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Objective: People with poor sleep quality have higher risk of cardiovascular disease (CVD), and one potential mechanism of CVD is
chronic inflammation. The aim of this study was to investigate the role of dietary inflammation in the relationship between sleep
quality and CVD risk.
Methods: This study involved 5594 participants from the National Health and Nutrition Examination Survey (NHANES) in 2005–
2008. Sleep quality, dietary inflammation, and 10-year CVD risk were evaluated via the Pittsburgh Sleep Quality Index (PSQI), the
Energy-adjusted Dietary Inflammatory Index (E-DII), and the Framingham Risk Score (FRS), respectively. We used generalized
additive model (GAM) and mediation analysis to investigate the relationship among sleep quality, 10-year CVD risk, and E-DII.
Results: PSQI had a non-linear relationship with 10-year CVD risk (P < 0.001). Meanwhile, among the participants with poor sleep
quality, PSQI was positively associated with increased 10-year CVD risk (P < 0.001) and E-DII (P < 0.001). Furthermore, the
association between sleep quality and CVD risk was partially mediated by E-DII, and the mediated proportion was 14.6%, and the
mediating effect of E-DII varied in different gender and age groups. However, in the subjects with good sleep quality, the association
among PSQI, E-DII, and 10-year CVD risk was not existed.
Conclusion: Ten-year CVD risk could be reduced by controlling the intake of inflammatory food, especially for whom with sleep
disorders. In general, the reduction of inflammatory diet could weaken the effect of sleep disorders on the CVD risk.
Keywords: inflammatory diet, sleep quality, cardiovascular disease, NHANES, mediation

Introduction
Cardiovascular disease (CVD) is one of the common causes of death among adults in the United States, which includes
atherosclerosis, cerebrovascular disease, and peripheral artery disease. Based on the mortality data in 2017, about
17.8 million deaths were attributed to CVD globally. Currently, the number of deaths owing to CVD have exceeded
that of cancer and chronic lung disease combined.1 Therefore, the main aim of “Targeted for Prevention by Million
Hearts 2022” is to prevent the occurrence of 1 million heart attacks, strokes, and other cardiovascular incidents.2

Noteworthily, Framingham Risk Score (FRS), constructed by D’Agostino et al, which could quantify 10-year CVD
risk and helps identify people of high risk of CVD.3

Nowadays, many adults suffer from sleep-related problems. Previous studies have indicated that 50 to 70 million US
adults have chronic sleep and wake disorders.4 Poor sleep quality was proved to be associated with many negative health
outcomes, including CVD.5,6 Sleep deprivation or sleep disorder may play a role in the development of cardiometabolic
disease.7 It is confirmed that both short and long sleep duration have been related to coronary heart disease (CHD)
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morbidity or mortality and stroke.8 Meanwhile, current studies have shown that levels of various markers of inflamma-
tion were associated with cardiovascular risk elevated, and inflammation could mediate the relationship between sleep
quality and sleep-related diseases.9

The levels of inflammation in the body might be greatly influenced by diet, previous studies have confirmed that
a pro-inflammatory diet could increase the body’s inflammatory burden.10 The dietary inflammatory index (DII) was
a literature-based tool developed by Shivappa, which designed to evaluate the potential inflammatory levels of dietary
components and examine the association between food consumption and inflammation.11 A systematic review suggested
that more consumption of healthy diet might be associated with better sleep quality and highlighted the potential role of
inflammation in the relationship between diet and sleep quality.12 Moreover, some studies indicated that pro-
inflammatory diet was associated with higher risk of cardiovascular clinical events.13 A meta-study showed that each
1-point increase in DII score was associated with an 8% increase in CVD risk and mortality, confirming that an anti-
inflammatory diet plays an important role in preventing CVD.14 Besides, some literatures have shown that higher DII
scores were related to poorer sleep quality.15,16 However, few studies have evaluated the relationship among DII, sleep
quality, and the risk of CVD. Therefore, we aim to investigate whether DII plays a mediating role in the relationship
between sleep quality and CVD risk.

