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INTRODUCTION
The recognition of increased population prevalence of 

insufficient sleep duration1 has led to efforts to address this 
public health issue.2,3 Evidence of a pro-inflammatory role 
for sleep loss,4-14 and the consequential cardiovascular conse-
quences,15-17 is being discovered. Recently, clinical observa-
tional and experimental sleep deprivation studies have shown 
an association between sleep loss and pro-inflammatory 
processes that promote the development of atherosclerotic 
plaques.4,11

C-reactive protein (CRP), a systemic marker of chronic, 
low-grade inflammation,18 is associated with sleep duration. 
Laboratory studies have shown that elevated CRP results from 
acute sleep deprivation. Epidemiologic studies have found that 
short10,14,19 and/or long20,21 (extreme) sleep durations are associ-
ated with elevated CRP.
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Despite these findings, the literature linking CRP to sleep 
duration is inconsistent. In addition to a number of studies 
with positive findings (mentioned previously), a number of 
studies have found either conflicting or negative results.13,22,23 
Some important limitations of these studies may explain 
these inconsistencies.

First, there is a strong floor effect for CRP levels in the 
general population. Although this can be modeled using data 
transformations, it still reduces variability and limits statistical 
power. Previous studies have detected a range of levels in rela-
tively large samples,24 although these samples are often selected 
for being at higher than normal risk of cardiovascular disease 
(CVD). Categorizing respondents as having had a recent car-
diac event yields tertiles of CRP levels reflecting positive (pro-
tected), normal, and elevated risk of cardiometabolic disease 
that are not representative of a general population with a lower 
rate of morbidity or predisease states.25 Similarly tertiled values 
from a sample of the general population may be lower and may 
not yield such useful categories for subsequent cardiovascular 
event prediction. Second, CRP levels and relationships between 
CRP and health outcomes are known to vary by sex and race/
ethnicity.26,27 Despite this, very few studies of sleep duration and 
CRP have explored interactions with these demographic factors 
or have had the statistical power to evaluate them. Third, many 
studies evaluate sleep duration groups that combine a number 
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of possible durations (e.g., short sleepers represented as < 6 h in 
many cases). They are rarely powered to detect effects at great-
er extremes of sleep duration. In summary, the inconsistencies 
present in the literature may be due to a lack of statistical power 
and/or analysis strategies that do not take into account impor-
tant confounders such as sex and/or race/ethnicity. Significant 
race and sex differences exist in the population distribution of 
CRP,10,26-28 which may contribute to CVD disparities.

Accordingly, the current study examines the independent as-
sociation between sleep duration and CRP levels in a nation-
ally representative U.S. adult sample, considering the effects 
of several known confounders. It also examines whether this 
relationship depends on sex and/or race/ethnicity. The hypoth-
eses for the study were that: (1) CRP is positively associated 
with short and long sleep duration; (2) the relationship between 
sleep duration and CRP is different for men and women; and 
(3) the relationship between sleep duration and CRP depends 
on race/ethnicity.

METHODS

Data Source
The participants in this study were respondents of the 

2007-2008 National Health and Nutrition Examination Sur-
vey (NHANES), a national survey conducted by the Centers 
for Disease Control and Prevention, reporting the health and 
nutritional characteristics of children and adults.29 Detailed de-
scription of the NHANES methods have been previously de-
scribed, and can be found by accessing the surveys, manuals, 
and procedures on the NHANES website (http://www.cdc.gov/
nchs/nhanes). For example, the CRP laboratory manual is avail-
able.30 In brief, participants were administered questionnaires 
assessing demographic, socioeconomic, nutritional, health, 
and other domains, during in-person interviews conducted in 
the home. Additionally, physical examinations were performed 
in mobile medical facilities to collect medical and physiolog-
ic data; additional laboratory tests were also performed from 
blood and urine samples collected on site. To compensate for 
underrepresentation, African Americans, Hispanics, and adults 
older than 60 years were oversampled.29

The NHANES is representative by design. Sampling in this 
survey was performed to ensure generalizability to the entire 
population across all ages. Given the complexity of the survey 
design coupled with variable probabilities of selection, the data 
used in the following analyses were also weighted to control 
for representativeness by following the procedures outlined in 
the current NHANES Analytic and Reporting Guidelines.31 For 
the current study, analyses included adults ages 18-80+ years 
(mean = 49.3, standard deviation = 18.6) with complete data on 
all independent and dependent variables (n = 5,587). All respon-
dents provided informed consent. Consent forms are available 
online (http://www.cdc.gov/nchs/nhanes/nhanes2007-2008/
current_nhanes_07_08.htm).

Measures

C-Reactive Protein
Detailed specimen collection and processing instructions are 

discussed in the NHANES Laboratory/Medical Technologists 

Procedures Manual.30 This method quantified CRP (hsCRP) 
by latex-enhanced nephelometry. Particle-enhanced assays 
were based on the reaction between a soluble analyte and the 
corresponding antigen or antibody bound to polystyrene par-
ticles. For the quantification of CRP, particles consisting of 
a polystyrene core and a hydrophilic shell were used to link 
anti-CRP antibodies covalently. A dilute solution of test sample 
was mixed with latex particles coated with mouse monoclonal 
anti-CRP antibodies. CRP present in the test sample forms an 
antigen antibody complex with the latex particles. An automat-
ic blank subtraction was performed. CRP concentrations were 
calculated by using a calibration curve. Data reduction of the 
signals was performed by using a storable logit-log function for 
the calibration curve-performed data reduction of the signals. 
These assays were performed on a Behring Nephelometer for 
quantitative CRP determination (Siemens Heathcare Diagnos-
tics, Inc. New Castle, DE). The lower detectable limit was 0.02. 
For the purposes of analysis, CRP was assessed as a continu-
ous variable, log-transformed, and as a binary variable (top 5% 
relative to bottom 95%).

Sleep Duration
Sleep duration was assessed with the survey item, “How 

much sleep do you usually get at night on weekdays or work-
days?” Responses were coded in whole numbers.

Sleep Disorders
Insomnia and sleep apnea were assessed symptomatically 

and by history of diagnosis. Difficulty falling asleep (hallmark 
symptom of insomnia) was assessed with the item, “In the 
past month, how often did you have trouble falling asleep?” 
Responses were categorized as, “Never,” “Rarely (one time 
a month),” “Sometimes (two to four times a month),” “Of-
ten (five to 15 times a month),” and “Almost Always (16-30 
times a month).” Responses were dichotomized as either rep-
resenting a current problem (“Often” or “Almost Always”) 
or not. Snorting and/or gasping (hallmark symptom of sleep 
apnea) was assessed with, “In the past 12 months, how often 
did you snort, gasp, or stop breathing while you were asleep?” 
Responses were categorized as “Never,” “Rarely (1-2 nights/
week),” “Occasionally (3-4 nights/week),” or “Frequently (5 
or more nights/week).” Responses were diagnosed as either 
representing a likely clinical problem (“Occasionally” or “Fre-
quently”) or not. Previous diagnosis of insomnia and/or sleep 
apnea was assessed with the question, “Have you ever been 
told by a doctor or other health professional that you have a 
sleep disorder?” If yes, they were asked, “What was the sleep 
disorder?” Options included “Insomnia” or “Sleep Apnea” 
(used for the current analyses), as well as “Restless Legs 
Syndrome” or “Other.”

Covariates
The following variables were chosen as covariates: sex, 

age, race/ethnicity (non-Hispanic white, Black/African-Amer-
ican, Hispanic/Latino, and Asian/Other), and body mass index 
(BMI), measured objectively as part of the NHANES physical 
examination. These covariates were chosen because they have 
been used previously to study the relationship between sleep 
duration and CRP. 21
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Health Status
Because CRP levels are inflated in individuals with certain 

medical conditions or active illness, the following were also 
assessed as part of the NHANES interview (yes/no): history of 
diabetes, current treatment for diabetes, history of hyperten-
sion, current treatment for hypertension, hypercholesterolemia, 
current treatment for hypercholesterolemia, heart failure, coro-
nary artery disease, cancer, chronic kidney disease, rheumatoid 
arthritis, and gastrointestinal and viral illness. Smoking status 
was also assessed by self-report (any smoking in the past 30 
days), as was alcohol use (number of days consumed alcohol 
in the past year).

