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Abstract
Background  The microbiome, especially the gut microbiome, contributes to the regulation, etiology, and 
pathogenesis of sleep disorder. However, limited evidence regarding the oral microbiome’s role in sleep disorder. 
Therefore, this study aimed to investigate the association between sleep disorder and oral microbial diversity and 
whether oral microbiota is associated with all-cause mortality in people with sleep disorder.

Methods  The study included 4,729 individuals in the National Health and Nutrition Examination Survey (NHANES) 
from 2009 to 2012 and mortality data until 2019. Sleep disorder was assessed by structured questionnaire. The oral 
microbiome was characterized by 16 S ribosomal RNA gene sequencing. Logistic regression models were conducted 
to quantify the association of α-diversity with different sleep status controlling for potential confounding variables, 
and principal coordinate analysis along with permutational multivariate analysis of variance for β-diversity. The 
association between the oral microbiome and all-cause mortality was assessed using Cox proportional hazard 
models.

Results  The α-diversity showed that a lower number of operational taxonomic units (OTUs) (adjusted odds ratio 
[aOR] = 0.996; 95% confidence interval [CI] = 0.994–0.998), less Faith’s phylogenetic diversity (aOR = 0.954, 95% 
CI = 0.934–0.975), and a lower Shannon–Weiner index (aOR = 0.854, 95% CI = 0.772–0.944) were associated with sleep 
disorder. β-diversity revealed different oral microbiome communities between the two groups, as measured by the 
Bray–Curtis dissimilarity (R2 = 0.358%, P = 0.001), unweighted UniFrac distance (R2 = 0.450%, P = 0.001) and weighted 
UniFrac distance (R2 = 0.709%, P = 0.001). Furthermore, the OTUs (odds ratio [OR] = 0.999; 95% CI = 0.998–0.999; 
P < 0.05), Faith’s phylogenetic diversity (OR = 0.987; 95% CI = 0.975–0.998; P < 0.05), Shannon–Weiner index (OR = 0.924; 
95% CI = 0.873–0.979; P < 0.05), and the inverse Simpson index (OR = 0.553; 95% CI = 0.306–0.997; P < 0.05) were all 
associated with a significant increase in the risk of all-cause death in participants with sleep disorder.

Conclusions  Intra-population richness, inter-population dispersion, and the phylogenetic diversity of the oral 
microbiome have all been linked to sleep disorder and all-cause mortality. Overall, these results will help to 
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Background
Sleep is a vital physiological process crucial for sustaining 
and enhancing both physical and mental health [1]. Poor 
or insufficient sleep is associated with various systematic 
dysfunctions, including endocrinological, metabolic, and 
nervous disorders. Sleep disorder may manifest as insom-
nia, sleep apnea, narcolepsy, or restless legs syndrome 
[2]. Sleep disorder not only negatively affect enthusiasm 
and mental health but also linked to adverse health out-
comes such as obesity, hypertension, type 2 diabetes, 
cardiovascular diseases, and increased mortality [3]. In 
addition, the prevalence of sleep disorder has increased 
over the past few decades and continues to increase, with 
a prevalence of 27.1% among adults in the United State 
[4]. Given the heavy burden and various adverse health 
outcomes associated with sleep disorder, it is vital to 
investigate the mechanisms underlying the pathogenesis 
of sleep disorder.

Recent decades have seen substantial advancements 
in recognizing that the sleep-wake cycle is regulated by 
both the central nervous system and signals from periph-
eral tissues. Emerging evidence suggests that the micro-
biota-gut-brain axis influences sleep behavior regulation 
and may be crucial in the etiology and pathogenesis of 
sleep disorders [5]. The gut microbiota modulates sleep-
wake behavior through bacterial metabolites, endocrine 
signaling, neuronal signaling, and immune responses. 
Sleep deprivation disrupts gut microbiota, and changes 
in gut microbiota composition are linked to sleep disor-
ders. Research has investigated novel treatments for sleep 
disorders by focusing on the gut microbiota [6].