Materials and Methods
Study Design and Participants
The data of our study was from the National Health and Nutrition Examination Survey (NHANES), which was
a stratified multistage research program designed to assess the health status of the US non-institutionalized civilian
population, conducted by the Centers for Disease Control and Prevention (CDC). Based on the 2005 to 2008 NHANES
databases, this survey utilized a complex probability sampling design, and collected information by standardized
interviews, physical examinations.17 All surveys were reviewed and approved by the CDC and Prevention National
Center for Health Statistics Research (NCHS) Ethics Review Board, and all included participants have provided written
informed consent.

A total of 20,497 participants were included in 2005–2008 of NHANES. We selected subjects who met the following
inclusion criteria: participants aged 30 years and above, who provided information on sleep quality and CVD risk, and
completed the dietary interview about the total nutrient intakes. Meanwhile, participants with CVD (congestive heart
failure, coronary heart disease, angina pectoris, heart attack and stroke), extreme diet data (total energy intakes of <500 or
>5000 kcal/day for females and <500 or >8000 kcal/day for males) and absence of covariates were excluded.

Cardiovascular Disease Risk
CVD risk was estimated via the Framingham risk score (FRS), which was predicted 10-year general CVD risk and risk of
individual CVD events.3 This algorithm was used to assess 10-year CVD risk based on gender, age, diabetes status
(diabetes was defined by self-report of a physician diagnosis), smoking status (smoking was defined as current smokers,
and non-smoking was defined as people who never smoke and former smokers), treated (taking prescribed medicine for
hypertension) and untreated hypertension, systolic blood pressure (SBP), total cholesterol (TC), and high-density
lipoprotein (HDL) cholesterol. We used the total FRS points based on the above process and expressed as percent of
FRS (FRS%). Specially, FRS% were divided into three risk levels: low (<10%), moderate (10–19%), and high (≥20%).

Assessment of Sleep Quality
The Pittsburgh Sleep Quality Index (PSQI) was developed to assess the quality and patterns of sleeping in adolescents or
adults.18,19 In NHANES 2005–2008, eight self-reported items were performed to evaluate PSQI. Based on analyzing the
score of PSQI in sleep latency, sleep disturbance and daytime dysfunction, the sleep quality could be divided into “poor”
from “good”. Sleep latency was measured using the following two items: (a) “How long does it usually take you to fall
asleep at bedtime (minutes)?”, and (b) “In the past month, how often did you have trouble falling asleep?”. Sleep
disturbances were measured using the following two items: (a) “In the past month, how often did you wake up during the
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night and have trouble getting back to sleep?” and (b) “In the past month, how often did you wake up early in the
morning and was unable to get back to sleep?”. Meanwhile, daytime dysfunction was measured using the following two
items: (a) “In the past month, how often did you feel unrested during the day, no matter how many hours of sleep you
had?” and (b) “In the past month, how often did you feel excessively or overly sleepy during the day?”. Under normal
situation, the scores on time to fall asleep was categorized as follows: ≤15 minutes (score of 0), 16–30 minutes (score
of 1), 31–60 minutes (score of 2), and ≥60 minutes (score of 3); And possible answers to the other questions were as
follows: never-0 time a month (score of 0), rarely-1 time a month (score of 1), sometimes-2 to 4 times a month (score
of 2), often-5 to 15 times a month (score of 3), and almost always-16 to 30 times a month (score of 4). A total score of
PSQI (range: 0–23) was calculated via adding scores of each part (latency, disturbances, and daytime dysfunction).
A score of greater than 5, defined as poor sleep quality, and a higher score indicated poorer sleep quality.

Energy-Adjusted Dietary Inflammatory Index (E-DII)
All dietary data for NHANES 2005–2008 participants were obtained based on the average of two 24-hour dietary recall
interviews. The calculation of DII was based on the standardized z-scores.11 Each participant’s dietary data was linked to
the global database which provided a robust estimate of a mean intake and a standard deviation for each of the 45 food
parameters. These parameters then were used to derive the participant’s exposure relative to the standard global mean as
a z-score, derived by subtracting the mean of the energy-adjusted regionally representative database from each food
parameter and dividing this value by the parameter’s standard deviation. To minimize the effect of “right skewing”, these
z-scores were converted to the centered proportion score as multiplied by 2 and subtracting 1. To acquire the food
parameter-specific DII score, the final value was multiplied by its respective overall food parameter score. All these food
parameter-specific E-DII scores were then summed to create the overall E-DII score for each subject in the study.
Importantly, even if the number of nutrients applied for the calculation of E-DII is less than 30, the E-DII score is still
available.11 In this study, based on the 45 possible food items in DII list, 26 food parameters including protein,
carbohydrate, alcohol, vitamins B12/B6, β-carotene, caffeine, cholesterol, total fat, fiber, folic acid, Fe, Mg, Zn, Se,
MUFA, niacin, n-3 fatty acids, n-6 fatty acids, PUFA, riboflavin, saturated fat, thiamin, vitamins A/C/E, were finally
applied to compute the E-DII.

