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Original Article
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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-α], tumor necrosis factor alpha soluble receptor II [TNF-α-sRII], interleukin-1β [IL-1β], interferon gamma 
[IFN-γ]) 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-α, and TNF-α-sRII, but not IL-1β and IFN-γ 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. 
One such change is referred to as “inflammaging,” a phenomenon char-
acterized by increased levels of pro-inflammatory cytokines that lead to 

chronic low-grade inflammation in cells and tissues even in the absence 
of infections (1,2). Growing evidence has suggested that inflammaging 
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-α (TNF-α), and soluble TNF-α 
receptor 2 (TNF-α-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-α, 
and IL-1β 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-cpmc.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 5 
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-γ), IL-6, IL-1β, and TNF-α were measured using the 
Human ProInflammatory I 4-Plex Ultra-Sensitive Kit by Meso Scale 
Discovery (Rockville, MD). Interassay CVs ranged from 1.8% to 
4.5% for IFN-γ, 2.0% to 9.9% for IL-6, 1.5% to 14.7% for IL-1, 
and 2.1% to 6.0% for TNF-α. TNF-α-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-α, and TNF-α-sRII, we per-
formed log transformation to approximate a normal distribution. 
For IFN-γ 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)2) 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 (CIs), 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-α, and TNF-α-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-α, and TNF-α-sRII. 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-α, and TNF-α-sRII, respectively (adjusted differ-
ence [p-for-trend], 0.47 μg/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-α-sRII (0.51 μg/mL 
[<.0001], 0.24 pg/mL [<.0001], 0.31 [<.0001], respectively). Neither 
IL-1β or IFN-γ 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-α, and TNF-α-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% CI]Q1 vs Q4, 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 rhythm 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 5), although there appeared to be 
suggestive evidence for a relationship of lower mesor and pseudo-F 
with elevated inflammation (OR [95% CI]Q1 vs Q4, 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-α 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 (≥90 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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not focus on characteristics of the overall 24-hour rest–activity pat-
tern and therefore were not directly comparable to our study, col-
lectively their findings and ours suggest that those who are exposed 
to circadian disruption and/or exhibit disrupted diurnal behaviors 
are more likely to have elevated inflammation.

We found that among the rest–activity rhythm parameters, amp-
litude and relative amplitude, as well as pseudo-F statistics showed 
the most consistent associations with inflammation. The amplitude 
of rest–activity rhythms is determined by the difference between 
nighttime and daytime activities, and a smaller amplitude can be 
resulted from low physical activity levels during the day, or high 
levels of nighttime activity which often indicated sleep disturbances, 
or both. Moreover, amplitude is correlated with mesor (ie, mean 
activity level based on the fitted cosine curve), and a higher mesor 
is often an indicator of an overall active lifestyle. However, add-
itionally adjusting for physical activity and sleep in the model only 
had a minimal impact on the results (ie, almost none of the effect 
sizes had an attenuation of 5% or more). Moreover, accounting 
for mesor by using relative amplitude as the exposure variable also 
showed robust associations with inflammatory markers. In addition, 
pseudo-F statistics, another characteristic that showed consistent as-
sociations with inflammatory markers, is a measure of model fit-
ness and an indicator of the robustness of rest–activity rhythms, and 
cannot be easily derived by measuring physical activity and sleep 
alone. Taken together, these findings suggest that the observed as-
sociations between rest–activity rhythms and inflammation was not 
fully explained by conventional measures of individual behavioral 
components (ie, physical activity levels, sleep duration, and sleep 
efficiency), but instead may be indicative of a unique role of the 
overall rhythmic profile in inflammation. It is worth noting that sev-
eral previous studies also pointed out an important role of overall 
rhythmicity in health and disease outcomes. For example, in an 
earlier analysis in the MrOS, participants in the lowest quartile of 
pseudo-F statistics showed 57% and 132% increases in total and 
CVD-specific mortality, respectively (17). In a more recent study, 
Wallace et al ranked multiple sociodemographic, medical, and life-
style factors based on their predictive values for total mortality 
among MrOS participants, and pseudo-F statistics emerged among 
the strongest predictors for mortality, ranking higher than any sleep 
variable (39). These studies, combined with our results, further sup-
port a need to examine overall rest–activity patterns to identify 
novel behavioral phenotypes that may play a role in aging-related 
disease risks.

