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Abstract
Background  Low-quality sleep and obstructive sleep apnea (OSA) can result in series of chronic diseases. Healthy 
diet has been considered as an effective and simple strategy to optimize sleep quality. However, current evidence on 
the correlation of dietary composite antioxidant intake with sleep health remained obscure.

Aim of the study  To determine the relationship of composite dietary antioxidant index (CDAI) and sleep health.

Methods  Cross-sectional analyses were based on National Health and Nutrition Examination Survey (NHANES) 
2005–2008. Dietary consumption was assessed by trained staff using 24-h diet recall method and CDAI was calculated 
based on previous validated approach that included six antioxidants. Sleep-related outcomes were self-reported by a 
set of questionnaires and classified into OSA, day sleepiness, and insufficient sleep. Weighted logistic regression was 
conducted to calculate odds ratios (ORs) and 95% confidence intervals (CIs). Restricted cubic spline (RCS) regressions 
were also used to evaluate the dose-response of CDAI and three sleep-related outcomes.

Results  A total of 7274 subjects included (mean age: 46.97 years) were enrolled in our study, including 3658 were 
females (52.54%) and 3616 were males (47.46%). Of them, 70.6%, 29.51%, and 35.57% of the subjects reported that 
they had OSA, day sleepiness and insufficient sleep, respectively. Logistic regression showed the highest quartile 
of CDAI was inversely associated with the risk of OSA (OR: 0.69, 95%CI: 0.49–0.97), day sleepiness (OR: 0.64, 95%CI: 
0.44–0.94) and insufficient sleep (OR: 0.68, 95%CI: 0.50–0.92) compared with the lowest quartile. RCS showed linear 
relationship of CDAI and insufficient sleep but non-linear relationship of CDAI with OSA and day sleepiness.

Conclusions  Our results show that CDAI was non-linearly associated with lower risk of OSA and day sleepiness 
whereas a linear inverse association between CDAI and insufficient sleep was observed. These findings implicate that 
combined intake of antioxidants could be a promising and effective approach to optimize sleep quality for public.
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Introduction
Over the past decades, sleep disorders have been con-
firmed a common concern that affected 50–70  million 
U.S. population [1] and brought serious threat to public 
health worldwide. Low-quality sleep including obstruc-
tive sleep apnea (OSA) and insufficient sleep was highly 
related to a series of adverse outcomes, including can-
cer, diabetes, metabolic syndrome and cardiovascular 
diseases [2]. Although continuous positive airway pres-
sure (CPAP), reducing excessive drowsiness and improve 
patients’ quality of life, is the recommendable and stan-
dard treatment for OSA [3], the adherence rate of CPAP 
is only ranging from 30 to 60%, which significantly affects 
the therapeutic outcomes of OSA patients [4]. Therefore, 
effective early prevention, including the development of a 
healthy lifestyle and diet, is currently an urgent need for 
the prevention of sleep disorders.

The imbalance of prooxidants and antioxidants of 
diet could contribute to sleep disorders [5–8]. However, 
little epidemiological evidence has focused on the total 
antioxidant property of diet in the pathogenesis of sleep 
disorders. A possible explanation was that researchers 
did not take into account the potential interaction and 
synergistic effects between different antioxidants [9]. 
In fact, literatures of individual antioxidant nutrient on 
OSA are scarce and the results are not consistent. More 
importantly, a previous meta-analysis concluded that an 
increase in antioxidant supplement was not always ben-
eficial and sometimes acted as cocarcinogen to increase 
mortality [10]. Conversely, intake of nutrients from foods 
and beverages might bring more positive influence on 
our body because they were rich in flavones, dietary fiber, 
phenolic compounds, folic acid and other antioxidants. 
Recently, composite dietary antioxidant index (CDAI), 
consisted of vitamin A, C, E, selenium, zinc and carot-
enoids, has been considered as a comprehensive and 
promising index to assess the cumulative effect of total 
dietary antioxidant capacity (DTAC). However, previ-
ous studies investigating the relationship between sleep 
disorders and DTAC mostly had limited study simple 
size and focused on specific population, such as diabetic 
women [11] and post-menopausal women [12].

To our knowledge, no large-scale investigations have 
explored whether DTAC could reduce the risk of OSA 
and other sleep disorders among overall population. To 
fill in these knowledge gaps, we obtained public data 
from the National Health and Nutrition Examination 
Survey (NHANES) to assess the effect of CDAI on sleep 
disorders among Americans, including OSA, day sleepi-
ness and insufficient sleep.

Methods
Study design
The NHANES, a periodic and nationally program with a 
series of multistage stratified sample design, conducted 
by the National Center for Health Statistics (NCHS) 
to survey the nutritional and health status of US adults 
[13]. The NCHS signed all informed consent which was 
obtained from each participants at the time of recruit-
ment [14]. Detailed information regarding the survey 
design, codebooks, and methodologies employed in 
NHANES can be accessed on the official NHANES web-
site: https://www.cdc.gov/nchs/nhanes/index.htm.