Sociodemographic and Health-Related Variables
The following data were extracted from the NHANES database: Sociodemographic variables including age, gender,
ethnicity (ie, Mexican American, Non-Hispanics White, Non-Hispanics Black, other Hispanics and other races) and
marital status; Body mass index (kg/m2) and waist circumference (cm); Smoking status was divided as never (smoked
less than 100 cigarettes in life and not currently smoking), former smoker (smoked at least 100 cigarettes in life and not
currently smoking), current smoker (smoked at least 100 cigarettes in life and currently smoking);20 Physically active
classified into “yes” or “no” based on those question “Did you do moderate activities for at least 10 minutes over past 30
days?” and some moderate activities such as brisk walking, bicycling for pleasure, golfing, dancing, and some moderate
work.21

Statistical Analysis
To obtain population-representative characteristics, weighted means, and standard errors (SEs) were calculated to describe
continuous variables. Meanwhile, weighted proportions and SEs were used to describe the categorical variables. Kruskal-
Wallis test and chi-square test were performed for the comparison, respectively. Generalized additive model (GAM) is an
extension of the generalized linear model (GLM), which allows the evaluation for the non-linear relationship of the
outcome and the predictors.22 Two variables represented a linear relationship when the estimated degree of freedom (EDF)
in GAM was equal to one. GAM was used it to explore the associations between PSQI, E-DII, and 10-year CVD risk. All
statistical analyses were performed via R 4.0.5 statistical software and the package “gam”,23 and “survey”.24

The mediation analyses were carried out using the Mplus 8.3. To investigate whether the E-DII scores mediated the
relationship between sleep quality and 10-year CVD risk, three pathways (a, b and c) were used to assess the mediation
(Figure 1). Total effect evaluated the relationship between PSQI (exposure) and 10-year CVD risk (outcome). Path a was
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used to assess the relationship between PSQI and E-DII (mediator). Path b was conducted to evaluate the relationship
between E-DII (mediator) and 10-year CVD risk (outcome). The influence of E-DII on the link between PSQI and 10-
year CVD risk were assessed through path c (direct effect).

The proportion of the mediated effect was calculated using the following formula: (mediated effect/total effect) ×
100%. Bootstrapping was used for significance testing for mediation analysis. Significance level was set at α= 0.05, all
tests were two-sided.

Results
General Characteristics
According to the specified inclusion and exclusion criteria, 5594 subjects were selected from a total of 20,497 survey
participants in the analysis (Figure 2).

Based on 10-year CVD risk levels, the general characteristics of study participants weighted to the US population are
depicted in Table 1. Statistically significant differences were observed among different CVD risk in age, gender, race,
BMI, WC, energy intake, smoking status, physically active, E-DII and PSQI scores of subjects (P<0.05). Furthermore,

Figure 1 Path diagram of the mediation analysis models.

Figure 2 Flow chart for study participants selection.
Abbreviations: PSQI, Pittsburgh Sleep Quality Index; E-DII, Energy-adjusted Dietary Inflammatory Index; FRS, Framingham Risk Score.
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there were also were statistically significant differences among sleep quality and different 10-year CVD risk group
participants (P=0.001).

The FRS was regarded as a response in model 1 of GAM, and a smoothing spline function of PSQI and E-DII was
viewed as predictor with adjustments (Figure 3A and B). Statistically significant non-linear associations were found in
PSQI with FRS (P<0.001). The FRS was lowest when the PSQI score was 6, and the risk of CVD was increased with the
score of PSQI for subjects with poor sleep quality (PSQI>5). Furthermore, a smooth curve was shown between PSQI and
E-DII after regulating other variables, and a significant effective degree of freedom (EDF) (P<0.001) indicating a non-
linear association (U-shape) between PSQI and E-DII (Figure 3C).