In contrast to the robust associations observed in cross-sectional 
analysis, we found little evidence supporting a prospective relation-
ship between rest–activity rhythms and changes in inflammatory 
markers. Several factors may explain these discrepancies. First, the 
cross-sectional results may be primarily driven by the acute and 
bidirectional relationship between rest–activity rhythms and in-
flammation: Previous studies have shown that perturbations of the 
rest–activity rhythm such as total or partial sleep deprivation and 
circadian misalignment lead to acute (ie, within days) changes in 
inflammatory markers (10,40), while elevated inflammation due to 
infection and other disease processes can promote sleep and thus 
has an acute impact on patterns of rest and activity (41). This dy-
namic relationship between rest–activity rhythms and inflammation 
is driven by a complex network of transcription factors, enzymes, 
hormones, and neurotransmitters (9,42). On the other hand, while 
it is less clear whether and how weakened rest–activity rhythms may 
lead to the development of chronic inflammation and contribute 
to inflammaging over time, this long-term process may involve Ta
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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 

Table 2.  Cross-Sectional Associations† Between Rest–Activity Rhythm Characteristics and Inflammatory Markers

 

Adjusted Geometric Mean (95% CI)‡ Adjusted OR (95% CI)§

CRP (μg/mL) IL-6 (pg/mL) TNF-α (pg/mL) TNF-α-sRII (pg/L) IFN-γ IL-1β

Amplitude
  Q1 1.78

(1.64, 1.93)***
1.31
(1.24, 1.37)***

5.18
(5.05, 5.31)**

3.78
(3.68, 3.88)***

0.88
(0.67, 1.16)

1.34
(1.02, 1.76)*

  Q2 1.56
(1.44, 1.69)**

1.17
(1.11, 1.23)***

5.08
(4.96, 5.20)*

3.70
(3.61, 3.79)***

1.00
(0.77, 1.30)

0.91
(0.69, 1.21)

  Q3 1.28
(1.18, 1.38)

1.07
(1.02, 1.12)

5.03
(4.91, 5.15) 

3.56
(3.47, 3.66)

0.83
(0.63, 1.08)

0.99
(0.75, 1.30)

  Q4 (ref) 1.31
(1.21, 1.42)

1.03
(0.98, 1.08)

4.89
(4.78, 5.01)

3.52
(3.43, 3.61)

ref ref

  p-trend <.0001 <.0001 0.001 <.0001 0.64 0.07
Mesor
  Q1 1.64

(1.51, 1.78)**
1.20
(1.15, 1.27)**

5.04
(4.92, 5.16)

3.71
(3.61, 3.81)

0.85
(0.64, 1.12)

1.18
(0.90, 1.56)

  Q2 1.52
(1.41, 1.65)

1.17
(1.11, 1.23)*

5.16
(5.04, 5.28)

3.65
(3.56, 3.75)

1.05
(0.80, 1.36)

0.98
(0.75, 1.29)

  Q3 1.33
(1.22, 1.44)

1.10
(1.05, 1.16)

4.99
(4.87, 5.11)

3.60
(3.51, 3.70)

1.07
(0.82, 1.39)

1.11
(0.84, 1.45)

  Q4 (ref) 1.40
(1.29, 1.51)

1.08
(1.02, 1.13)

5.00
(4.88, 5.12)

3.59
(3.50, 3.68)

ref ref

  p-trend 0.001 0.0004 0.28 0.05 0.27 0.38
Amplitude:mesor ratio
  Q1 1.75

(1.61, 1.90)***
1.31
(1.25, 1.38)***

5.16
(5.04, 5.29)***

3.73
(3.63, 3.83)**

1.26
(0.96, 1.66)

1.31
(0.99, 1.74)

  Q2 1.50
(1.38, 1.62)*

1.14
(1.09, 1.20)*

5.10
(4.98, 5.23)**

3.75
(3.65, 3.84)***

1.12
(0.85, 1.47)

1.09
(0.83, 1.45)

  Q3 1.35
(1.24, 1.46)

1.06
(1.01, 1.11)

5.04
(4.92, 5.16)*

3.57
(3.48, 3.66)

1.22
(0.93, 1.59)

1.40
(1.07, 1.84)*

  Q4 (ref) 1.32
(1.22, 1.43)

1.06
(1.01, 1.11)

4.87
(4.76, 4.99)