The current research analyzed data focused on the 
NHANES 2005–2006 and 2007–2008 cycles. Specifically, 
a total of 20,497 individuals from these two continuous 
cycles were surveyed in current investigation. Among 
them, we excluded those without available CDAI data 
(n = 4529), those without sleep interview (n = 5842), those 
who had missing information on potential covariates 
(n = 2778) and further excluded those who had implau-
sible daily energy intake (< 500 kcal per day or > 5000 kcal 
per day, n = 74). Finally, 7274 subjects with complete data 
were enrolled in our statistical analysis. Figure  1 shows 
the participants selection flowchart.

Sleep-related outcomes assessment
A set of complete questionnaires about sleep were pub-
licly provided in NHANES 2005–2008. These question-
naires were consistent with Sleep Heart Health Study. 
Additionally, the Computer-Assisted Personal Interview 
(CAPI) was equipped with built-in consistency verifica-
tion to reduce data entry errors when the trained col-
lected the information about sleep [15]. According to 
our definition, we choose three self-reported outcomes 
related to sleep quality in our study. Detailed information 
about the sleep-related health definition was described as 
follows.

Sleep duration: In NHANES 2005–2008, sleep duration 
was determined by the interview “How much sleep do 
you get(hours)?” and responses were recorded as hours. 
According to previous literature [16], sleep duration was 
grouped into insufficient sleep (< 7  h/night), mid-range 
sleep (7-9 h/night) and excessive sleep (> 9 h/night) [16, 
17].

OSA: The diagnosis of OSA was based on one or more 
of the following four conditions:1) Snoring 3 or more 
nights/week; 2) snorting, gasping, or stopping breathing 
3 or more nights/week; 3) feeling excessively sleepy dur-
ing the day 16–30 times/month despite sleeping around 
7 or more hours/night on weekdays or work nights; or 4) 
doctor diagnosed sleep apnea [18].

Day sleepiness: In our selective NHANES cycles, 
day sleepiness was evaluated by following 2 questions 
that asked, “In the past month, how often did you feel 
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unrested during the day, no matter how many hours 
of sleep you had?” Another question was “In the past 
month, how often did you feel excessively or overly 
sleepy during the day?” The response classifications were 
“Never”, “Rarely (1 time per month)”, “Sometimes (2–4 
times per month)”, “Often (5–15 times per month)” and 
“Almost always (16–30 times per month)”. Subjects who 
answered “Often” and “Almost always” were regarded as 
having day sleepiness [18].

Composite dietary antioxidant index assessment
The information on dietary and their components was 
collected by highly trained staffs in NHANES. All partici-
pants had two 24-h dietary recall surveys. All NHANES 
examinees were eligible to take part in these recall inter-
views. The first 24-hour recall record was determined 
face-to-face by trained food recall data collectors, then 
the second was performed over the phone 3–10 days 
later [19]. In current research, information about dietary 

intake data were complete for all participants. Hence, 
the average antioxidant intake over 2 days was used in 
final statistical analysis to reduce bias. The calculation of 
CDAI was based on six kinds of antioxidant components, 
including vitamin A, vitamin C, vitamin E, zinc, sele-
nium, and carotenoids. Specifically, each antioxidant was 
standardized by subtracting the total mean and dividing 
the total standard deviation. Next, we summed the stan-
dardized intake of individual nutrient to obtain the CDAI 
according to the equation reported in previous study 
[20].

Covariates
According to prior studies and clinical experience, we 
considered appropriate covariates that associated with 
sleep quality. Information about age, gender, race, educa-
tion, marital status, poverty income ratio (PIR) was col-
lected from demographic questionnaires. Obesity was 
defined as BMI ≥ 30Kg/m2. In current study, the diagnosis 

Fig. 1  Flow chart of the study
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of hypertension was based on one or more of the follow-
ing three conditions: (1) Participants answered the blood 
pressure questionnaire “Has a doctor or other health pro-
fessional ever told you that you had hypertension?” (2) 
Participants were regarded as hypertensive if the aver-
age systolic blood pressure (SBP) was ≥ 140mmHg or 
the average diastolic blood pressure (DBP) ≥ 90mmHg. 
(3) If individuals currently taken any antihypertensive 
drug, they were also considered as hypertension. Based 
on prior literature’s definition of alcohol consumption, 
we categorized these individuals into following four 
groups:1) Never drinking: no history of alcohol con-
sumption, 2) Current heavy drinking [≥ 3 drinks/day for 
women, ≥ 4 drinks/day for men, or binge 5 drinks/day or 
more], 3)current moderate drinking [≥ 2 drinks/day for 
women, ≥ 3 drinks/day for men, or binge ≥ 2 days/month], 
4)current light drinking [≤ 1 drinks/day for women, ≤ 2 
drinks/day for men, or had a history of binge drinking] 
[21]. Diabetes was defined as the definite diagnosis told 
by doctors or current use of diabetes medications or 
insulin.