The oral microbiota is the second most diverse micro-
bial community colonizing the human body, exhibits 
significant diversity and complex ecology, including 
bacteria, microeukaryotes, archaea, and viruses [7]. The 
oral microbiota is crucial for maintaining oral health. 
Dental caries, periodontal disease, and oral cancer, three 
prevalent oral diseases, are linked to microbial causes 
[8]. Moreover, oral microbiota, especially periodontal 
pathogens, are increasingly linked to various systemic 
diseases, either by directly translocating to other body 
sites or indirectly by altering host immune and inflam-
matory responses [9]. Emerging research indicates that 
the oral microbiota may contribute to the development 
of various neuropsychiatric disorders, such as Alzheim-
er’s disease, Parkinson’s disease, and depression [10, 
11]. It is well established that the oral cavity is anatomi-
cally closer to the cerebrum than the gut, which has led 
to a new term known as the oral-brain axis [12, 13]. A 

recent case-control study found significantly lower rela-
tive abundances of Prevotella, Alloprevotella, Bacteroi-
des, Candidatus saccharimonas, and Leptotrichia in 
individuals with severe obstructive sleep apnea (OSA) 
compared to healthy controls [14]. Research on the rela-
tionship between microbiota and sleep disorder has pre-
dominantly concentrated on the gut microbiota and the 
gut-brain axis, with limited attention given to the role of 
the oral microbiota in sleep regulation. Here we tested 
the hypothesis that there is an association between the 
oral microbiome and sleep status in a nationally repre-
sentative sample of individuals. We aimed to determine 
whether sleep disorder is negatively correlated with 
oral microbial diversity and whether oral microbiota is 
associated with all-cause mortality in people with sleep 
disorder.

Methods
Study design and population
The NHANES, conducted by the National Center for 
Health Statistics, is a continuous cross-sectional survey 
designed to evaluate the health and nutrition of the non-
institutionalized civilian population in the U.S [15]. This 
study adhered to the Declaration of Helsinki and received 
approval and sponsorship from the Centers for Disease 
Control and Prevention. The survey gathered data every 
two years through a complex multistage probability 
sampling method. The NCHS survey weights accounted 
for selection probabilities and non-response, enabling 
the production of nationally representative estimates. 
Informed consent was obtained from all NHANES par-
ticipants, following approval by the NCHS Research Eth-
ics Review Board. No additional Institutional Review 
Board approval was required to perform secondary 
analysis.

The NHANES utilizes a computer-assisted personal 
interview (CAPI) system for conducting household inter-
views. Participants were subsequently invited to pro-
vide additional information at mobile examination sites, 
where physical examinations were conducted, blood and 
urine samples were obtained too [16]. This study utilized 
data from the 2009–2010 and 2011–2012 NHANES, with 
unweighted cumulative examination response rates of 
77.3% and 69.5%. Eligibility was based on data availability 
from NHANES 2009–2012. Participants who visited the 
mobile examination center had comprehensive data on 
the oral microbiome, sleep disorder, and relevant covari-
ates (Fig. 1).

better understand the etiology and pathogenesis of sleep disorder. Further studies are required to determine the 
mechanisms underlying the role of microbiome in the pathogenesis of sleep disorder.
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Assessment of the oral Microbiome
For detailed information on the laboratory methods and 
bioinformatics procedures used to collect oral micro-
biome data, please refer to the NHANES website (​h​t​
t​p​​:​/​/​​w​w​w​.​​c​d​​c​.​g​​o​v​/​​n​c​h​s​​/​n​​h​a​n​e​s; accessed February 5, 
2024). DNA was extracted from oral rinse samples and 
sequenced at the Knight Laboratory, University of Cali-
fornia, San Diego. The V4 region of the 16S rRNA gene 
was amplified and sequenced via polymerase chain reac-
tion using the aforementioned DNA, with processing 
conducted through QIIME1. DADA2 was used to gen-
erate amplicon sequence variants (ASVs) from forward 
and reverse FASTQ files. The analysis identified 2750 
operational taxonomic units (OTUs) classified as' King-
dom (Bacteria); Phylum (sample); Class (sample); Order 
(sample); Family (sample); Genus (sample); Species 
(sample).’ α-and β-diversity describe species variation 
within and between samples. α-diversity is a measure-
ment of the microbiome diversity within a single sample, 

is typically measured by species richness and/or even-
ness. β-diversity highlights variations in microbiome 
composition across different ecosystems, such as among 
individuals.