3.51
(3.42, 3.60)

ref ref

  p-trend <.0001 <.0001 0.0008 <.0001 0.17 0.22
Pseudo-F
  Q1 1.79

(1.65, 1.95)***
1.27
(1.21, 1.33)***

5.17
(5.04, 5.30)

3.81
(3.71, 3.91)***

0.90
(0.68, 1.20)

1.00
(0.76, 1.32)

  Q2 1.48
(1.37, 1.61)*

1.19
(1.14, 1.25)***

5.02
(4.90, 5.14)

3.64
(3.55, 3.74)*

0.88
(0.67, 1.16)

1.11
(0.85, 1.45)

  Q3 1.36
(1.26, 1.48)

1.08
(1.03, 1.14)

5.00
(4.88, 5.12)

3.61
(3.52, 3.71)

1.10
(0.85, 1.44)

0.88
(0.67, 1.16)

  Q4 (ref) 1.28
(1.19, 1.39)

1.03
(0.98, 1.08)

5.00
(4.88, 5.12)

3.50
(3.41, 3.59)

ref ref

  p-trend <.0001 <.0001 0.07 <.0001 0.23 0.59
Acrophase
 � Early 

(<13:04)
1.57
(1.42, 1.75)

1.16
(1.09, 1.24)

5.16
(4.99, 5.32)

3.67
(3.55, 3.80)

0.98
(0.74, 1.30)

1.08
(0.82, 1.43)

 � Normal 
(13:04–15:29, 
ref)

1.43
(1.36, 1.50)

1.12
(1.08, 1.15)

5.01
(4.94, 5.08)

3.62
(3.57, 3.68)

ref ref

  Late (>15:29) 1.57
(1.40, 1.75)

1.23
(1.15, 1.32)**

5.13
(4.96, 5.31)

3.68
(3.55, 3.81)

1.29
(0.98, 1.71)

0.86
(0.64, 1.17)

Notes: CI = confidence interval; CRP = C-reactive protein; IFN-γ = interferon gamma; IL = interleukin; TNF-α = tumor necrosis factor alpha; TNF-α-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.
‡Raw marker levels were log-transformed and adjusted least squares means were backtransformed.
§Outcome 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.
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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 CIs. 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 

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 79 (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
  Q1 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 (17.8) 1.47 (1.07, 2.03)* 1.51 (1.10, 2.09)* 1.57 (1.13, 2.17)**
  Q4 76 (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 88 (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.
§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.
¶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. **p < .01. ***p < .001.
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IL-10, IL-12, and transforming growth factor-β. 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 

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 (μg/mL) IFN-γ (pg/mL) IL-1β (ng/mL) IL-6 (pg/mL) TNF-α (pg/mL) TNF-α-sRII (pg/L)

Amplitude
  Q1 −0.01

(−0.58, 0.57)
−0.13
(−0.55, 0.30)

−5.37
(−24.26, 13.52)

−0.20
(−0.46, 0.05)

0.01
(−0.18, 0.19)

0.04
(−0.11, 0.19)

  Q2 −0.28
(−0.83, 0.28)

0.07
(−0.34, 0.48)

3.77
(−14.56, 22.09)

−0.10
(−0.34, 0.15)

−0.08
(−0.26, 0.10)

−0.02
(−0.17, 0.12)

  Q3 −0.09
(−0.62, 0.44)

−0.06
(−0.45, 0.33)

−1.21
(−18.62, 16.21)

−0.04
(−0.27, 0.20)

−0.04
(−0.22, 0.13)

−0.02
(−0.16, 0.12)

  Q4 ref ref ref ref ref ref
  p-trend .78 .74 .74 .11 .94 .69
Mesor
  Q1 0.63

(0.07, 1.20)*
0.11
(−0.31, 0.53)

−2.14
(−20.94, 16.65)

−0.01
(−0.26, 0.25)

0.09
(−0.09, 0.27)

0.04
(−0.11, 0.19)

  Q2 0.11
(−0.44, 0.66)

−0.12
(−0.52, 0.29)

1.91
(−16.23, 16.04)

−0.06
(−0.30, 0.19)

−0.15
(−0.33, 0.03)

−0.10
(−0.25, 0.04)

  Q3 0.19
(−0.35, 0.73)

−0.20
(−0.60, 0.20)

2.99
(−14.87, 20.86)

−0.07
(−0.32, 0.17)

−0.03
(−0.20, 0.15)

