 0.0008 <.0001 0.17 0.22
Pseudo-F
Q1 1.79 1.27 5.17 3.81 0.90 1.00
(1.65,1.95)*** (1.21,1.33)*** (5.04, 5.30) (3.71,3.91)*** (0.68,1.20)  (0.76,1.32)
Q2 1.48 1.19 5.02 3.64 0.88 1.11
(1.37,1.61)* (1.14, 1.25)%** (4.90, 5.14) (3.55,3.74)* (0.67,1.16)  (0.85,1.45)
Q3 1.36 1.08 5.00 3.61 1.10 0.88
(1.26,1.48) (1.03,1.14) (4.88,5.12) (3.52,3.71) (0.85,1.44)  (0.67,1.16)
Q4 (ref) 1.28 1.03 5.00 3.50 ref ref
(1.19, 1.39) (0.98, 1.08) (4.88,5.12) (3.41,3.59)
p-trend <.0001 <.0001 0.07 <.0001 0.23 0.59
Acrophase
Early 1.57 1.16 5.16 3.67 0.98 1.08
(<13:04) (1.42,1.75) (1.09, 1.24) (4.99, 5.32) (3.55, 3.80) (0.74,1.30) (0.82,1.43)
Normal 1.43 1.12 5.01 3.62 ref ref
(13:04-15:29,  (1.36,1.50) (1.08, 1.15) (4.94, 5.08) (3.57, 3.68)
ref)
Late (>15:29) 1.57 1.23 5.13 3.68 1.29 0.86
(1.40, 1.75) (1.15,1.32)%* (4.96, 5.31) (3.55,3.81) (0.98,1.71)  (0.64,1.17)

Notes: CI = confidence interval; CRP = C-reactive protein; [IFN-y = interferon gamma; IL = interleukin; TNF-a = tumor necrosis factor alpha; TNF-0-sRII = tumor

necrosis factor alpha soluble receptor II.

Models were adjusted for age, study site, education, marital status, race, smoking, alcohol, and season of data collection.

fRaw marker levels were log-transformed and adjusted least squares means were backtransformed.

SOutcome variables were defined based on whether the participant’s marker level was in the upper quartile (1) or not (0).

*p Value < .05 comparing to the reference group. **p Value < .01 comparing to the reference group. ***p Value < .001 comparing to the reference group.

pathways and mechanisms that are different from those driving
the acute relationship. For example, multiple mechanisms have
been proposed to cause chronic inflammation and inflammaging,
including alterations in the glucocorticoids pathways, accumulation
of cell damage and impaired cell repair machinery, overnutrition

and obesity, chronic infection, and changes to microbiota compos-
ition (43-45). The differences in biological pathways that are in-
volved in acute and chronic inflammatory responses may explain
the different results we observed in cross-sectional and prospective
analyses. Another possibility is that at least some participants might
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Table 3. Cross-Sectional Associations Between Rest—Activity Rhythm Characteristics and Elevated Inflammation®

OR (95% CI)

No. (%) Model 1* Model 2§ Model 3"
Amplitude
Q1 169 (28.7) 2.30 (1.70, 3.11)%** 2.22 (1.63,3.02)*** 1.75 (1.27, 2.41)%*
Q2 127 (20.9) 1.61(1.18,2.19)** 1.60 (1.17,2.19)** 1.43 (1.04,1.97)*
Q3 107 (17.7) 1.38 (1.00, 1.89)* 1.37 (1.00, 1.89)* 1.33(0.97, 1.84)
Q4 9 (12.8) ref ref ref
p-trend <.0001 <.0001 .0008
Mesor
Q1 135 (22.5) 1.19 (0.89, 1.60) 1.15 (0.85, 1.54) 1.01 (0.74, 1.40)
Q2 129 (21.4) 1.22 (0.91, 1.63) 1.23 (0.92, 1.65) 1.19 (0.88, 1.62)
Q3 113 (18.7) 1.05 (0.78,1.41) 1.03 (0.76,1.39) 1.02 (0.75, 1.39)
Q4 105 (17.2) ref ref ref
p-trend 15 22 71
Amplitude:mesor ratio
Ql 169 (28.9) 2.49 (1.84,3.37)#* 2.48 (1.82,3.37)%** 2.04 (1.47,2.83)**
Q2 127 (20.8) 1.65 (1.21,2.26)** 1.64 (1.19,2.24)** 1.56 (1.13,2.15)**
Q3 110(1 8) 1.47 (1.07,2.03)* 1.51 (1.10, 2.09)* 1.57 (1.13,2.17)**
Q4 6(12.5) ref ref ref
p-trend <.0001 <.0001 <.0001
Pseudo-F
Q1 156 (26.9) 1.88 (1.39, 2.52)* ** 1.81 (1.34, 2.46)*** 1.41 (1.02, 1.95)*
Q2 123 (20.1) 1.35 (1.00, 1.83)* 1.34 (0.99, 1.83) 1.15 (0.84,1.58)
Q3 115 (18.5) 1.28 (0.94, 1.74) 1.29 (0.95, 1.76) 1.21 (0.89, 1.66)
Q4 8 (14.5) ref ref ref
p-trend <.0001 .0002 .06
Acrophase!
Early 76 (21.7) 1.17 (0.88, 1.56) 1.12 (0.84, 1.50) 1.11 (0.83, 1.50)
Normal 334 (19.0) ref ref ref
Late 72 (23.1) 1.24 (0.93, 1.67) 1.17 (0.86, 1.58) 1.07 (0.79, 1.45)