Mediation Analysis of E-DII
Based on the above analysis, we divided the subjects into two subgroups: good sleep quality (PSQI≤5) and poor sleep
quality (PSQI>5). And subsequent mediation analysis was followed the steps shown in Figure 1. All mediation analyses
were performed based on adjusting sociodemographic variables (age, gender and race), health behaviors (physical
activity, smoking status), BMI, WC and energy intake.

As shown in Table 2, in the subjects with poor sleep quality, PSQI was positively associated with 10-year CVD risk
(P<0.001) and E-DII (P<0.001). Meanwhile, E-DII was also positively associated with 10-year CVD risk (P<0.001). It

Table 1 Characteristics of Subjects from the National Health and Nutrition Examination Survey (2005–2008)

Characteristics
(Mean (SE) or %)

Cardiovascular Disease Risk χ2/H P-value

Low Risk
(N=3250)

Intermediate Risk
(N=1159)

High Risk
(N=1185)

Age (years) 44.2 (0.3) 58.0 (0.4) 66.8 (0.4) 2392.7 <0.001
Gender 262.6 <0.001

Male 40.2 (0.7) 54.8 (2.1) 69.9 (1.8)

Female 59.8 (0.7) 45.2 (2.1) 30.1 (1.8)
Race 39.5 0.001

Mexican American 8.6 (0.9) 5.3 (1.0) 5.1 (1.1)

Other Hispanic 4.6 (0.8) 2.7 (0.7) 3.4 (1.0)
Non-Hispanic White 71.5 (2.2) 78.0 (2.7) 78.6 (2.4)

Non-Hispanic Black 9.9 (1.2) 9.5 (1.7) 8.7 (1.5)

Other Race 5.4 (0.7) 4.7 (1.1) 4.1 (1.0)
BMI (kg/m2) 28.2 (0.2) 29.6 (0.3) 29.7 (0.3) 89.9 <0.001

WC (cm) 95.9 (0.4) 102.1 (0.5) 105.9 (0.7) 505.9 <0.001

Energy Intake (kcal) 2166.6 (18.3) 2126.4 (34.7) 1950.2(33.5) 26.5 <0.001
Smoking Status 169.9 <0.001

Never 59.0 (1.0) 44.0 (1.9) 37.4 (1.0)

Former 22.8 (0.9) 29.2 (1.4) 25.8 (0.8)
Current 18.2 (0.9) 26.9 (1.7) 21.2 (1.0)

Physically Active 56.3 <0.001

Yes 71.2 (1.5) 62.8 (2.1) 59.6 (2.9)
No 28.8 (1.5) 37.2 (2.1) 40.4 (2.9)

E-DII Score 0.13 (0.1) 0.12 (0.1) −0.08 (0.1) 10.6 0.011

PSQI Score 7.6 (0.1) 7.4 (0.2) 6.8 (0.1) 26.1 <0.001
Sleep Quality 22.6 0.001

Good 38.2 (1.1) 41.1 (1.8) 47.2 (1.3)
Poor 61.8 (1.1) 58.9 (1.8) 52.8 (1.3)

Notes: Weighted mean (standard error) for continuous variables, and weighted proportion (standard error) for categorical variables. Sleep quality: good (PSQI score≤5) or
poor (PSQI score> 5). Cardiovascular disease risk: low risk (Framingham Risk Score<10%), intermediate risk (10%≤Framingham Risk Score <20%), high risk (Framingham
Risk Score≥20%).
Abbreviations: CVD, cardiovascular disease; BMI, body mass index; WC, waist circumference; E-DII, Energy-adjusted Dietary Inflammatory Index; PSQI, Pittsburgh Sleep
Quality Index.
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was estimated that 14.6% of the total association between PSQI with 10-year CVD risk was mediated by E-DII.
However, in the subjects with good sleep quality, the relationship in Figure 1 was not existed.

Considering the effects of gender and age, we conducted a subgroup analysis of subjects with poor sleep quality in
Table 3. In males, while the direct effects of PSQI on 10-year CVD risk were not significant (P=0.067), the total effects
and indirect effects of PSQI on 10-year CVD risk were significant (total effects P=0.022; indirect effects P=0.015). E-DII
completely mediated the effect of PSQI on 10-year CVD risk. In Females, E-DII mediated 14.3% of the total association
between PSQI and 10-year CVD risk, similar to previous results. Noteworthy, in the subgroup analysis of age groups, the
association between PSQI and 10-year CVD risk was partially mediated by E-DII in subjects younger than 60 years, but
not in subjects ≥60 years.