−0.01
(−0.16, 0.13)

  Q4 ref ref ref ref ref ref
  p-trend .05 .55 .81 1.00 .68 .93
Amplitude:mesor ratio
  Q1 −0.36

(−0.92, 0.20)
−0.21
(−0.63, 0.21)

−8.46
(−27.11, 10.19)

−0.25
(−0.50, 0)

−0.04
(−0.22, 0.15)

−0.01
(−0.16, 0.13)

  Q2 −0.61
(−1.16, −0.06)*

−0.21
(−0.62, 0.20)

9.60
(−8.56, 27.75)

−0.18
(−0.43, 0.07)

−0.06
(−0.24, 0.11)

0.07
(−0.08, 0.21)

  Q3 −0.60
(−1.12, −0.08)*

−0.29
(−0.68, 0.10)

6.84
(−10.43, 24.11)

−0.21
(−0.44, 0.03)

−0.05
(−0.21, 0.12)

−0.08
(−0.22, 0.06)

  Q4 ref ref ref ref ref ref
  p-trend .20 .39 .51 .07 .64 .64
Pseudo-F
  Q1 0.19

(−0.37, 0.75)
−0.11
(−0.52, 0.30)

−4.59
(−22.92, 13.74)

−0.01
(−0.25, 0.24)

−0.02
(−0.20, 0.16)

0.03
(−0.12, 0.17)

  Q2 0.01
(−0.54, 0.56)

−0.22
(−0.63, 0.18)

0.83
(−17.24, 18.90)

0.04
(−0.21, 0.28)

−0.08
(−0.26, 0.09)

0.01
(−0.13, 0.15)

  Q3 0.13
(−0.41, 0.66)

−0.50
(−0.90, −0.11)*

19.41
(1.82, 37.00)*

0.03
(−0.21, 0.27)

−0.17
(−0.34, 0.01)

−0.11
(−0.24, 0.03)

  Q4 ref ref ref ref ref ref
  p-trend .62 .90 .30 .99 .98 .42
Acrophase‡

  Early −0.43
(−0.99, 0.13)

−0.13
(−0.55, 0.29)

−5.31
(−23.95, 13.34)

−0.12
(−0.38, 0.13)

−0.003
(−0.19, 0.18)

−0.002
(−0.15, 0.15)

  Normal ref ref ref ref ref ref
  Late 0.43

(−0.14, 1.01)
−0.43
(−0.86, −0.01)*

−12.47
(−31.53, 6.58)

0.08
(−0.18, 0.34)

−0.09
(−0.28, 0.10)

0.06
(−0.09, 0.21)

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

8� Journals of Gerontology: BIOLOGICAL SCIENCES, 2021, Vol. XX, No. XX

Copyedited by: AS

D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/advance-article/doi/10.1093/gerona/glab095/6211329 by U
niversity O

f C
alifornia user on 26 M

ay 2021



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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Supplementary data are available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.

Funding
The Osteoporotic Fractures in Men (MrOS) Study is supported by National 
Institutes of Health funding. The following institutes provide support: 
the National Institute on Aging (NIA), the National Institute of Arthritis 
and Musculoskeletal and Skin Diseases (NIAMS), the National Center for 
Advancing Translational Sciences (NCATS), and NIH Roadmap for Medical 
Research under the following grant numbers: U01 AG027810, U01 AG042124, 
U01 AG042139, U01 AG042140, U01 AG042143, U01 AG042145, U01 

AG042168, U01 AR066160, and UL1 TR000128. The National Heart, Lung, 
and Blood Institute (NHLBI) provides funding for the MrOS Sleep ancillary 
study “Outcomes of Sleep Disorders in Older Men” under the following grant 
numbers: R01 HL071194, R01 HL070848, R01 HL070847, R01 HL070842, 
R01 HL070841, R01 HL070837, R01 HL070838, and R01 HL070839.

Conflict of Interest
Dr. F.A.J.L.S. has received lecture fees from Bayer HealthCare (2016), Sentara 
HealthCare (2017), Philips (2017), Vanda Pharmaceuticals (2018), and Pfizer 
Pharmaceuticals (2018). The other authors declare no conflicts of interest.

