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Abstract

Circadian rhythm disruption is associated with immune system disturbance and has been observed
in many health problems where chronic-inflammation acts as a major contributor. We aim to
examine whether rest-activity circadian rhythm is associated with chronic inflammation using
white blood-cell-based inflammatory indices including white blood cell (WBC) count, neutrophil
count, neutrophil-to-lymphocyte ratio (NLR) and systemic immune-inflammation index (SII). We
analyzed the data from 8089 adults (age=20) with at least 4 days of validated accelerometer
recordings and a valid WBC count from the National Health and Nutrition Examination Survey
(NHANES) 2011-2014. Non parametric rest-activity circadian rhythm parameters were derived
from the accelerometer recordings. In the models adjusting multiple covariates, a one-quantile
increase in relative amplitude (i.e. more robust circadian rhythm) was associated with 1x108
cells/L decrease in WBC number (95% Cl: 5x107 to 1.5x108, A<0.001), 7x107 cells/L decrease
in neutrophils (95% CI: 3x107 to 1.1x108, £=0.003) and 15.2x10° /L decrease in SII (95% ClI:
6x10% /L to 20x10%/L, P=0.019). Consistent results were also observed for the association of M10
value and L5 value with these inflammatory indices. Our results indicated that blunted rest-activity
circadian rhythm is associated with increased white blood-cell-based inflammatory indices in
adults, suggesting interventions aiming at enhancing circadian rhythm by lifestyle programs may
be a novel approach to improve the general health.

Keywords
Rest-activity rhythm; circadian rhythm; WBC count; inflammation

Introduction

In mammals, the internal circadian timing system is entrained to the 24-h light-dark cycle
through light signals reaching a master clock located within the hypothalamus. With the
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relatively recent widespread availability of electrical lighting, humans have the ability to
extend wakefulness activities far into the night. This capability to alter the timing of
wakefulness can result in a misalignment between behavior and endogenous circadian
physiology. Circadian misalignment or disruption (1) is especially pronounced in night-
shift workers and is thought to be responsible for their well-documented health problems
including hypertension, sleep disturbance, diabetes and cardiovascular disease (2). Circadian
disruption can also occur in a “real world” setting, mainly caused by individuals’ choices or
constraints on daily schedules of sleep-wake cycle and activities (such as physical activity,
food intake, etc.) (3).

The mammalian molecular circadian clock machinery is present in virtually all cell types
and can directly regulate the trafficking of immune cells (4). Previous studies (5-7) have
found that dramatic circadian misalignment plays critical roles in inflammatory process
under laboratory settings, indicating the interface between circadian rhythm and immune
homeostasis may have a wide range of implications for public health and individual risk of
diseases. However, whether long-term mild disruption of circadian rhythm in the daily real-
world setting (i.e. a combination of the interaction between circadian timing and behavior
factors) affects our inflammatory status is less studied.

Rest-activity rhythm is one of the most prominent outputs of the circadian system and is
now commonly used to assess circadian function in both animal and humans (8). Several
measures calculated from rest-activity cycles are thought to reflect the strength and timing
of the circadian systems in real life and these measurements have been associated with
morbidity and mortality and changes in response to interventions (9-11). Few studies

have tested whether participants with impaired rest-activity rhythm have increased chronic
inflammation. Only two recent studies with one in elder men (=65 years) (12) and one in
children (13) reported that rest-activity rhythm disruption was associated with high levels
of C-reactive protein (CRP) and other inflammatory markers. In addition to CRP which has
been used as a biomarker of chronic inflammation, white blood-cell-based markers such

as elevated white blood cell (WBC) count (14-17) and certain WBC subtypes especially
neutrophil count (18,19) have also been extensively studied as chronic inflammatory
indices and linked with incident CVD, cancer and mortality. More recently, several new
white blood-cell-based composite indices such as neutrophil-to-lymphocyte ratio (NLR)
(20,21) and systemic immune-inflammation index (Sll, calculated based on the neutrophil,
lymphocyte and platelet counts) (22,23) have also been identified as markers predicting
CVD incidence and mortality in the general population. In this study, we aim to test whether
impaired rest-activity rhythm is associated with these white blood-cell based inflammatory
markers that are established predictors of mortality in the general population in a nationally
representative sample of US adults (=20 years).