Our study assessed α-diversity using four indicators: 
operational taxonomic unit (OUT) richness, the Shan-
non–Weiner index (SWI), the inverse Simpson index, 
and the Faith’s phylogenetic diversity (FPD). The OTU 
richness and FPD measure richness, while the SWI and 
inverse Simpson indices assess both richness and even-
ness. Post-rarefaction data of 10,000 reads per sample 
were used to measure the alpha diversity. The mean of 10 
replications was adopted in this study.

The β-diversity included two measures: Bray–Curtis 
dissimilarity was used to measure microbiota dissimi-
larity using bacterial (taxonomic) counts, and UniFrac 
distance was used to measure phylogenetic distance 
between microbial communities. The unweighted Uni-
Frac distance assessed species presence or absence by 

Fig. 1  Flow chart of study population selection
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calculating the fraction of unique branch lengths per 
sample, while the weighted UniFrac distance incorpo-
rated OTU abundance differences into the branch length 
calculation.

Assessment of sleep disorder
The NHANES evaluated sleep disorder with a single 
question from the Sleep Disorder Questionnaire: “Has 
your doctor ever informed you of having a sleep dis-
order?” [17]. Participants were categorized according 
to their response (yes or no), while “Do not know” and 
“Refused” responses were considered missing data.

Assessment of mortality
Mortality status, cause of death, and follow-up duration 
were ascertained via the National Death Index (NDI) (​h​t​
t​p​​:​/​/​​w​w​w​.​​c​d​​c​.​g​​o​v​/​​n​c​h​s​​/​n​​d​i​/​a​b​o​u​t​.​h​t​m). The NCHS ​a​n​n​u​
a​l​l​y publishes the NDI, offering epidemiologists compre-
hensive mortality data for the entire U.S. population [18]. 
All-cause mortality was determined using the 10th revi-
sion of the International Classification of Diseases and 
evaluated through the NDI. The main focus of this study 
was overall mortality. The study’s follow-up period was 
determined from the NHANES 2009–2012 examination 
data to either the last confirmed date of the patient’s sur-
vival or until they were censored by December 31, 2019.

Covariates
Variables previously shown to be associated with sleep 
and potentially linked to the oral microbiome were 
included in the analysis. During household interviews 
using CAPI, self-reported sociodemographic vari-
ables were collected for adults aged 20 and over. These 
included age, sex (female or male), race/ethnicity (Mexi-
can American, non-Hispanic White, non-Hispanic Black, 
and others), educational attainment, marital status, and 
the family income to poverty ratio (PIR). The PIR repre-
sents the family income divided by the poverty threshold 
for the survey year. Poverty thresholds vary according to 
the family size and geographic location [19]. This study 
classified income status into three categories based 
on the PIR: low (PIR < 1.00), medium (PIR 1.00–4.00), 
and high (PIR > 4.00). Smoking and alcohol intake was 
assessed in household interviews via the CAPI for adults 
aged 20 years and older. Alcohol consumption status was 
categorized into non-drinker, ever drinker, and current 
drinker based on questionnaire responses [20]. Smoking 
status was categorized as never for participants who had 
never smoked, former for those who had smoked at least 
100 cigarettes in their lifetime, and current for individu-
als who were actively smoking [21]. Additionally, the his-
tory of diabetes, hypertension, and cancer was recorded.

Statistical analysis
All analyses accounted for sample weights, clustering, 
and stratification due to the NHANES’s complex sam-
pling design, essential for proper data analysis. Con-
tinuous variables are represented by mean and standard 
deviation, whereas categorical variables are depicted by 
frequency and percentage. Pearson’s Chi-squared test 
was used to examine the categorical variables.

Summary statistics for α-diversity metrics were ana-
lyzed based on demographic and behavioral factors. Uni-
variable and multivariable logistic regression analyses 
were conducted to examine the association between each 
α-diversity measure and sleep disorders independently. 
The multivariate models were adjusted for variables 
including age, race, sex, smoking, alcohol consumption, 
diabetes, hypertension, cancer, education level, marital 
status, and income. We conducted further stratified anal-
yses based on age (20–29, 30–39, 40–49, 50–59, 60–69), 
race (Mexican American, other Hispanic, non-Hispanic 
White, non-Hispanic Black, other race/multi-racial), sex 
(female, male), smoking status (never, former, current), 
drinking status (never, former, current), diabetes (no, 
yes), hypertension (no, yes), cancer (no, yes), education 
(less than high school, high school or equivalent, some 
college or AA degree, college graduate or above), marital 
status (never married, married/living with partner, wid-
owed/divorced/separated), and income (low [PIR < 1.00], 
medium [PIR 1.00–4.00], high [PIR > 4.00]).

