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Abstract

Background There is a bidirectional effect between sleep disorders and Mediterranean diet (MED), but the joint
effect of MED and sleep disorders on mortality is unclear. The aim of this study was to investigate whether there is a
synergistic effect of adherence to MED and sleep disorders on all-cause and cause-specific mortality.

Methods The study included 23,212 individuals in the National Health and Nutrition Examination Survey (NHANES)
from 2005 to 2014. A 9-point evaluation score, alternative Mediterranean diet (aMED) index was used to assess
adherence to MED. Sleep disorder and hours of sleep were assessed by structured questionnaires. Cox regression
models were used to assess the relationship between sleep disorders, aMED and all-cause mortality, cause-specific
mortality (cardiovascular-related death, cancer-related death). The interaction effect of sleep disorders with aMED on
mortality was further assessed.

Results Results showed that participants with lower aMED and presence of sleep disorders had significantly higher
risk of all-cause mortality and cardiovascular-related mortality (HR, 2.16, 95% Cl, 1.49-3.13, P<0.0001; HR, 2.68, 95% C|,
1.58-4.54, P=0.0003). A significant interaction effect was found between aMED and sleep disorders on cardiovascular
mortality (p for interaction =0.033). No significant interaction existed between aMED and sleep disorders on all-cause
mortality (p for interaction=0.184) and cancer-related mortality (p for interaction=0.955).

Conclusions Poorer adherence to MED and sleep disorders synergistically increased long-term all-cause mortality
and cardiovascular mortality in NHANES population.
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Introduction

Numerous studies have confirmed that poor dietary hab-
its may increase the risk of chronic diseases and mortal-
ity risk in the long term [1]. The potential mechanisms
may include elevated inflammation and oxidative stress
levels, deficiencies in essential nutrients, and irregular
meal times [2]. On the other hand, a high-quality dietary
pattern characterized by low inflammation, low sugar,
and high dietary fiber can lower the incidence of cardio-
vascular diseases and cancer, thereby reducing long-term
mortality rates [3, 4]. The Mediterranean diet (MED) is
characterized as rich in fruits, vegetables, whole grains,
nuts, legumes and fish, as well as healthy unsaturated
fatty acids, vitamins and trace elements [5, 6] MED has
been widely recognized as beneficial to the cardiovascu-
lar system, reducing the risk of long-term cardiovascular
disease (CVD)[7]. The MED also has anti-cancer effects.
Several studies have found that the MED reduces the
risk of certain types of cancer, including breast, colorec-
tal, stomach, and prostate cancers [8, 9] This may be due
to that MED is rich in antioxidants and other beneficial
components that help protect cells from free radical dam-
age, which in turn reduces the formation and growth of
cancer cells [10, 11] The MED has been shown to reduce
the risk of cardiovascular mortality, cancer mortality, and
all-cause mortality [12-16]. Relevant evidence suggests
that the beneficial effects of MED may be associated with
its ability to lower inflammation levels, oxidative stress
levels, and improve metabolic disorders.

On the other hand, there are growing evidences on the
relationship between sleep disorders and all-cause mor-
tality, but the conclusions are controversial. The general
opinion is that both shorter and longer sleep duration
increase the risk of mortality and that sleep duration
shows a U-shaped relationship with long-term mor-
tality [17] In addition, insomnia, difficulty in falling/
maintaining sleep and early awakening may increase the
risk of CVD and are associated with all-cause mortality
and CVD mortality [18-21] However, previous stud-
ies investigated the issue by focusing on ethnic-specific
or disease-specific populations, and cohort studies on
the long-term prognosis of sleep disorder to all-age and
all-race populations are lacking. In addition, there is a
significant correlation between diet and sleep, affecting
each other [22] Inadequate and irregular sleep pattern
may lead to overfeeding and poorer dietary structure
[22] Also, varied dietary habits, and food components
can have an impact on sleep disorders/parameters [23]
Certain fruits, vegetables and fish rich in melatonin or
its precursor components (e.g. tryptophan, serotonin)
can improve sleep quality in the general population [24]
The MED has been shown to significantly improve sleep
disorders [25] On the contrary, foods rich in added sugar,
caffeine, and saturated fatty acids can affect the quality
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and duration of sleep [26—28] However, these studies are
limited to cross-sectional studies, and cohort studies of
MED and sleep disorders on long-term prognostic out-
comes, such as risk of cardiovascular events and mortal-
ity, are lacking.

In summary, the effect of MED and sleep on death in
the whole population needs to be further clarified. Fur-
thermore, given that diet and sleep can affect each other,
it is unclear if lower adherence level to MED can inter-
act with sleep disorders for long-term mortality. There-
fore, the article investigated whether there is a synergistic
effect of adherence to MED and sleep disorders on all-
cause and cause-specific mortality in U.S. population.