Notes: CI = confidence interval; OR = odds ratio.
Defined as having 3 or more inflammatory markers in the highest quartile.
*Model 1 was adjusted for age alone.

SModel 2 was adjusted for age, study site, education, marital status, race, smoking, alcohol, and season of data collection.

"Model 3 was adjusted physical activity level, sleep duration, sleep efficiency, and body mass index as well as covariates in Model 2.
IAcrophase was categorized as early (mean - 1 SD, <13:04), normal (mean = 1 SD, 13:04-15:29), and late (mean + 1 SD, >15:29).

< 05. % p < .01, ***p < 001,

have had infections and/or other diseases at baseline that contrib-
uted to high levels of inflammation. Their inflammatory responses
would have decreased after they recovered and they would exhibit
lower inflammatory marker levels at follow-up, which may have at-
tenuated the associations in the overall population. In support of
this hypothesis, we found that when people with elevated inflamma-
tion at baseline were excluded, we observed a trend consistent with
a relationship between weakened rest-activity rhythms and incident
elevated inflammation at follow-up (Table 5). Finally, it is also pos-
sible that the null results resulted from a relatively short follow-up
(3.5 years) and a more limited sample size, especially for the analysis
focusing on incident elevated inflammation as a dichotomous vari-
able. Although several of the effect estimates were modest to large
(ORs ranged from 1.3 to 1.9, Table 5), none of them reached p <
.05 due to large Cls. Future studies are needed to clarify the tem-
poral relationship between rest-activity rhythms and inflammation
and elucidate the underlying biological mechanisms associated with
both acute and chronic responses.

Our study has several strengths. First, we used wrist actigraphy
to objectively measure several different aspects of the rest-activity
rhythm, and some of these rest—activity parameters have been pre-
viously linked to important clinical outcomes such as CVD and

mortality (17). Second, we measured multiple markers from different
inflammatory pathways, which allowed us to examine the overall
inflammatory burden that cannot be captured by a single marker
due to the complex interrelationship of cytokines. Third, with re-
peated blood samples, we were able to examine both cross-sectional
and prospective relationships between rest—activity rhythms and in-
flammation and compare their similarities and differences, which
have not been previously described.

Our study also has several limitations. First, our study par-
ticipants were all men, and most were White and had a high
level of education. Therefore, the results cannot be generalized
to women, racial/ethnic minority groups, and people with a
lower socioeconomic status. It is well documented that sleep
patterns and physical activity levels differ by sex, race and eth-
nicity, and socioeconomic conditions, and future studies should
examine how differences in rest—activity rhythms contribute to
health and disease outcomes in more diverse populations (46—
49). Second, although we examined multiple pro-inflammatory
markers, we did not have a complete assessment of inflamma-
tion due to the fact that this is a secondary analysis focusing on
markers measured in an earlier study. In particular, we did not
have measures on important anti-inflammatory markers, such as
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Table 4. Prospective Associations’ Between Rest-Activity Rhythm Characteristics and Changes in Metabolic Markers Between Baseline
(2003-2005) and Follow-up (2007-2009)

Multivariable-Adjusted’ Beta Coefficient (95% CI)