Statistical analysis
In current analysis, all statistical tests were bilateral, and 
p < 0.050 was defined as statistical significance. All miss-
ing values were excluded and R software was conducted 
for data analysis. To account for the complexity of sam-
pling design in NHANES 2005–2006 and 2007–2008, the 
2-year sample weights were applied in our final analysis 
according to the stipulated analytical guidelines [22]. 
Continuous variables are displayed as mean ± standard 
error (SE) and categories variables are indicated as fre-
quency with percentage. In order to compare the differ-
ence among baseline characteristics by CDAI quartile 
groups, we used one-way ANOVA tests for continuous 
variables and chi-square tests for categorical variables. 
The intakes of dietary factors were further adjusted for 
total energy intake using the residual method [23]. A 
series of logistic regressions were built to estimate the 
odds ratios (ORs) and 95% confidence intervals (CIs) 
between CDAI and different sleep-related outcomes 
after adjusting confounding factors. Model 1 was a crude 
model. Model 2 adjusted for age, gender, race and marital 
status. Model 3 was additionally adjusted all covariates 
in model 2 plus education level, PIR, smoke status, alco-
hol status, cardiovascular disease (CVD), hypertension, 
diabetes and daily intake of energy, caffeine, carbohy-
drate, fat, protein, and fiber. Additionally, we performed 
CDAI as a continuous variable in these logistic models. 
Of note, we also examined the ORs (95% CIs) per 1-stan-
dard deviation (SD) increase in different models. The risk 
of sleep-related outcomes and daily intake of individual 
antioxidant were also evaluated in the fully-adjusted 
model. The linear trend was conducted by assigning 

CDAI quartiles as an ordinal variable in these models. 
To further visualize relationship between CDAI and each 
sleep-related outcome, restricted cubic spline (RCS) was 
also conducted in our analysis. Finally, subgroup analyses 
were used to investigate the correlation between CDAI 
and each sleep-related outcome in different population. 
Likelihood ratio test was conducted to calculate interac-
tion among these subgroups.

Results
Baseline characteristics of participants
The sample size from NHANES 2005–2008 was 7274, 
representing a total population-based size of 96,752,239 
females and 87,400,859 males in the United States. 
Characteristics of subjects according to CDAI quar-
tiles (Q1: CDAI ≤-2.30; Q2: -2.30 < CDAI≤-0.19; Q3: 
-0.19 < CDAI ≤ 2.49; Q4: CDAI > 2.49) are illustrated in 
Table 1. Of the 7274 participants (mean age: 46.97 ± 0.47 
years), 3616 (47.46%) were males and 3658 (52.54%) were 
females in this analysis. In addition, most participants 
were overweight with the mean BMI of the subjects was 
approximately 28.70Kg/m2. In addition, approximately 
70.06%, 29.51%, and 35.57% of the participants reported 
that they had OSA, day sleepiness and insufficient sleep, 
respectively. Compared with the lowest quartile (Q1), the 
subjects in the highest CDAI quartile (Q4) were more 
likely to be younger adults, male, married, mild alcohol-
ics, non-Hispanic White, college-educated, have higher 
intake of energy, carbohydrate, fat, protein, fiber, and caf-
feine, and have a PIR > 3.50 while were less prone to be 
smokers and have lower prevalence of diabetes and CVD 
(all p < 0.050). No significant difference was observed 
among four CDAI categories on hypertension and BMI 
(all p > 0.050).

Association between CDAI and sleep health
The associations between CDAI and three sleep-related 
outcomes are illustrated in Table  2. Compared with the 
lowest quartile (Q1), an inverse association between the 
highest quartile (Q4) and each sleep-related outcome 
was observed in fully-adjusted model. After adjusting all 
potential confounders, the OR (95%CI) comparing par-
ticipants in Q4 vs. Q1 of CDAI was 0.69 (0.49, 0.97) for 
OSA, 0.64 (0.44, 0.94) for day sleepiness, and 0.68 (0.50, 
0.92) for insufficient sleep (all p < 0.050). What’s more, 
we converted CDAI from a categorical exposure to a 
continuous exposure, a similar negative association was 
observed for CDAI with each sleep-related outcome in 
fully adjusted model (OSA: β = 0.98, 95%CI: 0.95-1.00; day 
sleepiness: β = 0.97, 95%CI: 0.94–0.99; insufficient sleep: 
β = 0.96, 95%CI: 0.93–0.99).The results of ORs (95%CIs) 
per 1-SD increase supported above findings in the same 
model (OSA: OR = 0.92, 95%CI: 0.80–0.99; day sleepiness: 
OR = 0.88, 95%CI: 0.79–0.98; insufficient sleep: OR = 0.85, 
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95%CI: 0.76–0.96). Additionally, RCS displayed non-lin-
ear relationship between CDAI and the risk of OSA (p 
for non-linearity < 0.001) (Fig. 2(A)) and day sleepiness (p 
for non-linearity < 0.001) (Fig. 2(B)), suggesting plateaued 
associations at the higher CDAI exposure range. How-
ever, linear inverse correlation was found between CDAI 
and insufficient sleep risk (p for non-linearity = 0.172) 
(Fig. 2(C)).