Author Contributions
Study concept and design: Q.X.  and K.S. Statistical analysis: Q.X. 
Interpretation of data: Q.X., J.Q., F.A.J.L.S., and K.S. Critical revision of the 
manuscript for important intellectual content: Q.X., J.Q., D.S.E., S.R., N.E.L., 
S.A.-I., F.A.J.L.S., and K.S.

References
	1.	 Franceschi C, Bonafe M, Valensin S, et al. Inflamm-aging. An evolutionary 

perspective on immunosenescence. Ann N Y Acad Sci. 2000;908:244–254. 
doi:10.1111/j.1749-6632.2000.tb06651.x

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 (0.65, 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.
¶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.

Journals of Gerontology: BIOLOGICAL SCIENCES, 2021, Vol. XX, No. XX� 9

Copyedited by: AS

D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/advance-article/doi/10.1093/gerona/glab095/6211329 by U
niversity O

f C
alifornia user on 26 M

ay 2021

https://doi.org/10.1111/j.1749-6632.2000.tb06651.x


	2.	 Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A. Inflammaging: 
a new immune-metabolic viewpoint for age-related diseases. Nat Rev 
Endocrinol. 2018;14:576–590. doi:10.1038/s41574-018-0059-4

	3.	 Kaptoge S, Di Angelantonio E, Lowe G, et al. C-reactive protein concen-
tration and risk of coronary heart disease, stroke, and mortality: an indi-
vidual participant meta-analysis. Lancet. 2010;375:132–140. doi:10.1016/
S0140-6736(09)61717-7

	4.	 Greenland P, Alpert JS, Beller GA, et al. 2010 ACCF/AHA guideline for 
assessment of cardiovascular risk in asymptomatic adults: a report of the 
American College of Cardiology Foundation/American Heart Association 
Task Force on Practice Guidelines. J Am Coll Cardiol. 2010;56:e50–e103. 
doi:10.1016/j.jacc.2010.09.001

	5.	 Heikkila K, Harris R, Lowe G, et al. Associations of circulating C-reactive 
protein and interleukin-6 with cancer risk: findings from two prospective 
cohorts and a meta-analysis. Cancer Causes Control. 2009;20:15–26. 
doi:10.1007/s10552-008-9212-z

	6.	 Zeng F, Wei H, Yeoh E, et al. Inflammatory markers of CRP, IL6, TNFalpha, 
and soluble TNFR2 and the risk of ovarian cancer: a meta-analysis of pro-
spective studies. Cancer Epidemiol Biomarkers Prev. 2016;25:1231–1239. 
doi:10.1158/1055-9965.EPI-16-0120

	7.	 Swardfager W, Lanctôt K, Rothenburg L, Wong A, Cappell J, Herrmann N. 
A meta-analysis of cytokines in Alzheimer’s disease. Biol Psychiatry. 
2010;68:930–941. doi:10.1016/j.biopsych.2010.06.012

	8.	 Scheiermann C, Kunisaki Y, Frenette PS. Circadian control of the immune 
system. Nat Rev Immunol. 2013;13:190–198. doi:10.1038/nri3386

	9.	 Scheiermann C, Gibbs J, Ince L, Loudon A. Clocking in to immunity. Nat 
Rev Immunol. 2018;18:423–437. doi:10.1038/s41577-018-0008-4

	10.	Morris CJ, Purvis TE, Hu K, Scheer FA. Circadian misalignment increases 
cardiovascular disease risk factors in humans. Proc Natl Acad Sci USA. 
2016;113:E1402–E1411. doi:10.1073/pnas.1516953113

	11.	Morris CJ, Purvis TE, Mistretta J, Hu K, Scheer FAJL. Circadian misalign-
ment increases c-reactive protein and blood pressure in chronic shift workers. 
J Biol Rhythms. 2017;32:154–164. doi:10.1177/0748730417697537

	12.	Leproult  R, Holmbäck  U, Van  Cauter  E. Circadian misalignment aug-
ments markers of insulin resistance and inflammation, independently of 
sleep loss. Diabetes. 2014;63:1860–1869. doi:10.2337/db13-1546

	13.	Wright  KP Jr., Drake  AL, Frey  DJ, et  al. Influence of sleep deprivation 
and circadian misalignment on cortisol, inflammatory markers, and 
cytokine balance. Brain Behav Immun. 2015;47:24–34. doi:10.1016/j.
bbi.2015.01.004

	14.	Puttonen  S, Viitasalo  K, Härmä  M. Effect of shiftwork on systemic 
markers of inflammation. Chronobiol Int. 2011;28:528–535. doi:10.3109
/07420528.2011.580869