Statistical Analyses
CRP levels were operationalized as either continuous (mg/

dL, log-transformed) or categorical (top 5% versus bottom 
95%) in different models. The top 5% represented the subpop-
ulation with clinically relevant elevated CRP (> 1.4 mg/dL). 
Sleep duration was also assessed both continuously (hours of 
nightly sleep) and categorically (< 5, 5, 6, 7, 8, 9, > 9 h). This 
resulted in four sets of analyses: (1) continuous CRP relative 
to continuous sleep duration; (2) continuous CRP relative to 
categorical sleep duration; (3) categorical CRP relative to con-
tinuous sleep duration; and (4) categorical CRP relative to cat-
egorical sleep duration. This allows for analysis of linear and 
nonlinear relationships.

The nonlinear effects of continuous sleep duration on con-
tinuous CRP were modeled using polynomial regression with 
terms for linear and squared sleep duration. A two-degree poly-
nomial was chosen due to the parabolic nature of the relation-
ship of CRP to sleep duration. Relationships between CRP 
and categorical sleep duration were modeled using multino-
mial linear regression to examine how mean log CRP levels 
change across sleep duration categories relative to normative 
sleepers (7 h).

High CRP (binary) was defined as having a CRP value great-
er than the 95th percentile, which was 1.42 mg/dL. The nonlin-
ear effects of continuous sleep duration on binary CRP were 
modeled using logistic regression with terms for linear and 
squared sleep duration. Categorical sleep duration was mod-
eled using logistic regression to examine how odds of having a 
high CRP level change across sleep duration categories, relative 
to the proportion among normative-duration sleepers (7 h). A 
reference group of 7 h (instead of 7-8 h or 8 h) was chosen for 
four reasons: (1) the largest controlled population study of sleep 
duration associated with mortality risk found that the lowest 
risk group was 7-h sleepers; (2) the lowest levels of CRP were 
found among 7-h sleepers; (3) 7 h was the most common sleep 
duration category; and (4) this allows for an equal number of 
groups on either side of the reference group for analyses of U-
shaped associations.

All analyses were conducted for the overall sample, as well 
as stratified by sex and race/ethnicity, because of the well-
established sex differences in the role of CRP levels in health 
outcomes. All analyses were conducted hierarchically by in-
cluding additional covariates in each subsequent model of CRP 
and sleep duration. Model 1 was unadjusted for covariates. 
Model 2 included the covariates of age, race, sex, BMI, and 
BMI squared (BMI2). Model 3 included Model 2 covariates and 

measures of insomnia and sleep apnea described previously. 
Model 4 included Model 3 covariates and health status covari-
ates (described previously). Interactions with race/ethnicity 
were explored in Models 2, 3, and 4, because previous studies 
have shown differential levels of CRP relative to race/ethnicity.

Because an almost unlimited number of factors could poten-
tially increase CRP, it is unlikely that any model could fully ac-
count for these. Further, adding many covariates introduces the 
problem of compounded measurement error, especially for self-
reported measures. In addition, many of those factors that are 
associated with elevated CRP could be at least partially a con-
sequence of changes in sleep, including these as covariates and 
then examining the unique variance explained by sleep leads 
to a situation of overcontrolling. An overcontrolled model un-
derestimates the effects of the outcome of interest (in this case, 
sleep duration). For the current paper, Model 4 was specifically 
meant as an over-controlled model. This model is included for 
the sake of introducing a maximally conservative approach that 
likely underestimates the effects associated with sleep (not a 
fully-adjusted model that simply accounts for confounders). 
Therefore, the results of Model 4 should be interpreted with 
appropriate caution.

As a validity check, all analyses were re-run excluding the 
six individuals with CRP levels > 10 mg/dL, a level sugges-
tive of active infection rather than chronic low-grade inflam-
mation. Also, all analyses were re-run to include pregnancy 
status as a covariate. This did not affect any results (all sta-
tistically significant or nonsignificant results remained so, and 
effect sizes did not change appreciably), thus reported results 
include these individuals.

RESULTS

Sample Characteristics
Characteristics of the sample are reported in Table 1. Sex 

was differentially distributed across sleep duration categories, 
with the lowest percentage of females among the 7-h sleepers 
and the highest among > 9 h sleepers. Race/ethnicity was also 
differentially distributed, with the greatest proportion of non-
white respondents among the < 5-h and 5-h sleepers. Charac-
teristics are also reported for the stratified sample, separate for 
men (Table S1) and women (Table S2).

Sleep Duration Associated With Log CRP
Results from regression analyses for categorical sleep du-

ration are displayed in Table 2. In the unadjusted model 
(Model 1), the shortest (< 5 h) and longest (> 9 h) sleep dura-
tions were associated with higher log CRP, and this pattern was 
maintained in Model 2, which included adjustment for age, sex, 
race/ethnicity, BMI, and BMI2. In Model 3, which included di-
agnosis and symptoms of insomnia and sleep apnea, only the 
relationship with long sleep remained significant, and this was 
maintained in Model 4, the overcontrolled model that included 
health status covariates. When men were considered separately, 
for < 5-h sleepers, elevated CRP was observed in Models 1 and 
2; for > 9-h sleepers, elevated CRP was present in all mod-
els. Among women, for < 5-h sleepers, elevated CRP was only 
significant in Model 1; for > 9-h sleepers, elevated CRP was 
observed in all models.
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When modeled using polynomial terms, both linear and 
squared terms were significantly associated with log CRP in 
all models in the complete sample and in men, when assessed 
separately. For women, these terms were significant in Models 
1 and 2 only. These results are displayed in Table S3.

The relationships between continuous CRP and sleep du-
ration for categorical analyses are displayed graphically in 
Figure 1. Data displayed reflect the complete sample, men and 
women for Model 1 versus Model 3.

Sleep Duration Associated With Binary CRP
Table S4 depicts polynomial regression results for binary log 

CRP. The linear term was significant in Model 1 only for the 
complete sample, and Models 1 and 2 for men (not for women). 

The squared term was significant in Model 1 and for the overall 
sample, and Models 1, 2, and 3 for men (not for women).

Table S5 depicts relationships between high CRP and cat-
egorical sleep duration. In the complete sample, < 5-h sleep-
ers were more likely to have high CRP levels in Model 1 only, 
whereas the > 9-h sleepers were more likely to have high CRP 
levels in all models. This pattern was similar in men, where 
high CRP was more common among < 5-h sleepers in Models 
1 and 2, and for > 9-h sleepers in all models. No relationships 
were significant among women.

The relationships between categorical CRP and sleep dura-
tion, for both categorical and polynomial sleep duration analyses, 
are displayed graphically in Figure S1. Data displayed reflect the 
complete sample, men and women for Model 1 versus Model 3.