Individual antioxidant component and sleep-related 
outcomes
A correlation between specific antioxidant constituent 
and each sleep-related outcome was assessed by divid-
ing the value of individual antioxidant into quartiles, 
with the first quartile (Q1) selected as the reference cat-
egory. Detailed results are showed in Table 3. For OSA, 
after adjusting all confounding factors, the OR (95%CI) 

Table 1  Characteristics of participants stratified by the CDAI, weighted (n = 7274)a

Variables Total(n = 7274) Q1(n = 1823) Q2(n = 1815) Q3(n = 1817) Q4(n = 1819) P
Age,years 46.97 ± 0.47 47.12 ± 0.48 48.01 ± 0.66 46.86 ± 0.72 46.09 ± 0.62 0.035
BMI,kg/m2 28.70 ± 0.19 28.75 ± 0.26 28.92 ± 0.18 28.71 ± 0.28 28.46 ± 0.30 0.328
Energy,kcal/d 2093.55 ± 18.58 1447.62 ± 24.14 1871.36 ± 21.21 2215.35 ± 18.65 2657.78 ± 24.75 < 0.001
Carbohydrate,g/day 252.80 ± 2.16 181.14 ± 3.69 226.99 ± 2.76 266.53 ± 3.26 316.12 ± 2.22 < 0.001
Fat,g/day 79.79 ± 0.95 52.95 ± 0.93 70.74 ± 0.86 85.26 ± 1.09 102.72 ± 1.45 < 0.001
Protein,g/day 82.53 ± 0.82 52.06 ± 0.87 72.62 ± 0.77 86.91 ± 0.71 109.94 ± 1.49 < 0.001
Fiber,g/day 15.99 ± 0.28 9.26 ± 0.18 13.44 ± 0.18 16.77 ± 0.19 22.49 ± 0.39 < 0.001
Caffeine,g/day 179.23 ± 4.88 183.59 ± 11.88 176.65 ± 7.39 174.23 ± 7.19 182.58 ± 7.79 0.887
Gender,n(%) < 0.001
Female 3658(52.54) 1010(59.94) 909(52.75) 875(49.64) 864(49.35)
Male 3616(47.46) 813(40.06) 906(47.25) 942(50.36) 955(50.65)
Race,n(%) 0.001
Mexican American 1229(7.54) 336(8.17) 307(8.05) 309(8.03) 277(6.20)
Non-Hispanic Black 1523(10.61) 460(13.83) 388(11.61) 358(10.15) 317(7.74)
Non-Hispanic White 3775(73.58) 824(69.19) 927(71.41) 965(74.12) 1059(78.22)
Other races 747(8.27) 203(8.81) 193(8.93) 185(7.70) 166(7.83)
Education,n(%) < 0.001
<High school 1965(17.30) 689(26.64) 513(17.71) 419(14.97) 344(11.96)
High school 1781(25.17) 497(30.37) 480(28.10) 410(23.76) 394(20.10)
>High school 3528(57.52) 637(42.98) 822(54.19) 988(61.27) 1081(67.95)
Marital status,n(%) 0.001
Unmarried 1075(16.52) 298(19.16) 261(16.53) 241(14.55) 275(16.30)
Married 4036(56.90) 919(50.06) 1002(56.11) 1078(60.14) 1037(59.82)
Others 2163(26.57) 606(30.78) 552(27.36) 498(25.30) 507(23.88)
PIR,n(%) < 0.001
≤ 1.30 1950(18.16) 643(25.47) 515(20.78) 415(14.51) 377(13.77)
1.30–3.50 2867(36.00) 766(40.40) 732(37.26) 713(35.26) 656(32.29)
> 3.50 2457(45.83) 414(34.13) 568(41.96) 689(50.23) 786(53.93)
Hypertension,n(%) 3140(37.11) 873(39.90) 810(38.75) 745(35.63) 712(34.99) 0.149
Diabetes,n(%) 910(8.47) 264(8.67) 252(10.94) 208(8.06) 186(6.68) 0.005
Smoke,n(%) 1556(23.13) 527(34.36) 376(23.14) 356(21.09) 297(16.38) < 0.001
CVD,n(%) 850(8.33) 278(11.46) 226(9.53) 190(8.01) 156(5.24) < 0.001
Alcohol status,n(%) < 0.001
Never 2564(28.43) 788(36.00) 682(30.73) 565(25.30) 529(23.63)
Mild 2300(34.68) 436(25.69) 555(32.07) 640(36.70) 669(41.86)
Moderate 1063(16.28) 255(14.59) 240(15.38) 275(17.65) 293(17.04)
Heavy 1347(20.61) 344(23.72) 338(21.82) 337(20.35) 328(17.47)
OSA,n(%) 5019(70.06) 1248(72.86) 1259(70.07) 1238(69.46) 1274(68.44) 0.184
Day sleepiness,n(%) 1953(29.51) 501(34.12) 461(27.85) 497(30.06) 494(26.85) 0.035
Insufficient Sleep,n(%) 2809(35.57) 770(40.63) 728(38.47) 684(34.94) 627(29.91) < 0.001
Continuous variables were showed as mean ± SE,categorical variables were showed as frequency (percentage)