To visualize the distribution of oral microbiome com-
munities based on sleep status, β-diversity was assessed 
using principal coordinate analysis (PCoA) with the cmd-
scale function and survey weights. The adonis2 function 
was used to assess the variability (R2) attributable to sleep 
disorder status. Its confidence interval was estimated 
using bootstrap. Sleep disorders status was permuted 
(n = 999) in weighted permutational multivariate analy-
sis of variance (PERMANOVA) using pairwise Adonis to 
test for significant differences in the β-diversity metrics 
by sleep status. Subgroup analyses were performed strati-
fied by sex due to sex differences in the epidemiology of 
sleep disorders and hypotheses regarding sex differences 
in the natural history of sleep status.

Kaplan–Meier survival curves and log-rank tests were 
used to analyze all-cause mortality, stratified by optimal 
cut-off values for α-diversity metrics (observed ASVs, 
Shannon–Weiner index, Inverse Simpson index, and 
Faith’s phylogenetic diversity) determined via X-tile. Cox 
proportional hazards regression analysis was conducted, 
which included two models to control for confound-
ing factors. Model 1 was unadjusted, whereas Model 
2 included adjustments for age, race, sex, smoking, 
drinking, diabetes, hypertension, and cancer. Statistical 
analyses were conducted using SPSS for Windows (ver-
sion 25.0) and the R statistical package (version 4.3.3). A 
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two-sided P-value of less than 0.05 was deemed statisti-
cally significant.

Results
Basic characteristics of the study participants
In total, 4,729 participants were enrolled, and the prev-
alence of sleep disorder was 26.39%. Participants with 
sleep disorder were more likely to be female (P < 0.001). 
Significant differences were observed between the sleep 
disorder and non-sleep disorder groups across race, 
education, marital status, household income, smok-
ing, drinking, diabetes, hypertension, and cancer (all 
P < 0.001). Further details are listed in Table 1.

α-diversity tests were conducted to assess the basic 
features of the oral microbiome. The results indicated 
significant differences in all variables except diabetes for 
the observed OTUs and Shannon–Weiner index (both 
P < 0.01). The inverse Simpson index showed significant 
differences for all variables except diabetes, marital sta-
tus, and hypertension (P < 0.05). The Faith’s phylogenetic 
diversity showed significant differences across all vari-
ables (P < 0.05). Details are shown in the additional figure 
files (Additional Fig. 1–Fig. 4).

α-diversity and sleep disorder
In univariable models, the OUTs (OR = 0.994, 
95%CI = 0.992–0.995), Faith’s phylogenetic diversity 
(OR = 0.924, 95%CI = 0.906–0.943), Shannon–Weiner 
index (OR = 0.751, 95%CI = 0.685–0.825), and inverse 
Simpson index (OR = 0.256, 95% CI = 0.0964–0.679) were 
all significantly negatively associated with sleep disorder 
(all P < 0.001).

In the multivariate models, a significant association was 
found between oral microbiome α-diversity and sleep 
disorder. A lower number of the OUTs (adjusted odds 
ratio [aOR], 0.996, 95%CI = 0.994–0.998), Faith’s Phyloge-
netic Diversity (aOR = 0.954, 95%CI = 0.934–0.975), Shan-
non-Weiner index (aOR = 0.854, 95%CI = 0.772–0.944) 
were associated with higher odds of sleep disorder (all 
P < 0.01) (Table 2).

The results of subgroup analyses are presented in Sup-
plementary Table 1. There were significant in the asso-
ciation between α-diversity and sleep disorder for age, 
sex, race, education, marital status, income, smoking, 
drinking, diabetes, hypertension and cancer subgroups 
(P < 0.05), with a few differences in some α-diversity tests.