	15.	Nakamura  TJ, Nakamura  W, Yamazaki  S, et  al. Age-related decline 
in circadian output. J Neurosci. 2011;31:10201–10205. doi:10.1523/
JNEUROSCI.0451-11.2011

	16.	Dijk DJ, Duffy  JF. Circadian regulation of human sleep and age-related 
changes in its timing, consolidation and EEG characteristics. Ann Med. 
1999;31:130–140. doi:10.3109/07853899908998789

	17.	Paudel  ML, Taylor  BC, Ancoli-Israel  S, et  al. Rest/activity rhythms 
and mortality rates in older men: MrOS Sleep Study. Chronobiol Int. 
2010;27:363–377. doi:10.3109/07420520903419157

	18.	Nowakowski  S, Matthews  KA, von  Kanel  R, Hall  MH, Thurston  RC. 
Sleep characteristics and inflammatory biomarkers among midlife women. 
Sleep. 2018;41. doi:10.1093/sleep/zsy049

	19.	Kim  TH, Carroll  JE, An  SK, Seeman  TE, Namkoong  K, Lee  E. 
Associations between actigraphy-assessed sleep, inflammatory 
markers, and insulin resistance in the Midlife Development in 
the United States (MIDUS) study. Sleep Med. 2016;27-28:72–79. 
doi:10.1016/j.sleep.2016.07.023

	20.	Smagula SF, Stone KL, Redline S, et al. Actigraphy- and polysomnography-
measured sleep disturbances, inflammation, and mortality among older Men. 
Psychosom Med. 2016;78:686–696. doi:10.1097/PSY.0000000000000312

	21.	Colbert LH, Visser M, Simonsick EM, et al. Physical activity, exercise, and 
inflammatory markers in older adults: findings from the Health, Aging 

and Body Composition Study. J Am Geriatr Soc. 2004;52:1098–1104. 
doi:10.1111/j.1532-5415.2004.52307.x

	22.	Blank JB, Cawthon PM, Carrion-Petersen ML, et al. Overview of recruit-
ment for the osteoporotic fractures in men study (MrOS). Contemp Clin 
Trials. 2005;26:557–568. doi:10.1016/j.cct.2005.05.005

	23.	Orwoll E, Blank JB, Barrett-Connor E, et al. Design and baseline charac-
teristics of the osteoporotic fractures in men (MrOS) study—a large obser-
vational study of the determinants of fracture in older men. Contemp Clin 
Trials. 2005;26:569–585. doi:10.1016/j.cct.2005.05.006

	24.	Blackwell T, Ancoli-Israel S, Redline S, Stone KL; Osteoporotic Fractures 
in Men (MrOS) Study Group. Factors that may influence the classification 
of sleep-wake by wrist actigraphy: the MrOS Sleep Study. J Clin Sleep 
Med. 2011;7:357–367. doi:10.5664/JCSM.1190

	25.	Cole  RJ, Kripke  DF, Gruen  W, Mullaney  DJ, Gillin  JC. Automatic 
sleep/wake identification from wrist activity. Sleep. 1992;15:461–469. 
doi:10.1093/sleep/15.5.461

	26.	Ancoli-Israel S, Clopton P, Klauber MR, Fell R, Mason W. Use of wrist 
activity for monitoring sleep/wake in demented nursing-home patients. 
Sleep. 1997;20:24–27. doi:10.1093/sleep/20.1.24

	27.	Marler  MR, Gehrman  P, Martin  JL, Ancoli-Israel  S. The sigmoidally 
transformed cosine curve: a mathematical model for circadian rhythms 
with symmetric non-sinusoidal shapes. Stat Med. 2006;25:3893–3904. 
doi:10.1002/sim.2466

	28.	 Qian J, Martinez-Lozano N, Tvarijonaviciute A, Rios R, Scheer F, Garaulet M. 
Blunted rest-activity rhythms link to higher body mass index and inflamma-
tory markers in children. Sleep. 2020. doi:10.1093/sleep/zsaa256

	29.	Adams  KL, Castanon-Cervantes  O, Evans  JA, Davidson  AJ. 
Environmental circadian disruption elevates the IL-6 response to 
lipopolysaccharide in blood. J Biol Rhythms. 2013;28:272–277. 
doi:10.1177/0748730413494561