Q1:CDAI≤-2.30; Q2:-2.30 < CDAI≤-0.19; Q3:-0.19 < CDAI ≤ 2.49; Q4:CDAI > 2.49.
aAll estimates accounted for complex survey designs, and all percentages were weighted

Abbreviations:, quartile; SE, standard error; CDAI, composite dietary antioxidant index; BMI, body mass index; PIR, poverty income ratio; CVD, cardiovascular disease; 
OSA, Obstructive sleep apnea
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Table 2  Weighted logistic regression analyses of CDAI with three sleep-related outcomes
Variables Model 1 Model 2 Model 3

OR (95%CI) P OR (95%CI) P OR (95%CI) P
OSA
CDAI 0.99(0.97,1.00) 0.063 0.98(0.97,1.00) 0.018 0.98(0.95,1.00) 0.041
CDAI
Q1 Reference Reference Reference
Q2 0.87(0.72,1.06) 0.170 0.84(0.68,1.03) 0.091 0.81(0.63,1.05) 0.101
Q3 0.85(0.69,1.04) 0.113 0.79(0.64,0.98) 0.033 0.74(0.54,1.01) 0.058
Q4 0.81(0.66,0.98) 0.042 0.75(0.60,0.94) 0.014 0.69(0.49,0.97) 0.035
P for trend 0.041 0.012 0.029
Per 1-SD increase 0.94(0.89,1.00) 0.063 0.92(0.87,0.98) 0.018 0.92(0.80,0.99) 0.041
Day sleepiness
CDAI 0.98(0.95,1.01) 0.111 0.98(0.95,1.00) 0.078 0.97(0.94,0.99) 0.027
CDAI
Q1 Reference Reference Reference
Q2 0.75(0.57,0.97) 0.028 0.78(0.60,1.01) 0.060 0.75(0.54,1.03) 0.070
Q3 0.83(0.64,1.08) 0.163 0.86(0.66,1.13) 0.274 0.81(0.59,1.12) 0.164
Q4 0.71(0.51,0.98) 0.038 0.72(0.52,0.98) 0.036 0.64(0.44,0.94) 0.029
P for trend 0.075 0.068 0.034
Per 1-SD increase 0.91(0.82,1.02) 0.111 0.91(0.82,1.01) 0.078 0.88(0.79,0.98) 0.027
Insufficient Sleep
CDAI 0.96(0.94,0.97) < 0.001 0.96(0.94,0.98) < 0.001 0.96(0.93,0.99) 0.013
CDAI
Q1 Reference Reference Reference
Q2 0.91(0.77,1.09) 0.292 0.92(0.77,1.10) 0.330 0.95(0.75,1.20) 0.609
Q3 0.78(0.65,0.95) 0.013 0.79(0.66,0.96) 0.020 0.82(0.64,1.07) 0.121
Q4 0.62(0.51,0.76) < 0.001 0.64(0.52,0.79) < 0.001 0.68(0.50,0.92) 0.021
P for trend < 0.001 < 0.001 0.014
Per 1-SD increase 0.83(0.77,0.90) < 0.001 0.84(0.78,0.92) < 0.001 0.85(0.76,0.96) 0.013
Model 1: None

Model 2: Age, gender, race, marital status;

Model 3: Age, gender, race, marital status, education, PIR, BMI, smoke, alcohol status, CVD, hypertension, diabetes status, energy intakes, caffeine, carbohydrate, 
fat, protein, and fiber

Abbreviations: OSA, Obstructive sleep apnea; CDAI, composite dietary antioxidant index; PIR, poverty income ratio; BMI, body mass index; CVD, cardiovascular 
disease; OR, odds ratio; CI, confidence interval; Q, quartile; SD, standard deviation