Table 1—Characteristics of the sample, stratified by sleep duration category

Total sample < 5 h 5 h 6 h 7 h 8 h 9 h > 9 h P
Sample size (n, %) 5,587 330

(5.08)
587

(9.34)
1,290

(23.54)
1,496

(29.73)
1,463

(25.65)
263

(4.47)
158

(2.19)
Sex (% female) 51.67 55.19 51.22 48.87 48.62 54.54 61.65 62.90 0.0012
Age (Mean ± SD) 45.9

± 17.0
45.8

± 16.8
44.9

± 17.3
45.9

± 16.0
46.0

± 15.1
45.9

± 18.3
46.6

± 21.9
49.2

± 24.6
0.5849

Race/Ethnicity (%)

< 0.001
Non-Hispanic white 70.04 59.16 60.18 68.99 74.26 71.08 76.99 64.97
Black/African American 13.45 11.63 11.82 12.43 13.20 15.49 12.33 17.11
Hispanic/Latino 10.38 19.55 20.38 11.28 6.77 8.64 7.64 11.83
Asian/other 6.14 9.66 7.63 7.30 5.77 4.80 3.04 6.09

BMI (Mean ± SD) 28.4
± 6.6

29.8
± 7.1

29.2
± 8.4

28.8
± 6.3

28.4
± 6.0

27.8
± 6.5

27.0
± 5.9

28.0
± 7.5

< 0.001

C-reactive protein (mg/dL) 0.398
± 0.818

0.632
± 1.620

0.395
± 0.811

0.395
± 0.760

0.356
± 0.718

0.386
± 0.754

0.388
± 0.705

0.616
± 1.130

0.0578

Binary ≥ 95 %ile CRP (%) 5.09 8.87 4.50 5.31 4.34 4.90 4.31 10.61 0.0297
Sleep apnea (%) 4.65 8.52 7.55 4.10 4.23 4.46 1.82 2.91 0.0050
Insomnia (%) 1.37 8.39 1.81 0.94 0.55 1.07 0.93 3.37 < 0.001
Difficulty falling asleep (%) 18.81 63.88 38.41 20.85 11.94 10.96 8.67 14.82 < 0.001
Difficulty staying asleep (%) 20.64 60.80 39.37 25.36 13.67 12.24 11.82 7.53 < 0.001
Snorting/gasping (%) 11.99 26.33 12.78 14.20 10.04 10.38 5.94 11.59 < 0.001
Diabetes (%) 9.73 17.14 10.82 9.51 8.66 9.10 10.51 10.67 0.0076
Treatment for diabetes (%) 6.38 10.91 6.45 7.07 5.37 5.86 6.74 7.39 0.0452
Hypertension (%) 29.59 44.81 28.91 31.84 26.84 27.56 30.23 33.11 < 0.001
Treatment for hypertension (%) 21.71 30.28 19.08 23.16 19.64 21.09 23.32 29.24 0.0045
High cholesterol (%) 29.67 38.72 29.68 29.24 28.84 28.83 34.26 25.10 0.0965
Treatment for cholesterol (%) 19.16 27.38 16.33 19.17 17.27 19.91 23.19 20.66 0.0160
Cold (%) 14.52 18.86 16.97 14.55 13.99 13.01 15.36 16.76 0.3054
Influenza (%) 3.58 7.90 5.39 3.16 3.38 2.66 2.25 6.27 0.0027
Gastrointestinal illness (%) 8.51 15.24 9.75 9.48 5.69 8.81 11.13 6.56 0.0002
Kidney disease (%) 2.15 4.14 2.43 1.98 1.59 2.02 3.67 4.19 0.1023
Rheumatoid arthritis (%) 3.94 12.33 6.09 3.58 2.66 3.66 1.68 4.34 < 0.001
Heart failure (%) 2.18 5.37 1.33 2.23 1.18 2.62 2.01 6.53 < 0.001
Coronary artery disease (%) 3.12 5.03 2.03 2.88 2.81 3.23 5.10 4.72 0.1262
Cancer (%) 8.54 7.97 7.53 9.49 7.03 9.57 9.72 10.00 0.2636
Smoker (%) 23.20 40.10 29.08 23.10 19.93 20.68 26.02 27.82 < 0.0001
Days of alcohol use 
(mean ± SD)

56.0
± 90.9

44.4
± 92.3

49.5
± 94.3

52.4
± 86.4

60.7
± 87.6

56.7
± 92.1

69.2
± 102.2

49.6
± 113.7

0.0859

BMI, body mass index; CRP, C-reactive protein; SD, standard deviation.
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Interactions With Race/Ethnicity
The relationship between continuous CRP and sleep dura-

tion depended on race/ethnicity. Significant interactions were 
demonstrated in the complete sample, men and women for 
Model 2 (P interaction = 0.003, < 0.001, and < 0.001, respec-
tively), Model 3 (P interaction = 0.003, < 0.001, and < 0.001, 
respectively), and Model 4 (P interaction = 0.028, < 0.001, and 
< 0.001, respectively). Figure 2 depicts the nature of this inter-
action for both Models 2 and 3, for the complete sample, men 
separately, and women separately.

In Model 2, among non-Hispanic white respondents, el-
evated CRP was observed in < 5-h and > 9-h sleepers. Among 
black/African American respondents, elevations were ob-
served among < 5 and 8-h sleepers. Among Hispanic/Latino 
respondents, elevated CRP was observed in > 9-h sleepers 
only. Finally, among Asian/Other respondents, elevated CRP 
was observed in > 9-h sleepers, and lower CRP was observed 
in 5- and 6-h sleepers, relative to 7-h sleepers. With the addi-
tion of insomnia and sleep apnea covariates (Model 3), some 
of these relationships were changed. Among non-Hispanic 
white respondents, for example, elevated CRP was observed 
only in > 9-h sleepers. The black/African American group still 
showed elevations among < 5-h sleepers and 8-h sleepers. 
No elevations were observed in Hispanic/Latino respondents. 
Among Asian/Other respondents, lower CRP was seen in 5- 
and 6-h sleepers.

Among men, in Model 2, the non-Hispanic white group dem-
onstrated elevated CRP in < 5-h and > 9-h sleepers; in Model 
3, only the > 9-h sleepers showed increased CRP. The black/
African American group demonstrated elevated CRP in < 5-h 
sleepers in both Model 2 and Model 3. The Hispanic/Latino 
group did not show any elevations in either Model. Asian/Other 
respondents showed elevated CRP among 9- and > 9 h sleepers 
in both Model 2 and Model 3, with decreased CRP seen among 
6-h sleepers in Model 3.

Among women, the non-Hispanic white group showed el-
evated CRP at > 9 h in Models 2 and 3. Hispanic/Latino and 
black/African-American women did not demonstrate eleva-
tions in CRP at any sleep duration in either model. Asian/Other 
respondents demonstrated elevated CRP among > 9-h sleepers 
in Model 2 and Model 3, with lower CRP found among 5-, 6-, 
and 9-h sleepers in Model 2 and 6-h sleepers in Model 3.

Because the Asian/Other group demonstrated a pattern that is 
most different from the other groups, interaction terms were re-
assessed (post hoc), including data from only the non-Hispanic 
white, black/African-American, and Hispanic/Latino groups. 
These analyses demonstrated that the significant interactions 
that were observed were driven by the Asian/Other group.

DISCUSSION
The current study examined the relationship between CRP 

and habitual sleep duration in a large, nationally representative, 

Table 2—Regression coefficients (β) and 95% confidence interval for log C-reactive protein across sleep duration categories

Sleep 
duration

Model 1 Model 2a Model 3a Model 4a

β 95% CI P β 95% CI P β 95% CI P β 95% CI P
Complete sample

< 5 h 0.395 0.198, 0.592 0.0001 0.223 0.046, 0.400 0.0136 0.107 -0.100, 0.315 0.3090 0.085 -0.127, 0.296 0.4327
5 h 0.137 -0.015, 0.289 0.0779 0.076 -0.055, 0.206 0.2551 0.018 -0.121, 0.157 0.7966 0.013 -0.126, 0.152 0.8569
6 h 0.091 -0.030, 0.212 0.1424 0.042 -0.063, 0.148 0.4323 0.005 -0.107, 0.117 0.9331 -0.032 -0.144, 0.080 0.5781
7 h Reference Reference Reference Reference
8 h 0.047 -0.070, 0.165 0.4314 0.090 -0.011, 0.191 0.0795 0.099 -0.005, 0.204 0.0627 0.103 -0.003, 0.210 0.0579
9 h -0.020 -0.250, 0.209 0.8609 0.110 -0.080, 0.300 0.2577 0.100 -0.096, 0.296 0.3154 0.137 -0.056, 0.330 0.1644
> 9 h 0.610 0.367, 0.852 < 0.0001 0.595 0.369, 0.822 < 0.0001 0.587 0.342, 0.833 < 0.0001 0.503 0.231, 0.775 0.0003