Study Population

The National Health and Nutrition Examination Survey (NHANES) is a research program
designed to assess the health and nutritional status of individuals in the United States.
Wrist accelerometers data were available in the 2011-2014 NHANES study cycle. A

Chronobiol Int. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu et al.

Page 3

multistage probability sampling design was used in NHANES study to produce a weighted,
representative sample of the US population (24). The National Center for Health Statistics
Research Ethics Review Board approved all NHANES protocols, and all participants gave
informed consent. Our sample included adults aged =20 years old that had at least 4

days of validated accelerometer recordings from NHANES 2011-2014 cycles [dataset
(25)]. Participants who were pregnant at screening were excluded. Of the 8355 validated
participants, we excluded 262 with missing WBC data and 4 with extreme WBC values
(>30.0 x 109). Figure 1 illustrates the flow of participants selected for inclusion in this
analysis (n = 8089).

Measurement of WBC Count and Its Subtypes

According to the protocol of NHANES 2011-2014 cycle, the Beckman Coulter method

of counting and sizing, in combination with an automatic diluting and mixing device for
sample processing, and a single beam photometer for hemoglobinometry was used for count
of blood cells from peripheral blood sample obtained during the day of the participant’s
exam in the NHANES Mobile Examination Center (MEC). In this study, our primary white
blood-cell-based inflammatory markers are WBC count, neutrophil count, NLR and SlI. The
Sl level was calculated from the numbers of platelet, neutrophil and lymphocyte using the
following formula: Sli=platelet x neutrophil/lymphocyte count and expressed as x10%/L.

Accelerometer Recording and Data Preprocessing

All participants aged 6 years and older during the 2011-2012 cycle and all participants
aged 3 years and older during the 2013-2014 cycle were asked to wear an accelerometer
(ActiGraph Model GT3X+, ActiGraph of Pensacola, FL) on the day of their exam in the
NHANES MEC and to keep wearing it all day and night for 7 consecutive days. We focused
on participants aged =20 years with valid accelerometer recordings defined below. The
device was worn on the non-dominant wrist, if possible. Raw signals obtained on the x-,

y-, or z-axes every 1/80 of a second (80 Hz) were processed, flagged and summarized at
the minute level and released by NHANES in November 2020. These summary measures
in the minute summary file (PAXMIN) are specified in Monitor-Independent Movement
Summary (MIMS) units, which is a non-proprietary, open-source, device-independent
universal summary metric developed by researchers at Northeastern University. MIMS
triaxial value (variable name: PAXMTSM) at the every minute level was used to calculate
rest-activity rhythms. MIMS triaxial values were changed to missing (i.e. a value of 0) if
they met any of the following conditions: (1) PAXMTSM is coded as “-0.01"; (2) estimated
wake/sleep/wear status during the minute (variable name PAXPREDM) is coded as “Non
wear”; or (3) minute data quality flag count (variable name PAXQFM) is larger than “0”. R
package “accelmissing” was used to impute the missing count values in the accelerometer
data with the following pre-processing steps: (1) the minimum minutes of missing interval
were defined as 60 minutes; (2) the valid days were defined as more than 16 hours of
wearing; and (3) the minimum number of valid days that the subject should have was
defined as 4 days.
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Rest-Activity Rhythm Parameters

Covariates

R package “nparACT” was used to compute the following nonparametric variables of
rest-activity rhythms, which have been extensively described before(26,27): (1) Interdaily
stability (1S), which estimates how closely the 24-hour rest-activity pattern follows the 24-
hour light—dark cycle (IS ~ 0 for Gaussian noise, IS ~ 1 for perfect stability); (2) Intradaily
variability (IV), which quantifies the fragmentation of the 24-hour rhythm (IVV ~ 0 for a
perfect sine wave, IV ~ 2 for Gaussian noise); (3) The relative amplitude (RA), which is the
relative difference between M10 (the average activity of the ten consecutive hours with the
highest activity) and L5 (the average activity of the five consecutive hours with the lowest
activity) in an average 24h from midnight to midnight (RA=(M10-L5)/(M10+L5)). Itis a
nonparametric measure of the amplitude of rest-activity rhythm with higher RAs indicating
more robust 24-hour rest—activity oscillations, reflecting both higher activity when awake
and relatively lower activity during the night; (4) Onset time of the M10 (M10 start time),
which indicates the starting time of the peak activity; and (5) Onset time of the L5 (L5 start
time), which provides an indication of the starting time of nadir activity.