Fig. 2  Restricted cubic spline (RCS) analysis with multivariate-adjusted associations between CDAI and three sleep-related outcomes
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comparing the highest quartile (Q4) with the first quar-
tile (Q1) was 0.69 (0.50–0.96, p for trend = 0.029) for 
vitamin A, 0.75 (0.57–0.97, p for trend = 0.035) for vita-
min C and 0.81 (0.65–0.98, p for trend = 0.036) for carot-
enoids, respectively. However, these inverse correlations 
were only found in vitamin E and vitamin C on day 
sleepiness risk. When comparing with lowest quartile 
(Q1), the highest quartile (Q4) of vitamin E and vita-
min C were both associated with lower day sleepiness in 
the same fully-adjusted model with the corresponding 
ORs (95%CIs) were 0.70 (0.53–0.92, p for trend = 0.012) 
and 0.64 (0.49–0.84, p for trend = 0.020). In addition, we 

found vitamin A, selenium and carotenoids in the high-
est quartile (Q4) comparing with the lowest quartile 
(Q1) were all associated with lower insufficient sleep 
with the corresponding OR (95%CI) was 0.72 (0.52–0.99, 
p for trend = 0.036), 0.78 (0.62–0.96, p for trend = 0.035) 
and 0.77 (0.60–0.98, p for trend = 0.034), respectively. By 
contrast, these negative associations were not showed in 
other antioxidants.

Subgroup analysis
In order to examine whether the correlation between 
CDAI and each sleep-related outcome was robust in 

Table 3  *Multivariable-adjusted logistic regressions for three sleep outcomes according to daily intakes of individual antioxidant 
components
Variables OSA Day sleepiness Insufficient Sleep

OR (95%CI) P OR (95%CI) P OR (95%CI) P
Vitamin A,mcg/day
Q1 Reference Reference Reference
Q2 0.77(0.58,1.03) 0.069 0.93(0.73,1.19) 0.497 0.82(0.63,1.06) 0.114
Q3 0.71(0.54,0.94) 0.023 0.92(0.70,1.23) 0.535 0.75(0.58,0.98) 0.036
Q4 0.69(0.50,0.96) 0.034 0.89(0.66,1.21) 0.402 0.72(0.52,0.99) 0.041
P for trend 0.029 0.450 0.036
Vitamin E,mg/day
Q1 Reference Reference Reference
Q2 1.02(0.76,1.38) 0.865 0.80(0.61,1.04) 0.088 0.97(0.75,1.26) 0.795
Q3 1.03(0.76,1.40) 0.825 0.79(0.62,1.01) 0.055 0.91(0.71,1.16) 0.378
Q4 1.08(0.81,1.42) 0.556 0.70(0.53,0.92) 0.018 0.86(0.68,1.09) 0.169
P for trend 0.562 0.012 0.122
Vitamin C,mg/day
Q1 Reference Reference Reference
Q2 0.85(0.62,1.17) 0.277 0.80(0.60,1.05) 0.096 0.86(0.62,1.19) 0.304
Q3 0.78(0.58,1.05) 0.088 0.78(0.60,1.02) 0.066 0.84(0.63,1.10) 0.172
Q4 0.75(0.57,0.97) 0.035 0.64(0.49,0.84) 0.006 0.85(0.65,1.10) 0.170
P for trend 0.020 0.020 0.119
ZinC,mg/day
Q1 Reference Reference Reference
Q2 0.95(0.71,1.27) 0.686 0.91(0.67,1.23) 0.479 0.92(0.74,1.22) 0.524
Q3 0.82(0.61,1.10) 0.160 0.92(0.70,1.21) 0.494 0.78(0.60,0.99) 0.047
Q4 0.87(0.61,1.24) 0.373 0.89(0.61,1.30) 0.485 0.80(0.69,1.3) 0.281
P for trend 0.244 0.520 0.300
Selenium,mcg/day
Q1 Reference Reference Reference
Q2 0.95(0.74,1.22) 0.641 0.98(0.71,1.34) 0.859 0.72(0.57,0.94) 0.023
Q3 0.95(0.65,1.37) 0.730 0.78(0.55,1.12) 0.147 0.75(0.60,0.95) 0.028
Q4 1.01(0.64,1.59) 0.963 0.96(0.56,1.64) 0.853 0.78(0.62,0.96) 0.034
P for trend 0.480 0.472 0.035
Carotenoids,mcg/day
Q1 Reference Reference Reference
Q2 0.91(0.72,1.15) 0.370 0.84(0.63,1.12) 0.196 0.87(0.73,1.04) 0.100
Q3 0.90(0.69,1.17) 0.386 0.84(0.67,1.05) 0.107 0.93(0.75,1.16) 0.463
Q4 0.81(0.65,0.98) 0.036 0.81(0.63,1.05) 0.101 0.77(0.60,0.98) 0.034
P for trend 0.036 0.102 0.042
*Adjusted for age, gender, race, marital status, education, PIR, BMI, smoke, alcohol status, CVD, hypertension, diabetes status, energy intakes, caffeine, carbohydrate, 
fat, protein, and fiber
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different population stratified by age, gender, hyperten-
sion, diabetes status, BMI, race and PIR, subgroup anal-
yses were performed (Fig.  3). The results indicated that 
relatively stronger associations between CDAI and sleep 
outcomes were consistently found among young adults 
(age < 60 years), males, adults without hypertension and 
diabetes, the White and PIR > 3.50. No significant inter-
actions of CDAI with these stratified variables were 
observed (all p for interaction > 0.050).