Methods

Study population

NHANES is a national, cross-sectional survey that
assesses the health and nutritional status of the U.S.
population. Based on a complex sampling design, the
population included in this survey is representative of
the U.S. population of all ages. The survey includes inter-
view questionnaires, standardized physical examinations,
and laboratory tests [29] The survey was approved by the
National Center for Health Statistics (NCHS) Institu-
tional Review Board (https://www.cdc.gov/nchs/nhanes/
irba98.htm) and informed consent was obtained from
all participants before enrollment (https://www.cdc.gov/
nchs/nhanes/genetics/genetic_participants.htm#print).
The study was conducted in accordance with the Decla-
ration of Helsinki. Data obtained from five cycles (every
two years) from 2005 to 2014 were included in this study.
Follow-up data on death status, death date and causes
of death were linked to the National Death Index (NDI)
(https://www.cdc.gov/nchs/ndi/about.htm). The NDI,
maintained by NCHS, is published annually and provides
epidemiologists with complete population-wide mortal-
ity data for the U.S.[30] The inclusion and exclusion pro-
cess of the study population is shown in Fig. 1. Patients
aged <18 years, who did not complete the dietary recall
questionnaire, the sleep questionnaire, or who were lost
to follow-up were excluded. Ultimately, there were 23,212
individuals included in the final analysis. The average age
of the participants included was 46.6 years, with 52.5%
being female. The majority of the participants were of
non-Hispanic white race, accounting for 67.6% of the
total sample.

Data collection

Assessment of aMED and sleep disorder

Relevant dietary information was collected from the 24-h
dietary recall questionnaires in the NHANES database.
The first 24-h dietary recall questionnaires were com-
pleted in a mobile examination center (MEC) (Day 1),
and the second 24-h dietary recall within 10 days of the
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NHANES 2005-2014

N=50965
Missing information on
dietary questionnaires,
v N=11783
N=39182
Missing information on sleep
» questionnaire questions,
A 4 N=13656
N=25526
.| Age <18 years,
| N=2314
A 4
Final analysis:
N=23212

Fig. 1 Flowchart of the study inclusion and exclusion of participant. Par-
ticipants were excluded due to missing information on dietary and sleep
questionnaires, aged less than 18 years. A total of 23,212 patients were
included finally

MEC assessment was completed by telephone follow-up
(Day 2). We used the two days of 24-h dietary recall data
to assess the average dietary intake over 2 days. Adher-
ence to the MED was calculated by two steps. First, 24-h
dietary recall data was linked to United States Depart-
ment of Agriculture, Food Patterns Equivalents Database
to convert different foods, beverages into equal amounts
of food pattern components [31]. In the second step, the
alternative MED (aMED) index was used to assess the
adherence to the MED [32]. The aMED index is based
on the measurement of the intake of different food
components, including: total fruits, vegetables (except
potatoes), whole grains, legumes, nuts, fish, red and pro-
cessed meat, ratio of monounsaturated to saturated fat
(MUFA/SFA) and alcohol. For a given food component,
participants were assigned a score of 1 if the intake was
above the median, except for red meat/processed meat
and alcohol. One point was assigned for below median
intake of red/processed meat and one point for moder-
ate alcohol intake (defined as 10-25 g/day for men and
5-15 g/day for women). A higher total aMED score indi-
cates higher adherence to the MED [33]. The study pop-
ulation was then divided into 3 groups: below median
(aMED score 0~2), median (aMED score=3), and above
median (aMED>3). Sleep disorders were assessed by
a question in sleep questionnaire: “Has your doctor
ever told you that you have a sleep disorder?” (Yes/No)
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[34]. Sleep duration was assessed through the question:
“How much sleep do you get?” (hours, range 0~12 h/
day). Sleep questions including presence of sleep disor-
ders and sleep duration, were obtained from “sleep disor-
ders” questionnaire data set. The questionnaire has been
applied and validated in many studies [34, 35]. Trained
interviewers utilized the Computer-Assisted Personal
Interview (CAPI) system to pose the inquiries, which fea-
tured built-in consistency checks to minimize any data
entry errors. Additionally, revisions were implemented to
guarantee the data’s completeness, consistency, and ana-
lytical usefulness. The questionnaire records were scruti-
nized through audio recordings to confirm their validity.
To further clarify whether there is a joint effect of lower
adherence to the MED and sleep disorders on mortality,
the population was divided into six groups according to
aMED levels and sleep disorders: high aMED without
sleep disorder, medium aMED without sleep disorder,
low aMED without sleep disorder, high aMED with sleep
disorder, medium aMED with sleep disorder, and low
aMED with sleep disorder.