	30.	Kouri  VP, Olkkonen  J, Kaivosoja  E, et  al. Circadian timekeeping 
is disturbed in rheumatoid arthritis at molecular level. PLoS One. 
2013;8:e54049. doi:10.1371/journal.pone.0054049

	31.	 Boucher B, Cotterchio M, Kreiger N, Nadalin V, Block T, Block G. Validity and 
reliability of the Block98 food-frequency questionnaire in a sample of Canadian 
women. Public Health Nutr. 2006;9:84–93. doi:10.1079/phn2005763

	32.	Rogers TS, Harrison S, Judd S, et  al. Dietary patterns and longitudinal 
change in hip bone mineral density among older men. Osteoporos Int. 
2018;29:1135–1145. doi:10.1007/s00198-018-4388-x

	33.	Washburn  RA, Smith  KW, Jette  AM, Janney  CA. The Physical Activity 
Scale for the Elderly (PASE): development and evaluation. J Clin 
Epidemiol. 1993;46:153–162. doi:10.1016/0895-4356(93)90053-4

	34.	Sheikh  JI, Yesavage  JA, Brooks  JO 3rd, et  al. Proposed factor structure 
of the Geriatric Depression Scale. Int Psychogeriatr. 1991;3:23–28. 
doi:10.1017/s1041610291000480

	35.	 Cole SR, Platt RW, Schisterman EF, et al. Illustrating bias due to conditioning 
on a collider. Int J Epidemiol. 2010;39:417–420. doi:10.1093/ije/dyp334

	36.	Glymour MM, Weuve J, Berkman LF, Kawachi I, Robins JM. When is base-
line adjustment useful in analyses of change? An example with education 
and cognitive change. Am J Epidemiol. 2005;162:267–278. doi:10.1093/
aje/kwi187

	37.	Greenland S, Senn SJ, Rothman KJ, et al. Statistical tests, P values, confi-
dence intervals, and power: a guide to misinterpretations. Eur J Epidemiol. 
2016;31:337–350. doi:10.1007/s10654-016-0149-3

	38.	Castanon-Cervantes  O, Wu  M, Ehlen  JC, et  al. Dysregulation of in-
flammatory responses by chronic circadian disruption. J Immunol. 
2010;185:5796–5805. doi:10.4049/jimmunol.1001026

	39.	Wallace ML, Stone K, Smagula SF, et al. Which sleep health characteris-
tics predict all-cause mortality in older men? An application of flexible 
multivariable approaches. Sleep. 2018;41. doi:10.1093/sleep/zsx189

	40.	Meier-Ewert  HK, Ridker  PM, Rifai  N, et  al. Effect of sleep loss on 
C-reactive protein, an inflammatory marker of cardiovascular risk. J Am 
Coll Cardiol. 2004;43:678–683. doi:10.1016/j.jacc.2003.07.050

	41.	Imeri L, Opp MR. How (and why) the immune system makes us sleep. Nat 
Rev Neurosci. 2009;10:199–210. doi:10.1038/nrn2576

10� Journals of Gerontology: BIOLOGICAL SCIENCES, 2021, Vol. XX, No. XX

Copyedited by: AS

D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/advance-article/doi/10.1093/gerona/glab095/6211329 by U
niversity O