Discussion
In this large-scale study of 7274 Americans from 
NHANES, we discovered that CDAI was non-linearly 
associated with lower risk of OSA and day sleepiness. At 
the same time, a linear inverse association between CDAI 
and insufficient sleep was observed. These findings high-
lighted the protective effect of antioxidative dietary and 
provided clinical evidence for the beneficial sleep health 
from increasing intake of dietary antioxidants.

To date, numerous epidemiological investigations have 
explored the efficacy of single antioxidant on sleep health, 
while few studies have focused on the effect of DTAC on 
sleep disorders. Kanagasabai et al. found that individuals 
with adequate sleep duration generally had an ideal level 
of serum vitamin C and other antioxidants profiles in 
comparison to short or very short sleeper [24]. Observa-
tional studies of vitamin A and sleep health are extremely 
limited and controversial. Natsuko et at. performed a 
questionnaire survey composed of 3304 Japanese female 
students and observed that the level of vitamin A intake 
was linked to disturbed wake–sleep cycle [25], whereas 
another study discovered there was no significant differ-
ence in serum vitamin A levels among adolescent girls 

with sleepiness comparing with control groups [26]. 
Although vitamin E was regarded as an important anti-
oxidant, previous studies on vitamin E and sleep have 
also been controversial. Increased intake of vitamin E 
was associated with longer sleep time [27] and might 
reduce memory damage during chronic sleep depriva-
tion [28]. In contrast, a randomized and stratified epide-
miological study including 169 mild OSA patients and 83 
moderate/severe OSA patients demonstrated that intake 
of vitamin A, C, D and E was not linked to OSA severity 
[29]. Interestingly, existing evidence from different obser-
vational research consistently supported that carotenoid 
consumption positively associated with sleep quality, 
which directly supported our findings in current study. 
For instance, Stringham et al. showed that healthy adults 
who were supplemented with 24  mg of macular carot-
enoid per day experienced improvements in sleep qual-
ity [30]. Furthermore, a NHANES 2005–2006 study also 
found that lower level of serum carotenoid concentration 
was associated with shorter sleep duration [31]. Despite 
all this, few studies have evaluated the interaction among 
different dietary antioxidants on sleep problems. A prior 
cross-sectional study of 265 diabetic women demon-
strated that DTAC was inversely associated with poor 
sleep quality [11]. Similarly, another cross-sectional study 
conducted among Iranian post-menopausal women 
revealed that DTAC was inversely related to sleep disor-
ders and other symptoms related menopause [12].

In present study, we utilized CDAI to comprehensively 
assess interactive effect of the antioxidants, which was an 
effective and promising strategy. Our results are gener-
ally reasonable. First, oxidative stress constitutes a criti-
cal hallmark of sleep disorders. A previous system review 

Fig. 3  Subgroup analysis of the association between CDAI and three sleep-related outcomes
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indicated that insufficient sleep could activate stress-
related neurobiological mechanisms and trigger oxidative 
processes [32]. An increasing number of epidemiologi-
cal evidence underlined the adverse effects of oxidative 
stress in patients with OSA, including the elevated level 
of intracellular reactive oxygen species (ROS) [33] and 
decreased level of nitric oxide (NO) or its derivatives [34, 
35]. As a matter of fact, unlike other cells, the brain neu-
rons are particularly vulnerable to oxidative stress since 
they tend to have higher metabolic demands and lower 
endogenous antioxidant levels [36]. Given that oxidative 
stress can aggravate impairment to the brain, contribut-
ing to the reduction of neurotransmitter concentrations 
and further affecting sleep quality [37], it is highly plau-
sible that adequate antioxidant dietary may lower the risk 
of OSA and insufficient sleep via their powerful antioxi-
dant properties.

Second, high-grade inflammation has been acted as a 
crucial role in the development of OSA [38, 39]. In fact, 
a prior meta-analysis has demonstrated that sleep disor-
ders and insufficient sleep have elevated levels of c-reac-
tive protein (CRP) and interleukin-6 (IL-6) [24, 40]. A 
study included three prospective US cohorts suggested 
that higher anti-inflammatory diet was related to a lower 
systemic inflammation among 8856 OSA participants 
[41]. So far, some researchers have verified a negative 
correlation between DTAC and serum CRP, involving the 
nuclear transcription factor-κB (NF-κB) pathway [37, 42]. 
Moreover, two Italian studies based on a two-week inter-
vention with a high DTAC lead to lower CRP levels [43, 
44]. Likewise, a population-based cohort study of 3853 
Chinese women demonstrated that CDAI was inversely 
associated with levels of interleukin-1beta (IL-1β) and 
tumor necrosis factor-alpha (TNF-α) [45]. In addition, 
participants with higher CDAI in our study may consume 
more vitamins, vegetables and fruits and further display 
their protective benefits.