Assessment of other covariates

Baseline and sociodemographic data, laboratory tests,
medical condition data, and other dietary recall data
were collected from the population. Baseline and
sociodemographic data included age, sex, race, educa-
tion level, marital status, annual household income, fam-
ily poverty income ratio (PIR), smoking status, body mass
index (BMI), and mean systolic/diastolic blood pressure
(SBP/DBP). PIR was a ratio of monthly family income to
the poverty threshold specific to family size, released by
Health and Human Services poverty guideline. Smok-
ing was defined as smoking fewer than 100 cigarettes in
life or smoking at the time of survey. Laboratory tests
included triglycerides (TG), total cholesterol (TC), low
density lipoprotein-cholesterol (LDL-C), high density
lipoprotein-cholesterol (HDL-C), fasting glucose, gly-
cated hemoglobin Alc (HbAlc), Homeostatic Model
Assessment for Insulin Resistance (HOMA-IR), and esti-
mated glomerular filtration rate (eGFR). History of pre-
vious hypertension, diabetes mellitus, congestive heart
failure (CHEF), coronary heart disease (CHD), and stroke
were included from medical condition questionnaires.
Previous hypertension was defined as self-reported phy-
sician diagnosis of hypertension, or oral antihypertensive
drugs or elevated mean blood pressure (systolic=130
and/or diastolic=85 mmHg). Diabetes was defined as
meeting any of the following items: self-reported physi-
cian diagnosis of diabetes, self-reported use of insulin
or oral hypoglycemic drugs, a fasting glucose concentra-
tion>126 mg/dL, HbA1lc>6.5%, and Oral Glucose Toler-
ance Test (OGTT)=200 mg/dL. The rest of the medical
history was directly collected through questionnaires.



Wang et al. BMC Public Health (2023) 23:904

Other dietary intake variables included total calorie
intake, carbohydrate intake, protein intake, fat intake,
dietary fiber intake, added sugar intake, monounsatu-
rated fatty acid, polyunsaturated fatty acid, saturated
fatty acid intake, electrolytes intake, caffeine intake, and
fresh water intake.

Assessment of mortality

Enrolled patients were followed up until December 31,
2015. Mortality status, causes of death, and follow-up
time were determined based on the NDI, which can be
downloaded from NCHS website. Causes of death were
coded according to ICD-10.The study outcomes included
mortality from all causes, cancer (codes C00-C97), and
CVD (codes 100-109, 111, 113, and 120-151). The median
follow-up time for all patients was 111.6 months.

Statistical analysis

All analyses were performed with the statistical pack-
age R (http://www.R-project.org, R Foundation). The
statistical analyses followed the criteria from NHANES,
which takes into account the complex sampling design
(https://wwwn.cdc.gov/nchs/nhanes/tutorials/samplede-
sign.aspx). All analyses needed to be weighted to rep-
resent the U.S. population. We calculated the weighted
estimates according to NHANES analytic guidelines
(https://wwwn.cdc.gov/nchs/nhanes/analyticguide-
lines.aspx#sample-design). Baseline information was
described among three aMED groups. Continuous vari-
ables are expressed as survey-weighted means (95% CI).
Categorical variables were expressed as survey-weighted
percentage (95% CI). Differences in continuous variables
among groups were analyzed by survey-weighted linear
regression (svyglm). Differences in categorical variables
were analyzed by survey-weighted Chi-square test (svy-
table). Cox proportional risk regression models were
used to calculate HRs and 95% ClIs for sleep disorder, and
aMED on all-cause, cardiovascular mortality and cancer
mortality. Model I was adjusted for age, sex, and race
(Mexican American, non-Hispanic white, non-Hispanic
black, other races); model II was further adjusted for edu-
cation level (below high school, high school or equiva-
lent, college or above), marital status (married, widowed,
divorced, and never married), and family PIR; model
III was further adjusted for BMI, smoking status, total
energy intake, and comorbidities including diabetes mel-
litus, hypertension, CHF, CHD, and stroke. Patients were
further grouped according to aMED and sleep disorder
(presence or absence), and Cox proportional risk regres-
sion was performed to analyze the relationship with mor-
tality. Interaction effect of sleep disorder with aMED on
mortality outcomes was inspected by likelihood ratio
test, and two-sided P for interaction of 0.1 were con-
sidered statistically significant. Survival curves for the
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aMED and sleep disorder subgroups were plotted using
the Kaplan Meier method and examined by the log-rank
test. In addition, restricted cubic spline (RCS) plots were
used to assess the dose-response relationship between
aMED score and mortality risk. Multiple imputations
with chained equations were applied to impute missing
values. All analyses were repeated with the complete data
to examine the robustness of the results. Two-sided P
values of 0.05 were considered statistically significant.

Results

Baseline characteristics

A total of 23,212 participants were included in the study.
The weighted demographic baseline characteristics of
the participants are shown in Table 1. The study popu-
lation was divided into three groups: high aMED (score
4 to 9), medium aMED (score 3) and low aMED (score
0 to 2). The low aMED group was younger, more Mexi-
can, less educated, had a higher proportion of divorce,
higher BMI levels, higher resting SBP levels, a higher
proportion of smoking, and a higher proportion of prior
strokes or diabetes. The low aMED group had a higher
proportion of sleep disorders at 10.5% and shorter night-
time sleep duration (mean 6.8 h). The low aMED group
had higher fasting TG levels and lower HDL-C levels.
The enrolled population was also divided into 2 groups
according to the presence or absence of sleep disorders,
and the proportion of sleep disorders in the total popula-
tion was 8.3% (Table S1). Those with sleep disorders were
older, more non-Hispanic, had higher BMI, higher rest-
ing blood pressure levels, more comorbidities, shorter
sleep duration, higher TG, fasting glucose, HbAlc,
HOMA-IR, and lower HDL and eGFR. Table S2 and
Table S1 showed intake of individual MED components
and other nutrients among different aMED groups or
sleep disorder groups. Intake of fruits, vegetables, whole
grains, legumes, nuts, seafood, MUFA/SFA and alcohol
consumption were lower in the low aMED group. In the
sleep disorder group, whole grains, legumes, and alcohol
intake were lower, calorie intake from fat was higher, and
caffeine intake was higher.