β-diversity and sleep disorders
The PCoA analysis revealed a shift in the centroids of the 
microbiome communities when each β-diversity metric 
was compared by sleep status (Fig. 2). The β-diversity of 
the oral microbiome was evaluated using PERMANOVA 
with Bray-Curtis dissimilarity, unweighted UniFrac dis-
tance, and weighted UniFrac distance. In the overall 

population, sleep disorder was significantly associated 
with Bray–Curtis dissimilarity (R2 = 0.358%), unweighted 
UniFrac distance (R2 = 0.450%), and weighted UniFrac 
distance (R2 = 0.709%) (all P = 0.001).

In subgroup analysis, both male and female popu-
lations, Bray-Curtis dissimilarity (R2 = 0.346% Vs. 
R2 = 0.407%), unweighted UniFrac distance (R2 = 0.512% 
Vs. R2 = 0.33%) and Weighted UniFrac distance 
(R2 = 0.715% Vs. R2 = 0.656%) were still significantly asso-
ciated with sleep disorder (all P = 0.001). The β-diversity 
of the oral microbiome was higher in males than that in 
females, except for Bray–Curtis dissimilarity. The details 
are shown in an additional table (Additional Figs. 5 and 
6).

Oral microbiome and mortality
The Kaplan–Meier survival curves revealed significant 
differences between higher and lower groups for OUTs 
(cutoff: 111.10), Faith’s phylogenetic diversity (cutoff: 
13.72), and the Shannon–Weiner index (cutoff: 4.36) (all 
log-rank P < 0.05), but not for the inverse Simpson index 
(Fig. 3).

In the univariable Cox regression, only the Shannon–
Weiner index showed that a low level of α-diversity was 
associated with high risk of all-cause death (OR = 0.939; 
95% CI = 0.888–0.993; P = 0.026). In the Cox regression 
model adjusted for age, gender, race, marriage, education, 
income, diabetes, cancer, hypertension, smoking and 
drinking, the OUTs (aOR = 0.999; 95% CI = 0.998–0.999; 
P = 0.025), Faith’s phylogenetic diversity (aOR = 0.987; 
95% CI = 0.975–0.998; P = 0.026), Shannon–Weiner index 
(aOR = 0.924; 95% CI = 0.873–0.979; P = 0.007), and the 
Inverse Simpson index (aOR = 0.553; 95% CI = 0.306–
0.997; P = 0.049) were all showed significantly negative 
association with the risk of all-cause death (Table 3).

Discussion
This study is the first nationally representative real-world 
analysis to establish a link between the oral microbi-
ome and sleep disorder in individuals aged 20–69 years. 
Our results showed that lower individual α-diversity 
was related with a higher risk of sleep disorder. The 
β-diversity analysis indicated a potential link between 
variations in oral microbiome communities and sleep 
disorder. Furthermore, our results indicated that the oral 
microbiome was related to all-cause mortality in popula-
tion with sleep disorder.

As the fundamental to optimal physical and mental 
health, sleep disorder as well as its detrimental effects 
have caused wide public concern and brings global public 
health challenges to healthcare workers. Some aspects, 
such as the role of the central nervous system in sleep, 
are now fully documented. However, the mechanisms 
of microbiota in different source are still unclear. The 
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Table 1  Baseline characteristics of the participants according to the sleep status
Characteristics Total (n = 4729) Without Sleep Disorder (n = 3481) With Sleep Disorder (n = 1248) P-valuea