Men
< 5 h 0.429 0.129, 0.729 0.0051 0.366 0.077, 0.656 0.0131 0.296 -0.039, 0.631 0.0829 0.254 -0.083, 0.591 0.1395
5 h 0.161 -0.030, 0.351 0.0988 0.107 -0.071, 0.285 0.2377 0.077 -0.110, 0.264 0.4192 0.043 -0.147, 0.234 0.6567
6 h 0.052 -0.105, 0.209 0.5165 0.044 -0.101, 0.190 0.5498 0.004 -0.151, 0.160 0.9553 -0.033 -0.184, 0.118 0.6671
7 h Reference Reference Reference Reference
8 h 0.050 -0.105, 0.206 0.5255 0.083 -0.057, 0.224 0.2459 0.083 -0.063, 0.228 0.2666 0.109 -0.043, 0.262 0.1604
9 h -0.011 -0.342, 0.321 0.9497 0.097 -0.190, 0.384 0.5073 0.057 -0.242, 0.357 0.7065 0.099 -0.176, 0.373 0.4813
> 9 h 0.616 0.304, 0.928 0.0001 0.609 0.264, 0.955 0.0006 0.652 0.278, 1.026 0.0006 0.577 0.145, 1.010 0.0089

Women
< 5 h 0.330 0.069, 0.591 0.0133 0.096 -0.117, 0.310 0.3756 -0.056 -0.305, 0.194 0.6622 -0.087 -0.350, 0.176 0.5151
5 h 0.098 -0.136, 0.332 0.4130 0.045 -0.142, 0.232 0.6342 -0.038 -0.241, 0.164 0.7106 -0.029 -0.235, 0.177 0.7832
6 h 0.130 -0.053, 0.312 0.1640 0.040 -0.113, 0.193 0.6098 0.004 -0.158, 0.165 0.9644 -0.039 -0.204, 0.125 0.6407
7 h Reference Reference Reference Reference
8 h 0.011 -0.163, 0.184 0.9050 0.098 -0.045, 0.241 0.1777 0.116 -0.033, 0.265 0.1261 0.092 -0.058, 0.241 0.2289
9 h -0.093 -0.406, 0.220 0.5609 0.120 -0.132, 0.371 0.3512 0.136 -0.123, 0.395 0.3026 0.135 -0.127, 0.396 0.3122
> 9 h 0.535 0.196, 0.874 0.0020 0.578 0.277, 0.880 0.0002 0.536 0.209, 0.864 0.0013 0.421 0.061, 0.782 0.0221

aModel 2 includes age, sex, race/ethnicity, body mass index (BMI), and body mass index squared (BMI2). Model 3 includes Model 2 variables as well as 
insomnia diagnosis, sleep apnea diagnosis, difficulty falling asleep, snorting/gasping during sleep. Model 4 includes Model 3 variables as well as diabetes, 
treatment for diabetes, hypertension, treatment for hypertension, high cholesterol, treatment for high cholesterol, cold, influenza, gastrointestinal illness, 
kidney disease, rheumatoid arthritis, heart failure, coronary artery disease, cancer, smoking, and alcohol use. CI, confidence interval.
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and diverse sample of adult men and women age 18-80+ years. 
Significant sleep*sex and sleep*race/ethnicity interactions 
were observed; thus, analyses were performed on the entire 
sample and stratified by sex and by race/ethnicity. Overall, el-
evated CRP was consistently found to be elevated among long 
sleepers (> 9 h) after adjusting for demographics, socioeconom-
ics, BMI, insomnia, sleep apnea, smoking, alcohol use, medica-
tions, and comorbidities. CRP was also elevated among very 
short sleepers (< 5 h), although these were often not significant 
in models adjusting for sleep and medical comorbidities. Previ-
ous literature investigating the association between sleep dura-
tion and sleep disturbance and CRP by race/ethnicity group are 
scarce, and many previous studies are limited with regards to 
racial and ethnic diversity and overall power to measure these 
differences.22 14,32

The current study modeled the relationship between CRP 
levels and sleep duration both continuously and categorically. 
No previous studies have taken this approach. The benefit of 

a continuous analysis is that even if individual sleep duration 
categories do not significantly differ from the reference group, 
the shape of the distribution can be described using linear and 
squared terms. In the current study, a U shape was found for 
both men and women, in unadjusted models, models adjusted 
for typical covariates, and models that also included sleep dis-
orders. In the case of the overcontrolled model, the U shape was 
found for the overall sample, although when the sample was 
stratified based on sex, this was seen only in men; in women, a 
positive linear relationship was found. Because the long sleep 
finding is most robust, the relationship between CRP and sleep 
duration may be best characterized as J-shaped (rather than U-
shaped). This characterization is supported by examination of 
the categorical sleep duration analyses. In this case, the longest 
sleep duration category was associated with elevations in CRP 
among the overall sample and both men and women in all mod-
els; the shortest sleep duration category, on the other hand, was 
associated with elevated CRP, but only in models that included 
typical covariates (and among women only in the unadjusted 
model).

Differences Among Men and Women
Among women, our findings suggest a significant associa-

tion between long sleep duration and CRP in linear regression 
models adjusted for demographics, BMI, and sleep disorders 
(Table 2, Figure 1, Figure S1). Among men, a nonlinear associ-
ation between sleep duration and CRP was demonstrated (Table 
S3), suggesting evidence of a J-shaped association (Figure 1, 
Figure S1). In the categorical sleep duration analysis among 
men, a significant association was observed between long sleep 
and CRP (Table 2).

This study provides evidence of a linear association among 
women such that longer sleep is significantly associated with 
increased CRP, which is consistent with previous literature on 
sleep and inflammation.21,32-35 Within the Nurses’ Health Study, 
association between long sleep duration (≥ 9 h) and CRP con-
centrations were still significant after adjusting for age and BMI 
risk factors, family history of diabetes, glycemic control, and 
medication use.35 Findings from the study by Williams and col-
leagues35 suggested 44% higher CRP levels among long sleep-
ers compared with those sleeping 7 h. This study was conducted 
among women with type II diabetes, a disease that is known to 
be associated with increased CRP levels, and so our findings 
build on this existing evidence, but extend to populations with 
generally good overall health.

Sex differences were reported for sleep duration and CRP 
among 4,600 adults in the Whitehall Study (P for interaction 
< 0.05).32 Contrary to our findings, Miller and colleagues32 re-
ported a null association between short and long sleep duration 
and CRP among men in that cohort after adjusting for age, em-
ployment status, BMI, smoking, lipid levels, and blood pres-
sure. Among women, long sleep (≥ 9 h) was associated with 
a 35% increase in CRP levels after adjusting for age, marital 
status, BMI, smoking, systolic blood pressure, and triglycer-
ide levels.32 Evidence of a significant association between short 
sleep and CRP among women was also reported in fully ad-
justed models. Among the women in the current study, short 
sleep was significantly associated with CRP in unadjusted mod-
els; however, this was attenuated and no longer significant af-

Figure 1—Nonlinear relationship between sleep duration and mg/dL of 
C-reactive protein (CRP), represented in untransformed values for the 
complete sample (A), men alone (B), and women alone (C). Unadjusted 
figures represent Model 1. Adjusted figures represent Model 3, which 
includes age, sex, race/ethnicity, body mass index (BMI), body mass index 
squared (BMI2), insomnia diagnosis, sleep apnea diagnosis, difficulty 
falling asleep, and snorting/gasping during sleep. A significant U shape 
to the distribution was found for Model 1 and Model 3 for the complete 
sample and for men, and a U shape was found for Model 1 but not Model 3 
in women. Note that the U shape was significant for the complete sample, 
even if there was no elevation in the shortest sleep duration category. 
Asterisks (*) represent P < 0.05 difference from 7 h. Error bars = SEM.
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ter adjusting for BMI and additional sleep disorders (Table 2, 
Table S3), indicating that obesity and sleep disturbance were 
key drivers of this attenuation. Miller and colleagues32 did not 
adjust for insomnia or sleep apnea, and so it is difficult to know 
how presence of these sleep disorders might affect their results.