Association between aMED, sleep disorder and mortality

During a median follow-up of 111.6 months, there were
3082 deaths, of which 755 (24.5%) were of cardiovascular
causes and 722 (23.4%) were due to cancer. Cox propor-
tional risk regression models were used to calculate the
association of aMED, sleep disorders with all-cause mor-
tality, and cause-specific mortality. After fully adjusting
for covariates (model III), it suggested that lower aMED
significantly increased the risk of all-cause mortality (HR,
1.42, 95% CI, 1.20-1.67, P<0.0001) and cardiovascular
mortality (HR, 1.13, 95% CI, 1.05-1.51, P=0.0422), com-
pared with higher aMED group. When further analyzing
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Table 1 Baseline demographics among patients with low, medium and high aMED
Total aMED ( Above aMED (Median) aMED (Below P

Median) Median)

Score 4-9 Score 3 Score 0-2
Number of subjects 23,212 13,208 5032 4972
Age (year) 46.6 (46.0 47.2) 47.7 (46.9 484) 456 (44.8 46.4) 44.8 (44.0 45.6) <0.0001
Female 525(51.7,53.2) 523(51.2,534) 51.7 (499 ,53.5) 539(51.9,55.8) 0.2433
Race <0.0001
Mexican American 9.9(84,11.7) 74(6.0,92) 6.1(4.7,7.9) 99(84,11.7)
Non-Hispanic White 67.6 (64.5,70.5) 69.0 (65.3,72.4) 70.8 (66.9 ,74.5) 67.6 (64.5,70.5)
Non-Hispanic Black 96(83 1.2) 13.7(11.6,16.0) 146(124 7.1) 9.6(83,11.2)
Other Hispanic 04.1.,6.0) 52 (4.0 6.6) 33158 0(4.1,6.1)
Other Race 9(6.8,9.1) 48(4.0,58) 42(33,5. 3) 79 (6.8 9.1)
Family PIR 029 3.1) 231,33 2927 ,3.0) 5(24,26)
Educational level <0.0001
Below high school 16.7 (15.3,18.1) 143(12.9,15.8) 18.1(16.3,19.9) 21.9(19.5 ,24.5)
High school Graduate 22.8(21.6,24.0) 19.0(17.8 ,204) 26.5(24.3,28.8) 292(27.1 313)
College Graduate or above 60.5 (584 ,62.6) 66.7 (64.5 ,68.8) 55.4(52.6,582) 489 (46.1 51.7)
Marital status <0.0001
Married 55.7 (54.0 57.4) 60.1 (583 ,61.9) 529(50.2 55.6) 46.5 (43.8 ,49.3)
Divorced/Separated/Widowed/Never married 36.9 (35.3,38.5) 33.8(32.1,354) 38.2 (35.7 ,40.9) 440 (413 46.7)
Living with partner 74 (6.8,80) 6.1(55,6.8) 8.8(7.6,10.2) 9.5(8.3,10.8)
BMI 28.8(28.6,29.0) 283 (28.1,28.6) 29.3(29.0,29.7) 29.5(29.2 ,29.8) <0.0001
SBP 1214(121.0,1219) 121.1(1206,121.7)  1216(121.0,1223) 122.2(1215,122.9) 0.0175
DBP 704 (69.9,70.8) 70.3(69.9,70.8) 70.5(69.9,71.0) 704 (69.8,71.0) 0.8573
Smoking 45.7 (439 47.5) 35.7(33.5,38.1) 51.6(486,54.7) 60.7 (57.8 ,63.5) <0.0001
CHF 24(21,27) 22(1.8,27) 26(2.1,32) 26(22,3.1) 0.2323
CHD 33(29,37) 33(28,39 3.1(25,38) 35(29.4.1) 0.7118
Stroke 28(25,32) 23(20,27) 29(23 36) 423549 <0.0001
Diabetes mellitus 124 (11.7 13.2) 11.7(109,12.6) 13.8(12.3,154) 129(12.0,14.0) 0.0146
Hypertension 40.1(38.7 414) 394 (37.8 41.1) 40.0(37.8 42.3) 41.9(39.9 44.0) 01172
Sleep disorder 5(7.9,90) 7.7 (7.0 ,83) 8.7 (7.6 ,10.0) 10.5(9.1,11.9) 0.0003
Sleep hours at night 9 (6.9 69) 0(7.0,7.0) 9(6.8,6.9 6.8 (6.7 69) <0.0001
TG (mmol/L) 5(14.15) 4(14.15) 5(1.5,1.6) 5(1.5,1.6) 0.0077
TC (mmol/L) (505 ) 1(5.0,5.1) 1(5.0,5.1) (5.0 51) 0.697
HDL-C (mmol/L) 4(01.4.14) 401414 3(1.3,14) 3(13,1.3) <0.0001
LDL-C (mmol/L) 09 30) 029 ,3.0) 09 3.1) 009 30) 03511
Fasting Glucose (mmol/L) 8(5.8,59) 8(5.7,59) 9(5.8,6.0) 8(5.7,59) 0.1823
HbA1c, % 6(5.5,5.6) 6(55,56) 6(5.6,5.6) 6(5.5,5.6) 0.1507
HOMA-IR 36(35,3.8) 35(3.2,37) 3733439 0(3.7,42) 0.0601
eGFR, mL/min 98.8(98.0,99.6) 99.0(98.1,100.0) 98.6(97.1,100.0) 98.1(97.0,99.3) 0.3393