Discussion
In the present study, we evaluated the associations between sleep quality and 10-year CVD risk, and the mediating role of
E-DII in this relationship. The main findings of our study are as following: Firstly, PSQI had a non-linear relationship
with 10-year CVD risk, E-DII had a linear association with 10-year CVD risk, and there was a U-shaped association
between PSQI and E-DII. Secondly, we stratified the subjects based on sleep quality for further analysis. In the subjects
with poor sleep quality, PSQI was associated with an increased risk of CVD, and also positively related to E-DII. Thirdly,

Figure 3 Associations between PSQI, E-DII and 10-year cardiovascular disease risk using GAM models, adjusted by age, gender, race, physical activity, smoking status, body
mass index, waist circumference, and energy intake. The vertical axis represents the smoothness function value, where the dotted line represents 95% confidence interval
((A) associations between PSQI and 10-year CVD risk; (B) associations between E-DII and 10-year CVD risk; (C) associations between PSQI and E-DII).

Table 2 Mediation Effect of the E-DII on the Association Between PSQI and Cardiovascular Disease Risk

Sample
n

Exposure to
Mediator

Mediator to
Outcome

Direct Effect Mediated
(Indirect) Effect

Total Effect (Exposure to
Outcome)

Proportion
Mediated (%)

PSQI ≤5 2454 −0.017 (0.019) 0.055 (0.012)*** −0.025 (0.011)* −0.001 (0.001) −0.026 (0.011) –

PSQI >5 3140 0.094 (0.017)*** 0.063 (0.011)*** 0.035 (0.011)* 0.006 (0.001)*** 0.041(0.011)*** 14.6

Notes: Exposure: PSQI; Outcome: 10-years CVD risk; Mediator: E-DII. Model adjusted for sociodemographic variables (age, gender, race), health behaviors (physical
activity), body mass index, waist circumference, and energy intake. *p < 0.05; ***p < 0.001.
Abbreviations: PSQI, Pittsburgh Sleep Quality Index; E-DII, Energy-adjusted Dietary Inflammatory Index.
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the association between sleep quality and 10-year CVD risk was mediated by E-DII, and the proportion of mediation was
14.6%. Fourthly, the mediating effect of E-DII varied in different gender and age groups.

Currently, in addition to sleep duration, sleep disorders and insomnia have also been reported to be associated with
CVD risk.6 Meanwhile, studies have indicated that multiple sleep parameters need to be assessed comprehensively when
evaluating the association between sleep and health outcomes.7 In our study, the PSQI was calculated based on 8 self-
reported items, which reflected the overall sleep quality of the included subjects. At the outset, association between PSQI
and 10-year CVD risk was found in all subjects. Specially, we found a non-linear relationship between PSQI and CVD.
Subsequently, a positive correlation between them was found in subjects with poor sleep quality. But in subjects with
good sleep quality, the above relationship was not existed.

Previous research has indicated that disturbances of the physiologic processes during sleeping could increase the risk
of CHD.25 Sleep disturbances makes the organism unable to reduce the sympathetic stimulation to the cardiovascular
system at night, thereby preventing the body from rest and restoring energy.26 And we speculate that this series of
physiological changes may not exist in people with good sleep quality. In addition, sleep disorders can also promote
inflammation in the cardiovascular vessels, and inflammation not only promotes the blood vascular injury but also the
occurrence of atherosclerosis, which was the main cause of CVD.27–29

Diet has been confirmed to regulate inflammation in the body.30 Current epidemiological evidence has confirmed that
the consumption of sugary beverages, refined grains, red meat, margarine and other foods were associated with
increasing levels of inflammation markers. Correspondingly, anti-inflammatory diets could reduce the levels of inflam-
matory markers.31 And DII, as a tool to quantify dietary inflammation, has been shown to be associated with a variety of
diseases, especially for CVD.32,33 Diet could influence the activation of the immune system through the gut microbiota.
Specially, as a component of the gut microbiota, previous studies have indicated that lipopolysaccharide (LPS) was
a major inducer of the inflammatory responses.34,35 Interestingly, LPS does not have negative effects on the body under
normal circumstances.36 However, some factors such as the high-fat diets can promote the transfer of LPS into the
circulatory system, and induces an immune response and ultimately leads to a subclinical inflammatory status.37

Furthermore, inflammation can affect the cardiovascular system through oxidative stress and foam cell formation.38,39

We hypothesized that controlling inflammation in the body through an anti-inflammatory diet could reduce cardiovas-
cular inflammation caused by sleep disturbances, thereby reducing the risk of CVD.