It is important to consider measures of sleep quality when 
assessing the association between sleep duration and CRP. 
Measures of sleep quality (i.e., characteristics separate from 
duration), such as sleep continuity disturbances and/or sleep 
disorders, have been shown to be strong predictors of the meta-
bolic syndrome, a condition strongly correlated with greater 
CRP levels.36 With regard to sex differences, it has been sug-
gested that symptoms of sleep disturbances are associated 
with a greater risk of CVD and high blood pressure in females 
compared with their male counterparts.37,38 Previous findings 
have also suggested that self-reported sleep disturbance among 
healthy adults with no history of sleep disorders is associated 
with increased fibrinogen and inflammatory markers among 
women but not men.33 Contrary to our findings, Suarez33 did not 
report a significant association between sleep duration and CRP 
among men, but the small sample size (n = 210) and younger 
age group (mean age 28 years) may account for these differ-
ences between studies. In the current study, the greatest pro-
portion of sleep disorders was observed among those sleeping 
≤ 5 h compared with those sleeping 7 h per night among both 
men and women, and women had a greater proportion of self-
reported sleep disturbances compared with men (Tables S1 and 
S2). Among short sleepers, sleep apnea was observed among 

10.1% of women and 6.6% of men, and insomnia was observed 
among 13.2% of women compared with 2.5% of men (Table 1). 
The effect of sleep comorbidities was stronger in women. When 
adding sleep disorders as a covariate in the model (Table S3), 
the association between sleep duration and CRP was no longer 
significant among women, but persisted among men. This sug-
gests that among women, sleep disturbances have a greater ef-
fect on the relationship between levels of CRP and short or long 
sleep duration.

A number of previous studies investigating the CRP and sleep 
relationship have not reported sex-specific results, and so it is 
difficult to determine whether similar patterns would have been 
observed.21,22 Consistent findings with regard to long sleep were 
observed among both men and women (n = 614) in the Cleve-
land Family Study.21 Results indicated that for every additional 
hour in sleep duration, CRP levels increased by 8% (P = 0.004) 
after adjusting for age, sex, race, BMI, waist circumference, 
and severity of sleep apnea. Contrary to our findings among 
men, Patel and colleagues21 reported no evidence of a U-shaped 
association in a study of 614 individuals; however, this study 
did not address sex-specific associations. Our results also differ 
from the Wisconsin Sleep Cohort (n = 907), which reported no 
association between short or long sleep duration and CRP in ad-
justed models.22 Investigators examined self-reported as well as 
polysomnography-assessed sleep duration, and also evaluated 
quadratic terms in their analysis. This study also did not report 
sex-stratified results, however, and these findings are based on 
a sample of predominantly Caucasian participants.

Figure 2—Stratified results of sleep duration × race/ethnicity interactions for C-reactive protein (CRP). (A) Results for Model 2 (which includes age, sex, body 
mass index [BMI] and BMI2) are displayed for the complete sample (interaction P = 0.003), men (interaction P < 0.001), and women (interaction P < 0.001). 
(B) Results for Model 3 are presented for the complete sample (interaction P = 0.003), men (interaction P < 0.001), women (interaction P < 0.001). *P < 0.05 
relative to 7 h. Error bars = SEM.

A	 B
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The role of reproductive hormones must be considered when 
evaluating the differences by sex. It has been demonstrated that 
CRP levels vary across the menstrual cycle phase and are signifi-
cantly greater during menses (CRP, > 3 mg/L; 12.3% versus 7.4% 
in other phases; P < 0.001).39 It is plausible that cycle phase might 
modify the association between sleep duration and CRP. Because 
we could not control for this in our statistical analyses, misclas-
sification of the outcome among women may have occurred, 
resulting in an attenuation of the effect estimate. In addition, it 
has been demonstrated that CRP levels are higher among women 
using hormone replacement therapy (compared with nonusers).40 
We did not account for hormone use, and this characteristic could 
have confounded the associations observed among women.

Differences Among Race/Ethnicity Groups
This study provides evidence of significant differences in 

patterns of the association between sleep duration and CRP by 
race/ethnicity group. In the current study, elevated CRP was ob-
served among those individuals sleeping > 9 h for non-Hispanic 
white and Hispanic/Latino participants, which was significant 
in fully adjusted models. Among Black/African American par-
ticipants, our results indicate a significant and strong associa-
tion between short sleepers (< 5 h) and CRP overall and for men 
in fully adjusted models. Among the Asian/Other participants, 
a very strong association was observed among long sleep dura-
tion (> 9 h) and elevated CRP, and short sleep duration demon-
strated a protective effect on CRP level.

There are very few studies that have examined the associa-
tion between sleep and CRP by race/ethnicity group. Of these, 
most are limited in terms of diversity and sample size.22,14,32 
Most large U.S. cohorts investigating sleep apnea and other 
sleep disturbances have been relatively homogeneous, con-
sisting of mostly Caucasian participants.41 Because CVD risk 
factors and the association between obesity and CRP vary by 
race/ethnicity,26,42,43 it is plausible differences may persist with 
regard to the association between sleep and CRP.

It has been reported that non-Hispanic African American 
women and Hispanic/Latino women have elevated CRP levels 
compared with other race groups.28 One previous study among 
women suggested differences in patterns between sleep dura-
tion and inflammatory and coagulation markers by race.10 These 
findings from the Study in Women’s Health Across the Nation 
(SWAN) Study indicated that African American women with 
higher levels of CRP had shorter polysomnography-recorded 
sleep duration in multivariate models.10 Previous findings from 
1999-2000 NHANES suggested higher CRP levels among Af-
rican American men and women, as well as Hispanic/Latino 
women compared with Caucasian control men and women.27 
Black/African American men and women have greater rates of 
CVD mortality compared with other race groups, and improve-
ments in prevention strategies are essential.44,45 This study pro-
vides evidence of a strong and significant association between 
short sleep and CRP observed among Black/African Americans 
compared with other race groups. Improved sleep may be a 
more important risk factor among this race group, presenting 
opportunities for future interventions targeted at reducing in-
flammation and CVD risk.

Previous reports of sleep duration and CVD mortality among 
Asian populations have indicated that long sleep (> 9 h) with 

high levels of sleep disturbance predicts the greatest risk of 
CVD. 46 One study of sleep duration and CRP in Taiwanese 
adults has suggested that inflammation was significantly asso-
ciated with long (> 8 h), but not short (< 6 h) sleep duration.47 
These associations were significant when using a high CRP 
threshold (> 10.0), but not a lower CRP threshold (> 3.0) after 
adjustment for age, sex, waist circumference, reported health 
decline, diabetes, arthritis, heart disease, and depression. These 
findings are consistent with our results; however, it is difficult 
to compare these findings with those of the current study given 
that the analysis was limited to three sleep duration categories. 
It has been previously reported that Asians/Pacific Islanders 
have the lowest rates of CVD mortality compared with any 
other race/ethnic groups. Our findings indicate that the protec-
tive effect of short sleep on inflammation may contribute to the 
underlying biologic pathway by which this subpopulation ob-
tains lower rates of CVD mortality. Additional investigations 
on the protective effect of short sleep and inflammation among 
individuals of Asian race/ethnicity is warranted.