Self-reported information about demographic factors regarding age, sex, race (i.e., Non-
Hispanic (NH) White, NH Black, Mexican American and other race— including other
Hispanic, Asian and other race), smoking status, alcohol drinking, and family income-to-
poverty ratio were collected. Current smokers were defined when individuals reported a
consumption of =100 cigarettes during their lifetime and were still currently smoking.
Participants were categorized into ideal, intermediate, or poor leisure-time physical activity
levels based on whether they met the AHA recommendations (28) for weekly activity: ideal,
75 minutes or more of vigorous activity or 150 minutes or more of moderate activity or

150 minutes or more of combined moderate and vigorous physical activity; intermediate,
more than 0 minutes of physical activity but less than recommendations; and poor, 0 minutes
of physical activity. Self-reported presence of chronic disorders including history of CVD
(i.e. congestive heart failure, coronary heart disease, angina pectoris and heart attack),
hypertension, stroke, diabetes and cancer were also included as study covariates.

Statistical Analysis

STATA (v16) was used to perform survey data analysis to account for complex survey
design and produce representative estimates of the US population. Four-year survey weights
were calculated and used in all analyses to adjust for unequal selection probability and
non-response bias in accordance with NHANES analytical guidelines. Descriptive statistics
were presented as population means, and standard deviations for continuous variables and
weighted proportions for categorical variables. Survey weighted multiple linear regressions
were used to assess the association of rest-activity rhythm parameters with WBC count,
neutrophil count, NLR, and SII. Age, sex and race were included as covariates unless
otherwise indicated. Because a one-unit change in RA, IS or 1V would reflect the difference
between the extreme lower and upper ends of the range, they were divided into quartiles

for the regression models. Log transformed outcomes were used in the regression models
to make them normally distributed when reporting the P values. We tested 3 models with
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increased number of covariates. Base model (model 1) included age, sex, and race as
covariates. Model 2 further adjusted ratio of family income to poverty level, smoking
status and physical activity. Model 3 further included BMI and history of CVD, cancer,
stroke, diabetes and hypertension as covariates. Statistical significance was set at £< 0.05.
To ensure that a possible effect of collinearity was not present between the independent
variables in the models, the variance inflation factor was calculated in the model. A value
greater than 10 indicates such a problem is present. In all the models that we tested, the
variance inflation factors were less than 1.5. The interaction between sex and rest-activity
rhythm parameters was also tested to examine whether the associations of white blood-cell-
based inflammatory markers with rest-activity circadian rhythm parameters were modified
by sex. Sensitivity analyses were conducted on the sub-group consisting of those without
a recent illness in the past 30 days: a head or chest cold, stomach or intestinal illness with
vomiting, diarrhea, flu, pneumonia or ear infection.

Our analytical sample included 8089 participants aged = 20 years (mean +SD: 50.3 £ 17.4),
representing 171 million noninstitutionalized residents of the United States. Demographic
and general health factors as well as rest-activity rhythm parameters are presented in Table
1.

The associations of rest activity circadian rhythm parameters with WBC count, neutrophil
count, NLR and SII were presented in Table 2. Across three models, lower relative
amplitude was significantly associated with higher levels of WBC and neutrophil count

as well as higher levels of SlI. In the fully adjusted regression model (i.e. model 3), a one-
quantile increase in relative amplitude was associated with 1x108 cells/L decrease in WBC
number (95% Cl: 5x107 to 1.5x108, P<0.001), 7x107 cells/L decrease in neutrophils (95%
Cl: 3x107 to 1.10, P=0.003) and 15.2x10%L (95% Cl: 6x10° /L to 20x10%/L, P=0.019)
decrease in Sll. A negative relationship between NLR and relative amplitude was observed
in model 1 and 2, however, the significance disappeared in model 3. Increased intradaily
variability (i.e. increased rhythm fragmentation) was associated with increased numbers
of WBC, neutrophils, NLR and SII in model 2. Decreased stability of the rhythm (1S)