CRP (ug/mL) IFN-y (pg/mL) IL-1pB (ng/mL) IL-6 (pg/mL) TNF-a (pg/mL) TNF-o-sRII (pg/L)
Amplitude
Q1 -0.01 -0.13 -5.37 -0.20 0.01 0.04
(-0.58,0.57) (=0.55,0.30) (-24.26,13.52) (-0.46,0.05) (=0.18,0.19) (=0.11,0.19)
Q2 -0.28 0.07 3.77 -0.10 -0.08 -0.02
(-0.83,0.28) (-0.34,0.48) (-14.56,22.09) (-0.34,0.15) (-0.26,0.10) (-0.17,0.12)
Q3 -0.09 -0.06 -1.21 -0.04 -0.04 -0.02
(-0.62, 0.44) (-0.45,0.33) (-18.62,16.21) (-0.27,0.20) (-0.22,0.13) (-0.16,0.12)
Q4 ref ref ref ref ref ref
p-trend .78 74 74 11 .94 .69
Mesor
Q1 0.63 0.11 -2.14 -0.01 0.09 0.04
(0.07, 1.20)* (=0.31,0.53) (=20.94, 16.65) (-0.26,0.25) (=0.09, 0.27) (=0.11,0.19)
Q2 0.11 -0.12 1.91 -0.06 -0.15 -0.10
(-0.44, 0.66) (-0.52,0.29) (-16.23, 16.04) (-0.30,0.19) (-0.33,0.03) (-0.25,0.04)
Q3 0.19 -0.20 2.99 -0.07 -0.03 -0.01
(-0.35,0.73) (-0.60, 0.20) (-14.87,20.86) (-0.32,0.17) (-0.20,0.15) (-0.16,0.13)
Q4 ref ref ref ref ref ref
p-trend .05 SS .81 1.00 .68 .93
Amplitude:mesor ratio
Q1 -0.36 -0.21 -8.46 -0.25 -0.04 -0.01
(=0.92, 0.20) (=0.63,0.21) (-27.11,10.19) (-0.50, 0) (=0.22,0.15) (-0.16,0.13)
Q2 -0.61 -0.21 9.60 -0.18 -0.06 0.07
(-1.16,-0.06)* (-0.62,0.20) (-8.56,27.75) (-0.43,0.07) (-0.24,0.11) (-0.08,0.21)
Q3 -0.60 -0.29 6.84 -0.21 -0.08 -0.08
(-1.12,-0.08)* (-0.68,0.10) (-10.43,24.11) (-0.44, 0.03) (-0.21,0.12) (-0.22,0.06)
Q4 ref ref ref ref ref ref
p-trend .20 .39 51 .07 .64 .64
Pseudo-F
Q1 0.19 -0.11 -4.59 -0.01 -0.02 0.03
(-0.37,0.75) (-0.52,0.30) (-22.92,13.74) (-0.25,0.24) (-0.20, 0.16) (-0.12,0.17)
Q2 0.01 -0.22 0.83 0.04 -0.08 0.01
(=0.54,0.56) (=0.63,0.18) (=17.24, 18.90) (-0.21,0.28) (=0.26,0.09) (=0.13,0.15)
Q3 0.13 -0.50 19.41 0.03 -0.17 -0.11
(-0.41, 0.66) (-0.90,-0.11)* (1.82,37.00)* (-0.21,0.27) (-0.34,0.01) (-0.24,0.03)
Q4 ref ref ref ref ref ref
p-trend .62 .90 30 .99 .98 42
Acrophase*
Early -0.43 -0.13 -5.31 -0.12 -0.003 -0.002
(=0.99,0.13) (=0.55,0.29) (=23.95, 13.34) (-0.38,0.13) (=0.19, 0.18) (=0.15,0.15)
Normal  ref ref ref ref ref ref
Late 0.43 -0.43 -12.47 0.08 -0.09 0.06
(=0.14,1.01) (-0.86, -0.01)* (-31.53, 6.58) (=0.18, 0.34) (-0.28,0.10) (=0.09,0.21)

Notes: CI = confidence interval; CRP = C-reactive protein; IFN-y = interferon gamma; IL = interleukin; SD = standard deviation; TNF-a = tumor necrosis factor

alpha; TNF-a-sRII = tumor necrosis factor alpha soluble receptor II.

Models were adjusted for age, study site, education, marital status, race, smoking, alcohol, and season of data collection.
*Acrophase was categorized as early (mean - 1 SD, <13:04), normal (mean = 1 SD, 13:04-15:29), and late (mean + 1 SD, >15:29).

*p < .05.