Limitations
We are limited to a cross-sectional analysis on prevalent 

subclinical disease and cannot make inferences with regard to 
causal associations. It is also likely that misclassification exists 
in our primary exposure variable because self-reported sleep 
duration has been demonstrated to be only moderately associ-
ated with objectively measured sleep (r = 0.47).48 Further, the 
NHANES survey limits self-reported sleep duration to integer 
values, which further limit validity.

We recognize that although our study had sufficient sam-
ple size at the extremes of sleep duration to detect the effects 
observed, the individuals at these extremes represent a small 
portion of the population. For example, < 10% of the sample 
reported sleep durations in the shortest and longest categories 
combined. This suggests that although these relationships likely 
exist in the population, they are most relevant for only a small 
subset of the general population. We should also note that this 
distribution (< 10% extreme categories) is consistent with other 
cohorts that have reported on sleep duration. For example, the 
Nurses’ Health Study49 reported 5% short sleepers and 5% long 
sleepers and the Osteoporotic Fractures in Men (MrOS) Study 
reported 8% long sleepers.50

Another issue with the current analyses is that BMI is used as 
a measure of obesity and associated CVD risk. Although many 
studies have shown BMI to be a useful measure in this regard, 
BMI does not account for sex differences in body fat, as well as 
location of fat distributed in the body, or differences in relation-
ships between adiposity and cardiometabolic disease among 
ethnoracial groups. Several alternatives to BMI have been 
proposed, including waist-to-hip ratio and the Index of Body 
Adiposity ([Hip/Height1.5]-18).51,52 These indicators may bet-
ter approximate body adiposity and associated cardiometabolic 
disease. For the purposes of these analyses, BMI was chosen 
because NHANES did not collect hip circumference, preclud-
ing the use of either of these alternative approaches.

It should be noted that introducing medical comorbidities 
as covariates may present the problem of overcontrolling. For 
example, only variance explained by sleep duration that is not 
explained by comorbidities would be evaluated statistical sig-
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nificance in Model 4. However, if short and/or long sleepers 
are more likely to develop comorbidities, some of the variance 
explained by those comorbidities may actually be variance ex-
plained by the short/long sleep duration that contributed to the 
presence of those conditions (i.e., rather than being confound-
ers, these variables may be on the causal pathway as mediators/
moderators). Because of this, Model 4 results should be inter-
preted with appropriate caution and may be underrepresenting 
the effect of sleep duration on CRP levels.

For the women in this study, we did not evaluate phase of 
menstrual cycle or hormone-replacement therapy, which might 
have influenced results. Finally, given that this is an observa-
tional study, it is likely that residual confounding exists. How-
ever, this would likely attenuate the association between sleep 
duration and CRP toward the null, and so our findings likely 
represent an underestimation of the true association.

Strengths
The large sample size of this study represents a key strength, 

as previous smaller studies have not been powered to adequate-
ly assess these associations by sex and ethnoracial group. CRP 
represents a good biomarker of inflammation and has been 
shown to be a predictor of subsequent CVD beyond traditional 
risk factors.24 CRP has been linked to increased myocardial in-
farction, stroke, CVD mortality, and coronary revascularization 
procedures.53-61

A number of chronic conditions are known to increase 
biomarkers of inflammation and be associated with sleep 
disturbances, such as chronic pain, rheumatoid arthritis, can-
cer, chronic kidney disease, Crohn’s disease, and acute in-
fections.62-69 Unlike previous studies, we accounted for this 
potential confounding by comorbidities by adjusting for a num-
ber of conditions, including diabetes, hypertension, hypercho-
lesterolemia, common cold, influenza, gastrointestinal disease, 
kidney disease, rheumatoid arthritis, heart failure, coronary ar-
tery disease, and cancer.

Existing studies linking short and long sleep duration with 
inflammation and coagulation have been somewhat inconsis-
tent, particularly with regard to sex and race.13,14,22,70,71 Our study 
provides novel insight regarding these relationships by using a 
robust dataset, and findings suggest that putative mechanisms 
linking sleep quality and quantity to inflammation differ by 
sex and race/ethnicity. These results corroborate previous find-
ings that long sleep is significantly associated with increased 
inflammation and also suggest that a nonlinear, U-shaped (or 
J-shaped) pattern for this association persisted among men, 
which is contrary to previously reported null results.21,22,32,33 Fu-
ture studies are needed to replicate these findings, and to exam-
ine this association using objective measures of sleep duration.

CONCLUSION
In a nationally representative sample of U.S. adults, a U-

shaped (or J-shaped) relationship between CRP and sleep dura-
tion was demonstrated, such that those with very short or very 
long sleep duration were more likely to show elevated CRP. 
In addition, this pattern was only partially explained by sleep 
disorders and other medical comorbidities. Further, significant 
sleep*sex and sleep*race/ethnicity interactions demonstrated 
that this pattern differs among men and women and among 

race/ethnicity groups. Thus, the role of sleep duration in pro-
inflammatory processes, as marked by CRP levels, is complex, 
but the current data suggest that extremes of sleep duration in-
crease pro-inflammatory risk.
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SUPPLEMENTAL MATERIAL

Table S1—Characteristics of the men included in the sample, stratified by sleep duration category

Total sample < 5 h 5 h 6 h 7 h 8 h 9 h > 9 h P
Sample Size (n, %) 2,754 161

(4.71)
301

(9.42)
660

(24.91)
750

(31.60)
700

(24.12)
114

(3.55)
68

(1.68)
Age (Mean ± SD) 45.2

± 16.7
45.1

± 16.9
44.1

± 17.7
45.0

± 15.4
45.7

± 14.2
45.1

± 18.7
45.7

± 24.9
48.0

± 26.7
0.8571

Race/Ethnicity (%)

 < 0.0001
Non-Hispanic white 69.88 60.22 60.67 69.15 75.86 68.57 75.25 54.47
Black/African American 14.05 11.87 11.32 12.96 13.50 17.02 12.46 22.21
Hispanic/Latino 9.59 19.60 22.76 10.71 4.68 7.69 9.05 11.76
Asian/other 6.49 8.31 5.26 7.18 5.96 6.72 3.24 11.56

BMI (Mean ± SD) 28.4
± 5.9

29.1
± 6.2

29.5
± 8.9

28.5
± 5.3

28.4
± 5.4

27.9
± 5.7

27.5
± 5.9

27.5
± 6.5

0.0971

C-reactive protein (mg/dL) 0.331
± 0.786

0.685
± 2.057

0.351
± 0.783

0.332
± 0.809

0.263
± 0.448

0.329
± 0.747

0.344
± 0.805

0.478
± 0.906

0.0361

Binary ≥ 95 %ile CRP (%) 3.26 8.78 3.79 3.01 2.29 3.31 2.12 8.44 0.0065
Sleep apnea (%) 6.21 6.61 12.27 5.73 5.70 5.80 1.53 3.87 0.0145
Insomnia (%) 0.55 2.52 1.52 0.27 0.07 0.60 0.28 2.51 0.0005
Difficulty falling asleep (%) 13.29 53.48 27.58 13.67 8.91 7.06 5.49 3.81  < 0.0001
Difficulty staying asleep (%) 15.37 51.55 31.56 18.61 9.72 7.30 10.32 7.81  < 0.0001
Snorting/gasping (%) 14.05 30.29 14.27 16.71 11.81 12.40 6.47 15.20 0.0003
Diabetes (%) 9.95 12.20 10.40 9.50 9.40 10.24 11.43 10.80 0.9632
Treatment for diabetes (%) 6.09 7.33 6.52 6.29 5.02 6.71 7.52 5.34 0.7581
Hypertension (%) 29.15 46.34 27.65 29.36 27.05 28.61 32.76 26.52 0.0178
Treatment for hypertension (%) 20.28 29.57 15.99 20.10 19.07 21.37 22.69 22.88 0.1487
High cholesterol (%) 28.68 43.47 26.85 27.20 28.05 28.96 30.07 24.40 0.0818
Treatment for cholesterol (%) 19.23 30.21 13.65 18.36 17.84 21.01 25.40 19.91 0.0190
Cold (%) 13.87 19.39 17.17 14.08 13.37 11.79 15.17 13.43 0.4017
Influenza (%) 3.12 2.33 3.33 2.97 3.61 2.83 1.37 4.97 0.8599
Gastrointestinal illness (%) 6.76 13.26 7.71 7.70 5.11 6.10 7.18 9.13 0.1149
Kidney disease (%) 2.02 2.87 2.35 1.66 1.58 2.50 1.47 5.41 0.5596
Rheumatoid arthritis (%) 3.36 9.82 6.99 3.28 1.62 3.46 1.41 1.46 0.0001
Heart failure (%) 2.48 5.87 1.63 2.01 1.28 3.53 4.53 7.55 0.0002
Coronary artery disease (%) 4.68 8.69 2.94 3.36 4.13 5.71 11.22 4.16 0.0048
Cancer (%) 8.01 9.86 7.07 8.76 7.34 7.85 8.10 11.48 0.8868
Smoking (%) 27.01 43.83 32.93 26.89 23.34 25.05 33.03 33.43 0.0012
Days of alcohol use 
(mean ± SD)