Sleep disorders were generally more prevalent in women and older adults.40 A study found an association between
sleep disturbances and the risk of acute coronary events in women but not men.41 Interestingly, in our subgroup analysis,
we had similar findings that there was no direct correlation between sleep quality and CVD risk in men, but the complete
mediating role of E-DII in sleep quality and CVD risk may providing a new insight for the prevention of CVD in men.
Furthermore, in our subgroup analysis, we found that sleep quality in older adult ≥60 years was not associated with CVD
risk. We had similar findings in a study that, after controlling for variables, sleep problems in older adults were not

Table 3 Mediation Effect of the E-DII on the Association Between PSQI and Cardiovascular Disease Risk by Gender and Age Group
Stratification in Subjects with Poor Sleep Quality

Sample
n

Exposure to
Mediator

Mediator to
Outcome

Direct Effect Mediated
(Indirect) Effect

Total Effect (Exposure
to Outcome)

Proportion
Mediated (%)

Stratification by
gender

Males 1345 0.079 (0.026)** 0.069 (0.016)*** 0.029 (0.016) 0.005 (0.002)* 0.035 (0.016)* 100

Females 1795 0.107 (0.023)*** 0.061 (0.016)*** 0.043 (0.016)** 0.007 (0.002)** 0.049 (0.016)** 14.3

Stratification by
age group

Age<60 2150 0.114 (0.021)*** 0.086 (0.016)*** 0.049 (0.017)** 0.010 (0.003)*** 0.058 (0.017)** 17.2

Age≥60 990 0.055 (0.035) 0.062 (0.026)* 0.036 (0.026) 0.003 (0.003) 0.039 (0.016) –

Notes: Exposure: PSQI; Outcome: 10-years CVD risk; Mediator: E-DII. Model adjusted for sociodemographic variables (age, gender, race), health behaviors (physical
activity), body mass index, waist circumference, and energy intake. *p < 0.05; **p < 0.01; ***p < 0.001.
Abbreviations: PSQI, Pittsburgh Sleep Quality Index; E-DII, Energy-adjusted Dietary Inflammatory Index.
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associated with the risk of myocardial infarction events.42 This finding indicated that sleep may not be the focus of CVD
prevention in older adults.

A recent study that examined the burden of CVD in US states found that the dietary risk was primary risk factor for
most CVD.43 According to the survey of NHANES from 2005 to 2010, healthy diet was the most difficult to achieved
in all 7 heart-healthy behaviors. Only 22% of adults had a healthy diet.44 Our study found that DII significantly
mediated the relationship between sleep quality and 10-year CVD risk. And these results remind us that improving
dietary health and controlling dietary inflammation effectively are beneficial to prevent CVD, especially for those with
sleep disorders. Besides, our study speculates that sleep quality, DII, and CVD risk lack correlations in subjects with
good sleep quality.

Some limitations were existed in our study. Firstly, data about sleep quality and diet in this study were self-reported,
which might be subjected to recall bias. Secondly, our results require a larger sample size to verify. Finally, the cross-
sectional design of NHANES limited the extrapolation of causality in the study. Therefore, prospective studies and
interventional trials were needed to enlighten the mediation effect of inflammatory dietary burden on the relationship
between sleep quality and CVD risk.

Conclusions
PSQI had a non-linear relationship with 10-year CVD risk. For subjects with poor sleep quality, PSQI was positively
associated with increased risk of CVD and E-DII. Specially, 14.6% of the association between sleep quality and 10-year
CVD risk was mediated by E-DII, and the mediating effect of E-DII varied in different gender and age groups. Further
research is essential to confirm these results in prospective design and explore the mechanism of the associations.
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