aMED, alternative Mediterranean diet; PIR, poverty income ratio; BMI, body mass index; SBP, systolic pressure; DBP, diastolic pressure; CHF, congestive heart failure;
CHD, coronary heart disease; TG, triglycerides; TC, total cholesterol; HDL-C, high density lipoprotein-cholesterol; LDL-C, low density lipoprotein-cholesterol; HbAlc,
glycated hemoglobin Alc; HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; eGFR, estimated glomerular filtration rate. Data are presented as mean
(95% Cl) or percentage (95% Cl). For continuous variables, p value was by survey-weighted linear regression (svyglm). For categorical variables, p value was by

survey-weighted Chi-square test (svytable)

aMED as a continuous variable, a lower aMED score was
associated with a higher risk of all-cause mortality (HR,
1.09 aMED per 1 decrease, 95% CI, 1.04—1.15, P=0.0005).
The presence of sleep disorders significantly increased
the risk of all-cause death and cardiovascular mortality
(HR, 1.42, 95% CI, 1.15-1.75, P=0.001; HR, 1.61, 95%
CI, 1.10-2.35, P=0.0148). However, lower aMED did not
significantly increase the risk of cancer mortality (HR,
1.21, 95% CI, 0.78-1.87, P=0.3947), and sleep disorders

did not significantly increase the risk of cancer mortality
either (HR, 1.04, 95% CI, 0.64—1.68, P=0.8804) (Table 2).

Interaction of the MED and sleep disorders

The joint effect between lower aMED and sleep disorder
on long-term mortality was found. People with lower
aMED combined with sleep disorder had the highest
risk of all-cause and cardiovascular mortality (HR, 2.16,
95% CI 1.49-3.13, p for trend <0.0001; HR, 2.68, 95% CI
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Table 2 Association between aMED, sleep disorder and mortality

Unadjusted Model | Model Il Model I

HR (95% Cl) Pvalue  HR(95% Cl) Pvalue  HR(95% Cl) Pvalue  HR(95% Cl) P value
All-cause mortality
Higher aMED Reference
Median aMED 1.25(1.10-1.44) 0.001 149 (1.30-1.71) <0.0001 1.35(1.16-1.57) 0.0001 1.36 (1.14-1.63) 0.0006
Lower aMED 1.50(1.32-1.69) <0.0001 1.77 (1.58-1.98) <0.0001 145 (1.27-1.66) <0.0001 142 (1.20-1.67) <0.0001
aMED(continuous) 1.12(1.08-1.16) <0.0001 1.18(1.15-1.22) <0.0001 1.11(1.07-1.15) <0.0001 1.09 (1.04-1.15) 0.0005
Sleep disorder* 1.63 (1.39-1.91) <0.0001 141 (1.21-1.63) <0.0001 149 (1.26-1.75) <0.0001 142 (1.15-1.75) 0.0011
CVD mortality
Higher aMED Reference
Median aMED 1.19(0.95-1.49) 0.1275 144 (1.14-1.82) 0.0025 1.27 (0.98-1.66) 0.0703 .05 (0.94-1.50) 0.1023
Lower aMED 1.35(1.07-1.70) 0.0107 1.59 (1.27-2.00) <0.0001 128 (1.05-1.65)  0.0321 13 (1.05-1.51) 0.0422
aMED(continuous) 1.10(1.03-1.18) 0.0035 1.17 (1.09-1.25) <0.0001 1.09 (1.01-1.17) 0.0341 .99 (0.85-1.15) 0.8960
Sleep disorder* 1.84(1.34-2.51) 0.0001 1.66 (1.22-2.27) 0.0013 1.83(1.36-247) <0.0001 61(1.10-2.35) 0.0148
Cancer mortality
Higher aMED Reference
Median aMED 0.99 (0.68-1.43) 0.9377 (O 1-1.66) 0427 1.07 (0.73-1.56)  0.7411 1.32(0.79-2.21) 0.29
Lower aMED 1.16(0.91-147) 0.2457 5(1.07-1.72) 0.0132 1.20 (0.93-1.55) 01713 1.21(0.78-1.87) 0.3947
aMED(continuous) 1.04 (0.99-1.11) 0.1424 (1 4-1. 17) 0.0007 1.06 (0.99-1.13) 0.0920 1.07 (0.96-1.19) 0.2454
Sleep disorder® 1(0.79-1.55) 0.5493 0.93(067-13 0.6736 098 (0.69-139) 09166 1.04 (0.64-1.68) 0.8804