was associated with increased numbers of WBC and neutrophils in model 1. In consistent
with the findings for relative amplitude, lower levels of M10 in all 3 models and higher
levels of L5 in model 1 and model 2 (with the exception of NLR) were also significantly
associated with higher levels of inflammatory indices (Table 2). We did not observe any
significant associations of the M10 start time or L5 start time with these selected white
blood-cell-based inflammatory markers (Table S1). The associations with other WBC
subtypes (i.e. lymphocyte count and monocyte count) and other white blood-cell-based
composite indices (i.e. ratio of neutrophil to WBC and ratio of monocyte to WBC) were
listed in supplementary Table 2. There was no significant interactions between sex and
rest activity circadian rhythm parameters on WBC count, neutrophil count, NLR and S|,
indicating the findings were consistent across sex. These results were not impacted by
exclusion of participants with recent illnesses (data not shown).
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Discussion

In the present study of a nationally representative adult sample, we observed that lower
relative amplitude of the rest-activity rhythm (i.e. decreased robustness of circadian

rhythm) was associated with increased numbers of white blood cells, increased numbers

of neutrophils, as well as increased levels of SlI, indicating that mild disruption of

circadian rhythm in the real-world setting is associated with increased inflammatory states.
The findings for M10 value and L5 value, the two determinants of relative amplitude,

were in consistent with the findings of RA with lower M10 value and higher L5 value
associated with worse inflammatory indices. These associations were independent of
sociodemographic factors and the significance persisted after the exclusion of individuals
with acute inflammatory disorders in the past month. Given the fact that chronic, low-grade
activation of pro-inflammatory process occurs within many chronic diseases and that blunted
rest-activity rhythm was associated with an increased risk of CVD events (11), cancer (29)
and diabetes (30), in an effort to avoid the spurious associations caused by adjustment

for multiple confounders, we further excluded the participants with inflammatory chronic
diseases including CVD, cancer, and diabetes. The finding stays the same, this is, impaired
robustness of rest-activity circadian rhythm was associated with increased inflammatory
states with increased numbers of WBC as well as SII. We did not observe significant results
in the associations of the timing of rest-activity cycles (i.e. M10 or L5 starting time) with
the number of WBC, neutrophil or SII across different models, indicating that our body may
have higher levels of adaptive capacity or resilience in the phase shift of the rhythm caused
by individuals’ choices or constraints on daily schedules.

It has been well established that the circadian rhythm regulates the immune system and
previous studies have linked the disruption of circadian rhythm with increased inflammation
(31). Hitoshi Inokawa et al. (32) showed that constant circadian disruption induced by
chronic jet-lag paradigms in wild mice caused significant early mortality, and was associated
with immune senescence and consequent chronic inflammation, suggesting an important
regulatory role of the circadian system. Research from Khoa et al. found that myeloid cell-
specific deletion of clock gene Bmall in mice induces exaggerated inflammation responses
to infection or high-fat diet, directly prove the role of circadian rhythm in immune responses
(33). Recently, similar results has been found in human studies. Xiao et al (12) observed
significant relationship between weaker rest-activity rhythms (indexed by reduced relative
amplitude) and higher levels of inflammatory markers such as CRP, IL-6, and TNF- a in
fasting blood in Caucasian men aged =65 years. Similarly, in another small study in children
(N=121), Qian et al. (13) found that CRP levels were inversely associated with relative
amplitudes in which 1 SD increase of relative amplitude was linked to 32.6% decrease in
CRP levels in saliva samples. The present study not only confirms the previous findings in

a nationally representative samples using white blood-cell-based markers as biomarkers of
systemic inflammation, but also extends the findings to both males and females, multiple
race groups and a broad age range. We also observed that a lower M10 value, an index

of lower daily activity, and a higher L5 value, an index of higher activity during night (or
sleep period) were associated with worse inflammatory markers. This is in consistent with
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previous epidemiology studies which have observed that physical inactivity and disturbed
sleep are associated with increased inflammatory markers (34-36).