Third, glucose metabolism imbalance has been consid-
ered as a key risk factor of OSA as well as sleep disorders. 
A system review suggested that poorly controlled glucose 
levels could aggravate OSA by impacting central control 
of respiration and upper airway neural reflexes [37].To 
some extent, sufficient consumption of antioxidants has 
associated with lower glucose concentration [46] and 
improved pancreatic β-cell function [47]. A cohort study 
of 2694 older people aged more than 59 years old found 
that higher DTAC was linked to better glucose tolerance 
[48]. Similar results were found in younger [42] and mid-
dle-aged adults [49]. Furthermore, high intake of anti-
oxidants from foods and beverages might provide dietary 
fiber, magnesium and some enzymes, which were impor-
tant modifiers in glucose metabolism [50, 51]. Thus, a 
higher CDAI is related to more intake of these individual 

antioxidant nutrient, which have beneficial influence on 
our sleep health.

It is highlighted that non-linear associations between 
CDAI and the risk of OSA and day sleepiness were found 
in current study, suggesting the odds of OSA and day 
sleepiness decreased with the increase of CDAI in a cer-
tain range. However, the underlying mechanism of this 
non-linear relationship still remain unclear. Previous 
researches reported that dietary zinc and selenium had 
both properties of antioxidant and prooxidant, which 
could cause oxidative stress and lose antioxidant capac-
ity when they were out of certain range [52, 53]. Dietary 
selenium has been linked to increased activation of white 
blood cells, proliferation and differentiation of immune 
cells, as well as the production of interferon γ (IFN γ) and 
other cytokines [54, 55]. Additionally, selenium exerts 
antioxidant, immunomodulatory and anti-inflammatory 
effects through the selenoproteins such as selenium-
dependent glutathione peroxidase (GPx) [56]. However, 
an increase in GPx1 activity can potentially disrupt insu-
lin function by excessively suppressing intracellular ROS 
required for insulin sensitization, ultimately leading to 
hyperglycemia [57]. Moreover, a meta-analysis of 5 ran-
domized controlled trials has indicated that although 
selenium administration may improve insulin sensitiv-
ity to some extent, no positive effects on lipid profiles or 
glucose homeostasis have been observed [58]. Thirdly, 
it is noteworthy that a high dietary antioxidant index is 
not solely determined by an increased intake of dietary 
antioxidants, but is also influenced by the consumption 
of pro-oxidant foods. For instance, red meat, sugary 
foods, and starches can have pro-oxidant effects due to 
their high content of advanced glycation end products 
(AGEs), which are formed during cooking and process-
ing [59]. AGEs can activate inflammatory pathways and 
generate ROS, which can damage cells and tissues in that 
counteract the positive effects of antioxidants on the 
body [60, 61]. These findings offer insight into the anti-
oxidant paradox from various perspectives. Thus, it is 
possible that excessive intake of zinc and selenium may 
modify the protective effect of vitamins and carotenoids. 
More investigations are needed to confirm these dose-
response relationship and understand these biological 
mechanisms.

Strength and limitations
Our study has several noteworthy advantages. First of all, 
our study data is based on NHANES, which provides a 
large-scale and nationally representative database, mak-
ing our study findings reliable. Second, we further deter-
mine a promising and comprehensive index for OSA 
patients by dietary intervention, which fully consider 
the potential interactions between different antioxidant 
nutrients. However, some limitations should be noted. 
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First, information about dietary intake was obtained only 
at baseline without dynamic follow-up. Moreover, two 
24-hour recall dietary interviews are limitations regard-
ing correlations between antioxidants and sleep disorders 
because blood levels of antioxidants would be preferable. 
Second, the diagnosis of OSA was used by face-to-face 
interview but not respiratory sleep monitoring, which 
was a gold standard in clinical practice. Third, given the 
nature of cross-sectional design, these causal associa-
tions cannot be ensured, so more prospective and well-
designed studies are urgent to conduct in the future. 
Finally, although some conventional variables were fully 
controlled in current study, other measured confounders 
were not considered.

Conclusion
In summary, the present research indicated that CDAI 
was non-linearly associated with lower risk of OSA 
and day sleepiness whereas a linear inverse association 
between CDAI and insufficient sleep was observed. These 
findings implicated that combined intake of antioxidants 
could be a promising and effective approach to optimize 
sleep quality for public. Further large-scale research is 
urgent to demonstrate these associations and biological 
mechanisms.
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