CVD, cardiovascular disease; Model I initially was adjusted for age, sex, and race (Mexican American, non-Hispanic white, non-Hispanic black, other races); model
Il was further adjusted for education level (below high school, high school or equivalent, college or above), marital status (married, widowed, divorced, and never
married), and family PIR based on model I; model Il further adjusted for BMI, smoking status, total energy intake, comorbidities including diabetes mellitus,
hypertension, CHF, CHD, and stroke. *No sleep disorder was set as the reference group

1.58-4.54, p for trend=0.0982) (Fig. 2). The interaction
between aMED grouping and sleep disorder on mor-
tality was further investigated. There was a significant
interaction effect between aMED and sleep disorders on
cardiovascular mortality (p for interaction=0.033), while
no significant interaction was found between aMED and
sleep disorders for all-cause mortality and cancer mor-
tality (p for interaction=0.184 and 0.955 respectively)
(Table 3). In addition, Fig. 3 suggested a higher cumula-
tive risk of all-cause mortality and cumulative cardiovas-
cular mortality for those with low to medium levels of
aMED combined with sleep disorders during follow-up
(both p<0.0001). Similar trend was not found in the can-
cer mortality analysis.

Sensitivity analysis

The dose-response relationship between aMED and all-
cause mortality and cardiovascular mortality was further
assessed by RCS curves (Fig. 4), and a monotonic dose-
response relationship between aMED and all-cause mor-
tality was found. A similar linear relationship was found
between aMED and cardiovascular mortality. When
aMED was less than 4, the tendency for the increased
risk of cardiovascular mortality was more pronounced
in the population with sleep disorders. In addition, we
assessed whether there was an interaction between dif-
ferent food components of the MED and sleep disorders
(Table S3). A significant interaction between intake of
whole grains and sleep disorders for all-cause mortality

(p for interaction=0.001) was found, and there were also
interactions for fruits, whole grains, and legumes with
sleep disorders for cardiovascular mortality (p for inter-
action=0.088, 0.078, and 0.077 respectively). In addition,
alcohol consumption was found to interact with sleep
disorders for cardiovascular mortality (p for interac-
tion=0.022), and moderate alcohol consumption was not
associated with a reduced risk of cardiovascular death in
the sleep disordered population. Subgroup analyses were
performed to reveal specific populations more suscep-
tible to MED or sleep disorders (Table S4). Lower aMED
was not associated with all-cause mortality in those with
combined CHF, CHD, stroke, or eGFR<60 mL/min.
Among those aged<65 years, women, BMI<30, non-
smokers, and those with comorbid hypertension or CHD,
sleep disorders were not associated with all-cause mor-
tality. In order to more accurately assess the joint effect
between aMED (a dietary score) and sleep disorders on
long-term mortality outcome, we excluded patients who
died early (during the first two year of follow-up). The
results showed that even after excluding early death
events, the aforementioned interaction remained stable
(Table S5 and S6).

Discussion

This study confirms for the first time that the combined
presence of poor adherence to the MED and sleep dis-
orders synergistically increases all-cause and cardiovas-
cular mortality, and there was a significant interaction
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HR (95%CI)

P value

All-cause mortality
HaMED

MaMED

LaMED
HaMED-SD
MaMED-SD
LaMED-SD

Trend test

CVD mortality
HaMED
MaMED
LaMED
HaMED-SD
MaMED-SD
LaMED-SD

Trend test

Cancer mortality
HaMED

MaMED

LaMED
HaMED-SD
MaMED-SD
LaMED-SD

Trend test

Reference

1.33 (1.09-1.62)
1.38 (1.15-1.65)
1.27 (0.96-1.67)
2.05 (1.25-3.35)

2.16 (1.49-3.13)

Reference

1.06 (0.73-1.55)
0.83 (0.52-1.33)
1.23 (0.57-2.65)
1.22 (0.59-2.52)

2.68 (1.58-4.54)

Reference

1.48 (0.87-2.51)
1.25 (0.80-1.96)
1.46 (0.89-2.38)
0.49 (0.23-1.05)

1.30 (0.56-3.03)

0.0055
0.0005
0.0992

o
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Fig. 2 Forest plot of association between aMED*sleep disorder and mortality. HAMED, high aMED (score 4 ~9) without sleep disorder; MaMED, medium
aMED (score 3) without sleep disorder; LaMED, low aMED (score 0~ 2) without sleep disorder; HaMED-SD, high aMED with sleep disorder; MaMED-SD,
medium aMED with sleep disorder; LaMED-SD, low aMED with sleep disorder. Model was adjusted for age, sex, race (Mexican American, non-Hispanic
white, non-Hispanic black, other races), education level (below high school, high school or equivalent, college or above), marital status (married, wid-
owed, divorced, and never married), family PIR, BMI, smoking status, total energy intake, comorbidities including diabetes mellitus, hypertension, CHF,

CHD, and stroke

effect between aMED and sleep disorders on cardiovas-

A large number of studies have examined the correla-

cular mortality, with a higher relative risk of mortality  tion between diet habits, sleep disorders, and mortality.

among those with poor adherence to the MED and sleep

disorders.