IL-10, IL-12, and transforming growth factor-f. Recently, it has
been proposed that the key to healthy aging is a well-balanced
state between inflammatory and anti-inflammatory responses
(44). More studies are needed to comprehensively assess the ef-
fects of altered rest-activity rhythms on different components
of the immune system. Third, as noted before, we had limited
power for prospective analysis. Finally, an observational study
like ours is not designed to determine causality, and the rela-
tionship between rest—activity rhythms and inflammation may

likely involve bidirectional pathways and feedback mechan-
isms. Well-designed intervention studies are crucial to achieve
a better understanding of the nature of the observed associ-
ation and provide evidence for designing disease prevention and
treatment strategies.

In summary, our study suggested that rest—activity rhythm
characteristics are associated with low-grade inflammation in
older population. Impairment in rest-activity rhythms is common
among older adults and has been previously linked to various
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Table 5. Prospective Associations Between Rest-Activity Rhythm Characteristics and Developing Elevated Inflammation Among Participants

Without Elevated Inflammation™ at Baseline

OR (95% CI)

No. (%) Model 1* Model 2§ Model 3"
Amplitude
Q1 26 (17.0) 1.56 (0.83,2.95) 1.55 (0.81,2.99) 1.32 (0.66, 2.66)
Q2 25 (13.8) 1.30 (0.70, 2.44) 1.30 (0.69, 2.47) 1.23 (0.64, 2.36)
Q3 32 (13.6) 1.30 (0.72, 2.35) 1.19 (0.65, 2.18) 1.16 (0.63,2.14)
Q4 21 (9.9) ref ref ref
p-trend .20 18 43
Mesor
Q1 28 (15.3) 1.71 (0.88, 3.31) 1.80 (0.91, 3.57) 1.70 (0.82, 3.52)
Q2 28 (14.5) 1.72 (0.89, 3.30) 2.05 (1.04,4.01)* 2.05 (1.03,4.10)*
Q3 32 (14.8) 1.86 (0.98, 3.51) 1.97 (1.02, 3.79)* 1.86 (0.95, 3.65)
Q4 16 (8.5) ref ref ref
p-trend .19 13 .18
Amplitude/mesor
Q1 25 (16.3) 1.35 (0.74, 2.46) 1.49 (0.80, 2.76) 1.27 (0.6S5, 2.45)
Q2 28 (15.8) 1.28 (0.71,2.29) 1.35 (0.74, 2.46) 1.36 (0.74,2.51)
Q3 25 (10.8) 0.90 (0.50, 1.61) 0.94 (0.51, 1.71) 0.95 (0.51, 1.74)
Q4 26 (11.8) ref ref ref
p-trend 2 12 .32
Pseudo-F
Q1 31(17.9) 1.62 (0.89,2.93) 1.83 (0.98, 3.41) 1.54 (0.79, 3.01)
Q2 24 (12.9) 1.17 (0.63, 2.16) 1.16 (0.61, 2.20) 1.08 (0.56,2.08)
Q3 26 (12.9) 1.23 (0.68, 2.24) 1.34 (0.72, 2.49) 1.29 (0.69, 2.42)
Q4 23(10.4) ref ref ref
p-trend 15 .10 .32
Acrophase!
Early 18 (16.8) 1.30 (0.74,2.29) 1.17 (0.65,2.13) 1.11 (0.60, 2.06)
Normal 74 (13.0) ref ref ref
Late 12 (11.5) 0.82 (0.42,1.57) 0.83 (0.42,1.65) 0.78 (0.39, 1.58)

Notes: CI = confidence interval; OR = odds ratio.
Defined as having 3 or more inflammatory markers in the highest quartile.
Model 1 was adjusted for age alone.

$Model 2 was adjusted for age, study site, education, marital status, race, smoking, alcohol, and season of data collection.

'"Model 3 was adjusted physical activity level, sleep duration, sleep efficiency, and body mass index as well as covariates in Model 2.
IAcrophase was categorized as early (mean - 1 SD, <13:04), normal (mean = 1 SD, 13:04-15:29), and late (mean + 1 SD, >15:29).

*p <.0S.

aging-related diseases. Given the well-established role of inflamma-
tion in morbidity and mortality in the aging population, elevated
inflammation may serve as the mechanistic link driving the adverse
effects of weakened rest-activity rhythms. Future studies should
clarify the dynamic relationship between rest—activity rhythms
and inflammation in different populations, and evaluate the effects
of improving rest-activity profiles on inflammation and related
disease outcomes.
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