73.4
± 101.7

65.8
± 115.6

59.6
± 98.6

70.0
± 96.7

78.0
± 94.5

76.4
± 107.6

85.2
± 121.2

68.2
± 141.3

0.3682

BMI, body mass index; CRP, C-reactive protein; SD, standard deviation.
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Table S2—Characteristics of the women included in the sample, stratified by sleep duration category

Total sample < 5 h 5 h 6 h 7 h 8 h 9 h > 9 h P
Sample size (n, %) 2,833 169

(5.43)
286

(9.25)
630

(22.27)
746

(27.97)
763

(27.07)
149

(5.34)
90

(2.67)
Age (mean ± SD) 46.6

± 17.2
46.4

± 16.7
45.7

± 16.9
46.8

± 16.6
46.3

± 15.9
46.5

± 17.9
47.1

± 20.0
49.9

± 23.3
0.8407

Race/Ethnicity (%)

< 0.0001
Non-Hispanic white 70.91 58.30 59.71 68.82 72.57 73.17 78.06 71.17
Black/African American 12.88 11.43 12.29 11.88 12.88 14.21 12.25 14.11
Hispanic/Latino 11.12 19.52 18.11 11.87 8.97 9.43 6.77 11.87
Asian/other 5.81 10.75 9.89 7.43 5.57 3.20 2.91 2.86

BMI (Mean ± SD) 28.4
± 7.1

30.4
± 7.6

28.9
± 7.9

29.2
± 7.3

28.3
± 6.6

27.6
± 7.2

26.7
± 5.8

28.3
± 7.8

0.0001

C-reactive protein (mg/dL) 0.460
± 0.841

0.590
± 1.205

0.438
± 0.832

0.461
± 0.697

0.454
± 0.927

0.432
± 0.756

0.416
± 0.641

0.697
± 1.209

0.3119

Binary ≥ 95 %ile CRP (%) 6.91 8.95 5.17 7.72 6.55 6.32 6.90 11.90 0.6149
Sleep apnea (%) 3.18 10.07 3.05 2.38 2.67 3.34 2.00 2.34 0.0056
Insomnia (%) 2.14 13.16 2.09 1.64 1.06 1.47 1.33 3.87 < 0.0001
Difficulty falling asleep (%) 23.98 72.31 48.69 28.38 15.15 14.22 10.65 21.31 < 0.0001
Difficulty staying asleep (%) 25.57 68.31 46.81 32.43 17.84 16.35 12.75 7.36 < 0.0001
Snorting/gasping (%) 10.05 23.32 11.37 11.57 8.15 8.68 5.62 9.33 0.0003
Diabetes (%) 9.53 21.16 11.23 9.51 7.88 8.15 9.94 10.59 0.0008
Treatment for diabetes (%) 6.66 13.82 6.38 7.88 5.75 5.16 6.25 8.60 0.0168
Hypertension (%) 30.01 43.59 30.11 34.45 26.61 26.69 28.66 36.95 0.002
Treatment for hypertension (%) 23.04 30.85 22.01 26.37 20.25 20.86 23.71 32.99 0.0291
High cholesterol (%) 30.60 34.87 32.36 31.37 29.67 28.73 36.86 25.52 0.5867
Treatment for cholesterol (%) 19.10 25.08 18.88 20.02 16.67 18.99 21.82 21.10 0.4960
Cold (%) 15.12 18.43 16.77 15.03 14.65 14.04 15.48 18.73 0.8856
Influenza (%) 4.00 12.43 7.36 3.36 3.15 2.52 2.80 7.03 < 0.0001
Gastrointestinal illness (%) 10.15 16.85 11.69 11.35 6.31 11.08 13.58 5.04 0.0052
Kidney disease (%) 2.27 5.16 2.50 2.32 1.60 1.62 5.03 3.47 0.0773
Rheumatoid arthritis (%) 4.48 14.37 5.23 3.90 3.76 3.82 1.85 6.05 < 0.0001
Heart failure (%) 1.89 4.96 1.04 2.46 1.06 1.85 0.44 5.93 0.0005
Coronary artery disease (%) 1.66 2.07 1.15 2.38 1.41 1.17 1.29 5.05 0.1643
Cancer (%) 9.04 6.43 7.97 10.24 6.69 11.01 10.72 9.13 0.1496
Smoking (%) 19.64 37.13 25.51 19.06 16.32 17.05 21.73 24.48 < 0.0001
Days of alcohol use 
(mean ± SD)

39.7
± 75.9

25.8
± 62.7

39.9
± 88.9

33.6
± 68.5

42.2
± 74.2

41.0
± 74.9

59.7
± 89.8

38.8
± 95.5

0.0475

BMI, body mass index; CRP, C-reactive protein; SD, standard deviation.
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Table S3—Nonlinear relationship between sleep duration and log C-reactive protein, represented as unstandardized β and 95% confidence interval

Complete sample Men Women
Sleep duration β 95% CI P β 95% CI P β 95% CI P

Model 1 (unadjusted)
Linear -0.604 -0.843, -0.365  < 0.0001 -0.661 -1.004, -0.319 0.0002 -0.477 -0.805, -0.149 0.0044
Squared 0.043 0.025, 0.060  < 0.0001 0.047 0.022, 0.072 0.0002 0.033 0.009, 0.057 0.0077

Model 2a (demographics and BMI)
Linear -0.485 -0.698, -0.272  < 0.0001 -0.616 -0.951, -0.280 0.0003 -0.367 -0.638, -0.096 0.0081
Squared 0.037 0.021, 0.053  < 0.0001 0.046 0.021, 0.070 0.0003 0.030 0.010, 0.050 0.0038

Model 3a (demographics, BMI, and sleep disorders)
Linear -0.369 -0.610, -0.129 0.0026 -0.566 -0.936, -0.195 0.0028 -0.196 -0.504, 0.111 0.2113
Squared 0.030 0.013, 0.047 0.0007 0.043 0.016, 0.070 0.0018 0.019 -0.003, 0.041 0.0973

Model 4a (demographics, BMI, sleep disorders, and health status)
Linear -0.386 -0.635, -0.137 0.0024 -0.533 -0.921, -0.145 0.0071 -0.229 -0.550, 0.091 0.1611
Squared 0.032 0.014, 0.050 0.0005 0.042 0.014, 0.070 0.0034 0.022 -0.002, 0.045 0.0677

aModel 2 includes age, sex, race/ethnicity, body mass index (BMI), and body mass index squared (BMI2). Model 3 includes Model 2 variables as well as 
insomnia diagnosis, sleep apnea diagnosis, difficulty falling asleep, snorting/gasping during sleep. Model 4 includes Model 3 variables as well as diabetes, 
treatment for diabetes, hypertension, treatment for hypertension, high cholesterol, treatment for high cholesterol, cold, influenza, gastrointestinal illness, 
kidney disease, rheumatoid arthritis, heart failure, coronary artery disease, cancer, smoking, and alcohol use. CI, confidence interval; SD, standard deviation.