Our study has some limitations that should be considered during interpretation. The current
study cannot explain the temporal relationships or causal inferences between factors,
although our goal in this study was to explore the associations of mild disruption of
circadian rhythm in the real-world setting with inflammation rather than to infer causality.
However, longitudinal studies with accelerometer data and inflammation markers obtained
on multiple visits will provide more information in explaining the nature and direction of
causality. Second, shift work status/recent travel over time zones was not obtained from
participants of NHANSE 2011-2014 cycle, therefore, a sensitive test by excluding these
participants cannot be performed. Furthermore, it has been long recognized that blood
count of leukocytes vary in a circadian manner with the amplitude for leukocyte count of
0.78x109/L, and for neutrophils of 0.04 x 10%L (37). While detection of the leukocytes

at controlled time points of the day in the future study are warranted and will provide

more solid evidence on the association between circadian rhythm and chronic inflammation,
sample collections in the NHANES MEC were conducted in a random order, therefore, the
oscillation nature of the leucocytes is likely to increase the measure error and weaken the
associations we found here, not exaggerate them. In addition, other inflammation markers,
such as CRP level, were not available in NHANES 2011-2014 cycles to further confirm the
association of activity rhythm disruption with chronic inflammation. Although we do not
anticipate the results would be different from those of white blood-cell-based inflammatory
markers, assessing the relationship between rest-activity rhythm and different components of
the immune system in a comprehensive way is warranted. Also, we cannot examine whether
the association of rest-activity rhythm with inflammation status is different in different race
groups because of lack of sufficient data.

In conclusion, our study found that mild disruption of circadian rhythm indexed by the
weakened rest-activity rhythm was associated with indicators of low-grade inflammation in
adults from a national representative sample. Future studies could focus on understanding
of the nature of the circadian biology of inflammatory conditions, testing interventions
targeting improving rest-activity rhythm through the modifications of lifestyle and
behavioral factors to improve the general health and incorporating characteristics of rest-
activity rhythm into algorithms to better predict inflammation-related chronic disease risks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Table 1

Descriptive characteristics of the study sample (n =8089)
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Variables Statistics
Age, years, mean (SD) 49.0 (16.8)
Female, N (%) 4159 (52.0)
Race, N (%)
NH White 3347 (67.6)
NH Black 1863 (10.9)
Mexican American 964 (8.4)
Other 1915 (13.1)
Current smoker, N (%) 1572 (19.1)
Recent illness, N (%) 1615 (19.5)
CVD, N (%) 699 (7.5)
Cancer, N (%) 767 (10.9)
Stroke, N (%) 329 (3.2)
Diabetes, N (%) 1107 (10.5)
Hypertension, N (%) 3130 (35.1)
Physical activity, N (%)
Poor 4120 (46.6)
Intermediate 1329 (17.4)
Ideal 2640 (36.0)
BMI (kg/m?), mean (SD) 29.2 (6.9)
Reference, N (%) 2422 (29.3)
Overweight, N (%) 2572 (33.1)
Obese, N (%) 3019 (37.6)
Ratio of family income to poverty, mean (SD) 29 (1.7)
WBC count (10° cells/L), mean (SD) 7.1(2.1)
Neutrophils (10° cells/L), mean (SD) 4.3 (1.7)
Lymphocytes (10° cells/L), mean (SD) 2.1(0.7)
Platelets (10° /L), mean (SD) 235.3 (58.7)
NLR, mean (SD) 23(1.2)
SII (10° /L), mean (SD) 533.1 (325.4)
Rest-activity parameters, mean (SD)
RA 0.85 (0.12)
RA-Q1 0.66 (0.13)
RA-Q2 0.84 (0.02)
RA-Q3 0.90 (0.01)
RA-Q4 0.94 (0.01)
IS 0.59 (0.14)
Y 0.71 (0.23)
M10 14.4 (4.2)
L5 1.2 (1.1)
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% and means (SD) were weight adjusted. NH: Non-Hispanic; BMI, body mass index; RA, relative amplitude; 1S, interdaily stability; IV, intradaily
variability; M10, the average activity level of the most active continuous 10-h period; L5, the average activity level of the least active continuous
5-h period; NLR, neutrophil-lymphocyte ratio; Sll, systemic immune-inflammation index
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