Poor dietary habits are strongly associated with the risk
of developing chronic diseases and long-term mortality
[36]. Poor dietary patterns with high intake of sodium,
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Table 3 Interaction analysis of aMED and sleep disorder on mortality

aMED categories Sleep Disorder HR 95% Cl P value P forin-
teraction

All-cause mortality 0.184

Higher aMED Without 1(Ref)

Median aMED Without 1.27 (1.11~146) <0.001

Lower aMED Without 1.38(1.21~1.58) <0.001

Higher aMED With 1(Ref)

Median aMED With 1.28(0.9~1.82) 0173

Lower aMED With 146 (1.02~2.1) 0.04

CVD mortality 0.033

Higher aMED Without 1(Ref)

Median aMED Without 1.19(09~1.58) 0216

Lower aMED Without 1.08 (0.81~143) 0.607

Higher aMED With 1(Ref)

Median aMED With 1.26 (0.56 ~2.86) 0576

Lower aMED With 1.65(0.75~3.61) 0.213

Cancer mortality 0.955

Higher aMED Without 1(Ref)

Median aMED Without 1.28 (0.98~1.67) 0.066

Lower aMED Without 146 (1.13~1.88) 0.004

Higher aMED With 1(Ref)

Median aMED With 0.68 (0.3 ~1.54) 0.35

Lower aMED With 1.48(0.72~3.04) 0.285

Adjusted for age, sex, race (Mexican American, non-Hispanic white, non-Hispanic black, other races), education level (below high school, high school or equivalent,
college or above), marital status (married, widowed, divorced, and never married), family PIR, BMI, smoking status, total energy intake, comorbidities including
diabetes mellitus, hypertension, CHF, CHD, and stroke

(A) All-cause Mortality

Survival probability (%)
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/
Ay

(B) Cardiovascular Mortality

(C) Cancer Mortality

00
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Fig. 3 Survival curves for different aMED*sleep disorder groups. HaMED, high aMED (score 4 ~9) without sleep disorder; MaMED, medium aMED (score
3) without sleep disorder; LaMED, low aMED (score 0~ 2) without sleep disorder; HAMED-SD, high aMED with sleep disorder; MaMED-SD, medium aMED

with sleep disorder; LaMED-SD, low aMED with sleep disorder

carbohydrate, intake of excessive processed foods, and
low intake of fruits and vegetables are key risk factors for
long-term mortality, and cardiovascular events, cancer
incidence may mediate the causal relationship between
diet and mortality [37]. A MED style with abundant
intakes of vegetables and fruits, fish, grains, legumes, and
olive oil has been shown to reduce the risk of cardiovas-
cular events, cancer death, and all-cause mortality [38].
Studies have found that the protective effect of the MED
against mortality may be related to improvement of lipid

and glucose metabolism and reduced levels of systemic
inflammation [39]. A study published in Lancet in May
2022 found that people on the MED had a lower risk of
major cardiovascular events compared to those on a low-
fat diet alone [40]. This additional benefit may be related
to the specific antioxidant components of the MED such
as vitamin E, resveratrol, and curcumin, as well as anti-
inflammatory components such as polyphenols, poly-
phenols, and dietary fiber [41, 42]. Sleep disorders such
as insomnia and lack of sleep duration are also strongly
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Fig. 4 Restricted cubic spline plots of the dose-response relationship between aMED and mortality A. Dose-response relationship between aMED and
all-cause mortality; B. Dose-response relationship between aMED and CVD mortality; C. Dose-response relationship between aMED and all-cause mortal-
ity in participants with or without sleep disorder; D. Dose-response relationship between aMED and CVD mortality in participants with or without sleep
disorder. The model was adjusted for age, sex, race (Mexican American, non-Hispanic white, non-Hispanic black, other races), education level (below high
school, high school or equivalent, college or above), marital status (married, widowed, divorced, and never married), family PIR, BMI, smoking status, total
energy intake, comorbidities including diabetes mellitus, hypertension, CHF, CHD, and stroke

associated with the incidence of cardiovascular events.
Sleep disorders can cause excessive activation of the
sympathetic nervous system, leading to elevated corti-
sol levels, elevated glucose and blood pressure, reduced
heart rate variability, and elevated levels of inflamma-
tory markers [43]. Thus, there was a broad impact of
sleep disorders on disease development and prognosis,
such as cardiovascular and cerebrovascular events, cog-
nitive decline, and cancer occurrence [16, 20, 44]. With
NHANES data representing different ethnic groups
across the United States, our study preliminarily verified

that both sleep disorders and poor adherence to the MED
significantly increased the risk of all-cause mortality and
cardiovascular mortality. However, we did not find a sig-
nificant association between these two factors and the
risk of cancer mortality. The reason for this may be that
some cancer patients have comorbid cardiovascular dis-
eases and there is a competing risk relationship between
cardiovascular mortality and cancer mortality, leading
to statistical bias. In addition, it has been reported in
the literature that individuals lack of sleep have a 3-fold
increased risk of dying from cancer among those with a
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history of heart disease or stroke, while this trend was
not found in healthy populations [45]. Thus, the risk of
cancer-related death may be more significant in those
with specific cardiovascular diseases.