f C
alifornia user on 26 M

ay 2021

https://doi.org/10.1038/s41574-018-0059-4
https://doi.org/10.1016/S0140-6736(09)61717-7
https://doi.org/10.1016/S0140-6736(09)61717-7
https://doi.org/10.1016/j.jacc.2010.09.001
https://doi.org/10.1007/s10552-008-9212-z
https://doi.org/10.1158/1055-9965.EPI-16-0120
https://doi.org/10.1016/j.biopsych.2010.06.012
https://doi.org/10.1038/nri3386
https://doi.org/10.1038/s41577-018-0008-4
https://doi.org/10.1073/pnas.1516953113
https://doi.org/10.1177/0748730417697537
https://doi.org/10.2337/db13-1546
https://doi.org/10.1016/j.bbi.2015.01.004
https://doi.org/10.1016/j.bbi.2015.01.004
https://doi.org/10.3109/07420528.2011.580869
https://doi.org/10.3109/07420528.2011.580869
https://doi.org/10.1523/JNEUROSCI.0451-11.2011
https://doi.org/10.1523/JNEUROSCI.0451-11.2011
https://doi.org/10.3109/07853899908998789
https://doi.org/10.3109/07420520903419157
https://doi.org/10.1093/sleep/zsy049
https://doi.org/10.1016/j.sleep.2016.07.023
https://doi.org/10.1097/PSY.0000000000000312
https://doi.org/10.1111/j.1532-5415.2004.52307.x
https://doi.org/10.1016/j.cct.2005.05.005
https://doi.org/10.1016/j.cct.2005.05.006
https://doi.org/10.5664/JCSM.1190
https://doi.org/10.1093/sleep/15.5.461
https://doi.org/10.1093/sleep/20.1.24
https://doi.org/10.1002/sim.2466
https://doi.org/10.1093/sleep/zsaa256
https://doi.org/10.1177/0748730413494561
https://doi.org/10.1371/journal.pone.0054049
https://doi.org/10.1079/phn2005763
https://doi.org/10.1007/s00198-018-4388-x
https://doi.org/10.1016/0895-4356(93)90053-4
https://doi.org/10.1017/s1041610291000480
https://doi.org/10.1093/ije/dyp334
https://doi.org/10.1093/aje/kwi187
https://doi.org/10.1093/aje/kwi187
https://doi.org/10.1007/s10654-016-0149-3
https://doi.org/10.4049/jimmunol.1001026
https://doi.org/10.1093/sleep/zsx189
https://doi.org/10.1016/j.jacc.2003.07.050
https://doi.org/10.1038/nrn2576


	42.	Krueger JM, Majde JA, Rector DM. Cytokines in immune function and 
sleep regulation. Handb Clin Neurol. 2011;98:229–240. doi:10.1016/
B978-0-444-52006-7.00015-0

	43.	 Straub  RH, Cutolo  M. Glucocorticoids and chronic inflammation. 
Rheumatology (Oxford). 2016;55:ii6–ii14. doi:10.1093/rheumatology/
kew348

	44.	Franceschi  C, Zaikin  A, Gordleeva  S, et  al. Inflammaging 2018: an 
update and a model. Semin Immunol. 2018;40:1–5. doi:10.1016/j.
smim.2018.10.008

	45.	Franceschi C, Ostan R, Santoro A. Nutrition and inflammation: are cen-
tenarians similar to individuals on calorie-restricted diets? Annu Rev Nutr. 
2018;38:329–356. doi:10.1146/annurev-nutr-082117-051637

	46.	Carrier  J, Semba  K, Deurveilher  S, et  al. Sex differences in age-related 
changes in the sleep-wake cycle. Front Neuroendocrinol. 2017;47:66–85. 
doi:10.1016/j.yfrne.2017.07.004

	47.	Reyner LA, Horne JA, Reyner A. Gender- and age-related differences in 
sleep determined by home-recorded sleep logs and actimetry from 400 
adults. Sleep. 1995;18:127–134. doi:10.1093/sleep/18.2.127

	48.	Grandner  MA, Williams  NJ, Knutson  KL, Roberts  D, Jean-Louis  G. 
Sleep disparity, race/ethnicity, and socioeconomic position. Sleep Med. 
2016;18:7–18. doi:10.1016/j.sleep.2015.01.020

	49.	Saffer  H, Dave  D, Grossman  M, Leung  LA. Racial, ethnic, and 
gender differences in physical activity. J Hum Cap. 2013;7:378–410. 
doi:10.1086/671200

Journals of Gerontology: BIOLOGICAL SCIENCES, 2021, Vol. XX, No. XX� 11

Copyedited by: AS

D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/advance-article/doi/10.1093/gerona/glab095/6211329 by U
niversity O

f C
alifornia user on 26 M

ay 2021

https://doi.org/10.1016/B978-0-444-52006-7.00015-0
https://doi.org/10.1016/B978-0-444-52006-7.00015-0
https://doi.org/10.1093/rheumatology/kew348
https://doi.org/10.1093/rheumatology/kew348
https://doi.org/10.1016/j.smim.2018.10.008
https://doi.org/10.1016/j.smim.2018.10.008
https://doi.org/10.1146/annurev-nutr-082117-051637
https://doi.org/10.1016/j.yfrne.2017.07.004
https://doi.org/10.1093/sleep/18.2.127
https://doi.org/10.1016/j.sleep.2015.01.020
https://doi.org/10.1086/671200