Table S4—Nonlinear relationship between sleep duration and binary C-reactive protein (≥ 95th percentile)

Complete sample Men Women
Sleep duration β 95% CI P β 95% CI P β 95% CI P

Model 1 (unadjusted)
Linear -1.069 -1.801, -0.338 0.0042 -1.923 -3.047, -0.799 0.0008 -0.489 -1.442, 0.465 0.3152
Squared 0.077 0.023, 0.131 0.0053 0.136 0.055, 0.218 0.0010 0.035 -0.036, 0.107 0.3302

Model 2a (demographics and BMI)
Linear -0.751 -1.555, 0.052 0.0668 -1.785 -3.025, -0.544 0.0048 -0.198 -1.193, 0.797 0.6963
Squared 0.059 0.000, 0.117 0.0499 0.127 0.039, 0.216 0.0047 0.022 -0.051, 0.096 0.5498

Model 3a (demographics, BMI, and sleep disorders)
Linear -0.346 -1.249, 0.557 0.4527 -1.295 -2.650, 0.060 0.0611 0.205 -0.918, 1.328 0.7206
Squared 0.033 -0.032, 0.099 0.3211 0.097 0.001, 0.193 0.0468 -0.003 -0.086, 0.080 0.9427

Model 4a (demographics, BMI, sleep disorders, and health status)
Linear -0.517 -1.500, 0.466 0.3024 -1.227 -2.634, 0.180 0.0874 -0.080 -1.290, 1.129 0.8966
Squared 0.047 -0.024, 0.118 0.1972 0.093 -0.005, 0.191 0.0640 0.019 -0.069, 0.108 0.6696

aModel 2 includes age, sex, race/ethnicity, body mass index (BMI), and body mass index squared (BMI2). Model 3 includes Model 2 variables as well as 
insomnia diagnosis, sleep apnea diagnosis, difficulty falling asleep, snorting/gasping during sleep. Model 4 includes Model 3 variables as well as diabetes, 
treatment for diabetes, hypertension, treatment for hypertension, high cholesterol, treatment for high cholesterol, cold, influenza, gastrointestinal illness, 
kidney disease, rheumatoid arthritis, heart failure, coronary artery disease, cancer, smoking, and alcohol use. CI, confidence interval.
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Table S5—Odds ratio and 95% confidence interval for high C-reactive protein ≥ 95th percentiile across sleep duration categories

Sleep 
duration

Model 1 Model 2a Model 3a Model 4a

OR 95% CI P OR 95% CI P OR 95% CI P OR 95% CI P
Complete sample

< 5 h 2.147 1.236, 3.729 0.0067 1.635 0.868, 3.079 0.1279 1.093 0.532, 2.245 0.8095 1.269 0.562, 2.862 0.5665
5 h 1.038 0.622, 1.733 0.8865 0.764 0.432, 1.353 0.3566 0.597 0.318, 1.120 0.1080 0.657 0.333, 1.298 0.2268
6 h 1.237 0.807, 1.897 0.3286 1.191 0.761, 1.864 0.4446 1.155 0.727, 1.836 0.5411 1.302 0.788, 2.151 0.3034
7 h Reference Reference Reference Reference
8 h 1.136 0.740, 1.744 0.5599 1.193 0.765, 1.862 0.4361 1.208 0.767, 1.900 0.4151 1.441 0.898, 2.311 0.1298
9 h 0.994 0.473, 2.089 0.9870 1.169 0.543, 2.518 0.6896 0.971 0.438, 2.153 0.9422 1.039 0.454, 2.378 0.9272
> 9 h 2.618 1.253, 5.474 0.0105 2.512 1.141, 5.532 0.0222 2.761 1.227, 6.214 0.0141 3.589 1.489, 8.654 0.0044

Men
< 5 h 4.114 1.629, 10.387 0.0028 4.218 1.575, 11.293 0.0042 2.602 0.778, 8.709 0.1207 2.791 0.752, 10.358 0.1250
5 h 1.683 0.784, 3.612 0.1817 1.151 0.492, 2.692 0.7465 0.955 0.392, 2.326 0.9189 0.880 0.324, 2.389 0.8019
6 h 1.327 0.640, 2.755 0.4471 1.417 0.668, 3.006 0.3635 1.366 0.623, 2.996 0.4368 1.460 0.620, 3.440 0.3867
7 h Reference Reference Reference Reference
8 h 1.410 0.677, 2.938 0.3589 1.488 0.707, 3.133 0.2952 1.472 0.707, 3.065 0.3009 1.696 0.764, 3.767 0.1944
9 h 0.927 0.289, 2.972 0.8992 0.954 0.301, 3.019 0.9357 0.969 0.305, 3.080 0.9576 0.726 0.169, 3.113 0.6661
> 9 h 3.941 1.337, 11.616 0.0129 3.566 1.122, 11.337 0.0312 3.850 1.228, 12.071 0.0208 4.111 1.306, 12.936 0.0157

Women
< 5 h 1.412 0.716, 2.784 0.3188 0.922 0.428, 1.984 0.8354 0.620 0.268, 1.439 0.2661 0.734 0.277, 1.944 0.5336
5 h 0.783 0.391, 1.571 0.4914 0.609 0.281, 1.319 0.2085 0.442 0.181, 1.077 0.0723 0.524 0.204, 1.346 0.1794
6 h 1.202 0.711, 2.033 0.4923 1.068 0.607, 1.879 0.8208 1.032 0.578, 1.842 0.9162 1.181 0.630, 2.216 0.6038
7 h Reference Reference Reference Reference
8 h 0.969 0.573, 1.641 0.9081 1.068 0.612, 1.864 0.8179 1.078 0.606, 1.916 0.7985 1.332 0.743, 2.386 0.3358
9 h 0.864 0.356, 2.097 0.7471 1.234 0.481, 3.166 0.6612 0.961 0.348, 2.653 0.9381 1.106 0.399, 3.071 0.8460
> 9 h 1.940 0.753, 4.998 0.1699 2.115 0.776, 5.767 0.1432 2.320 0.834, 6.454 0.1070 3.351 1.160, 9.679 0.0254

aModel 2 includes age, sex, race/ethnicity, body mass index (BMI), and body mass index squared (BMI2). Model 3 includes Model 2 variables as well as 
insomnia diagnosis, sleep apnea diagnosis, difficulty falling asleep, snorting/gasping during sleep. Model 4 includes Model 3 variables as well as diabetes, 
treatment for diabetes, hypertension, treatment for hypertension, high cholesterol, treatment for high cholesterol, cold, influenza, gastrointestinal illness, 
kidney disease, rheumatoid arthritis, heart failure, coronary artery disease, cancer, smoking, and alcohol use. CI, confidence interval; OR, odds ratio.
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Figure S1—Nonlinear relationship between sleep duration and presence 
of high C-reactive protein (CRP), represented as percent in each sleep 
duration category of those in the top five percentile for CRP. This is 
displayed for the complete sample (A), men alone (B), and women alone 
(C). Unadjusted figures represent Model 1. Adjusted figures represent 
Model 4, which includes age, sex, race/ethnicity, body mass index (BMI), 
body mass index squared (BMI2), insomnia diagnosis, sleep apnea 
diagnosis, difficulty falling asleep, snorting/gasping during sleep, health 
status, and smoking. A significant U shape to the distribution was found 
for Model 1 for the complete sample and for men, and no U shape was 
found for Model 1 for women or Model 4 in any analysis. Asterisks (*) 
represent P < 0.05 difference from 7 h.