Meanwhile, MED and sleep disorders are closely
related and influence each other. Our analysis found a
significant interaction between aMED and sleep disor-
ders for cardiovascular mortality. For people with sleep
disorder, the risk of cardiovascular death was significantly
higher with decreased aMED scores, while this trend was
not found in the population without sleep disorders. The
MED may have a more prominent role in contributing to
cardiovascular events in the sleep-disordered population.
A previous cohort study also confirmed that adequate
sleep, in addition to maintaining a traditional healthy life-
style such as a healthy diet and regular physical activity,
can additionally reduce the risk of cardiovascular disease
[46]. This may be because the systemic inflammatory
response is more active in the context of sleep disorders.
Studies have found that sleep disorders increase the lev-
els of systemic inflammatory markers such as leukocytes,
cytokines, interleukins, C-reactive protein, etc.[47]. This
leads to a significant beneficial effect of the MED featur-
ing anti-inflammatory properties, reducing the risk of
atherosclerosis, development of cardiovascular disease,
and thus associated mortality [48]. Our study also found
that this beneficial effect has limitation. After an aMED
score greater than 4, the effect of the MED in reduc-
ing the risk of cardiovascular mortality became limited
in the sleep-disordered population. This may be due to
the fact that sleep disorders increase chronic metabolic
disturbances, sympathetic hyperactivation, triggering
hypertension, and other cardiovascular diseases, and
the presence of these comorbidities counteracts the ben-
efit of the MED. Our subgroup analysis also found that
adherence to the MED was not effective in reducing mor-
tality risk in people with CHF, CHD, and stroke, indicat-
ing that the effect of MED on improving the prognosis of
cardiovascular diseases hardly exceeded the significant
protective effect of pharmacological or interventional
treatments. Therefore, overemphasizing the benefits of
the MED is also one-sided.

Our study further explored which dietary components
play a key role in the relationship between the MED,
sleep disorders, and mortality outcomes. Fruits, whole
grains, legumes, and alcohol consumption significantly
interacted with sleep disorder for cardiovascular mortal-
ity. Studies confirmed that people with sleep disorders
are often deficient in tryptophan, melatonin, B vitamins,
calcium, and trace elements such as selenium and mag-
nesium [49, 50]. Whole grains are rich in magnesium and
selenium as well as B vitamins [51]. Diets high in mag-
nesium have been shown to be associated with a reduc-
tion in daytime sleepiness in women [52]. Those with
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low dietary selenium levels are more likely to experience
depression and insomnia [53] The association between
vitamin B deficiency and sleep disorders has also been
widely demonstrated [54]. Legumes are rich in tryp-
tophan and calcium, and calcium deficiency is associ-
ated with reduced deep sleep, while tryptophan, a raw
material for the synthesis of endogenous melatonin, can
improve sleep quality. All of these foods help to improve
sleep disorders and may also reduce the risk of cardio-
vascular events [55, 56]. Adequate supplementation with
magnesium, selenium, and B vitamins are important for
the prevention of atherosclerotic disease [57, 58]. We
also found that moderate alcohol consumption increased
the risk of cardiovascular death in people with sleep dis-
orders. This is consistent with the findings of previous
studies. First, any level of alcohol consumption reduces
the quality of sleep [59] and also increases the risk of car-
diovascular disease [60]. The benefits of small amounts of
alcohol consumption on cardiovascular disease observed
in previous studies are due to the fact that the effects
of different lifestyles on outcomes were not excluded.
Based on a UK biobank study confirming that even small
amounts of alcohol consumption increase the risk of car-
diovascular disease [61]. Therefore, adherence to a MED
with fruits, whole grains, and legumes has positive impli-
cations for people with sleep disorders.

The strengths of the study can be summarized as fol-
lows: This is the first study investigating the joint effect
between adherence to MED and sleep disorders on long-
term mortality. To strengthen the reliability of the find-
ings, potential covariates were adjusted, and the aMED
was treated as continuous and categorical variables. By
applying a quantified score to assess the adherence of
MED, we explored the non-linear relationship between
aMED and mortality outcomes, and found that in the
population with sleep disorders, the risk of death signifi-
cantly increases when aMED is less than 4.

Our study has some limitations. Limited by the study
design of NHANES, the assessment of sleep disor-
ders was only from self-reported questionnaires, with-
out investigating objective sleep patterns, and medical
records were lacking, which may have introduced risk
of misclassification of sleep disorders, and hindered fur-
ther analysis of sleep disorder-related parameters, such
as insomnia severity, excessive daytime sleepiness, and
sleep apnea. In addition, despite efforts to minimize data
collection bias, there may have been some discrepancies
between the reported dietary information and partici-
pants’ actual habits, which could have potentially influ-
enced our results. Meanwhile, information about medical
treatment for sleep disorder was lacking. which was not
adjusted for in our analyses.
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Conclusions

Poor adherence to the MED and sleep disorders jointly
increased long-term all-cause mortality and cardiovas-
cular mortality in the U.S. population. There was a sig-
nificant interaction effect between aMED and sleep
disorders on cardiovascular mortality.
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