Age, N (%) < 0.001
  20–29 (y) 1152 (24.36) 961 (27.61) 191 (15.30)
  30–39 (y) 1002 (21.19) 764 (21.95) 238 (19.07)
  40–49 (y) 959 (20.28) 674 (19.36) 285 (22.84)
  50–59 (y) 851 (18.00) 557 (16.00) 294 (23.56)
  60–69 (y) 765 (16.18) 525 (15.08) 240 (19.23)
Sex, N (%) < 0.001
  Female 2176 (46.01) 1492 (42.86) 684 (54.81)
  Male 2553 (53.99) 1989 (57.14) 564 (45.19)
Race/Ethnicity, N (%) < 0.001
  Mexican American 698 (14.76) 571 (16.40) 127 (10.18)
  Other Hispanic 467 (9.88) 368 (10.57) 99 (7.93)
  Non-Hispanic White 2055 (43.46) 1410 (40.51) 645 (51.68)
  Non-Hispanic Black 1046 (22.12) 765 (21.98) 281 (22.52)
  Other race/multi-racial 463 (9.79) 367 (10.54) 96 (7.69)
Education, N (%) 0.039
  Less than high school 930 (19.67) 703 (20.20) 227 (18.19)
  High school or equivalent 992 (20.98) 735 (21.11) 257 (20.59)
  Some college or AA degree 1510 (31.93) 1072 (30.80) 438 (35.10)
  College graduate or above 1297 (27.43) 971 (27.89) 326 (26.12)
Marital Status, N (%) < 0.001
  Never married 1159 (24.51) 883 (25.37) 276 (22.12)
  Married/living with partner 2753 (58.22) 2094 (60.16) 659 (52.80)
  Widowed/divorced/separated 817 (17.28) 504 (14.48) 313 (25.08)
Income < 0.001
  Low income (PIR < 1.00) 1084 (22.92) 761 (21.86) 323 (25.88)
  Medium income (PIR 1.00–4.00) 2262 (47.83) 1725 (49.55) 537 (43.03)
  High income (PIR > 4.00) 1383 (29.25) 995 (28.58) 388 (31.09)
Smoking Status, N (%) < 0.001
  Never 2508 (53.03) 1965 (56.45) 543 (43.51)
  Former 993 (21.00) 673 (19.33) 320 (25.64)
  Current 1228 (25.97) 843 (24.22) 385 (30.85)
Alcohol Drinking Status, N (%) < 0.001
  Non-drinker 2350 (49.69) 1715 (49.27) 635 (50.88)
  Ever-drinker 272 (5.75) 167 (4.80) 105 (8.41)
  Current drinker 2107 (44.55) 1599 (45.94) 508 (40.71)
Prescription for Diabetes, N (%) < 0.001
  No 4154 (87.84) 3141 (90.23) 1013 (81.17)
  Yes 575 (12.16) 340 (9.77) 235 (18.83)
Prescription for Hypertension, N (%) < 0.001
  No 3201 (67.69) 2517 (72.31) 684 (54.81)
  Yes 1528 (32.31) 964 (27.69) 564 (45.19)
Prescription for Cancer, N (%) < 0.001
  No 4464 (94.40) 3345 (96.09) 1119 (89.66)
  Yes 265 (5.60) 136 (3.91) 129 (10.34)
Data are shown as the No. (%). The percentages are within-column proportions that apply post-stratification weights

AA, associates in the arts; PIR, family income to poverty ratio
aP value based on the Rao-Scott-adjusted Pearsonχ2 test comparing people with and without sleep disorders
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increasing knowledge of the oral-brain axis has high-
lighted the significance of oral microbiota in the devel-
opment of neuropsychiatric disorders. While sleep is 
recognized as a reversible physiological process within 
the central nervous system, limited research has inde-
pendently associated oral microbiome diversity with 
sleep disorders. In light of this, the present study exam-
ined the relationship with sleep disorder in terms of oral 
microbiota.

The oral microbiome represents one of the most 
diverse microbial ecosystems in the human body. It is 
estimated that more than 700 bacterial species can be 
found in different parts of the oral cavity [22, 23]. Previ-
ous studies indicate that the host microbiota significantly 
influence the development and progression of mental 
health conditions like insomnia and depression [24, 25]. 
For example, sleep was shown to affect the microbial 
abundance in a study designed to assess the dynamics of 
microbial abundance in the oral cavity of children before 
and after sleep [26]. However, the evidence to date is dis-
parate. An experimental study revealed that α-diversity, 

as indicated by the Chao1 index, was significantly greater 
in buccal and gingival mucosa samples post-sleep com-
pared to pre-sleep. Additionally, the Shannon index 
showed a significant increase in buccal mucosa samples 
post-sleep [27]. Moreover, a cross-sectional study found 
that patients with OSA had lower microbial richness than 
healthy individuals, as measured by the Chao index and 
observed species [28]. This is similar to the findings of 
the present study. Another cross-sectional study of 30 
pediatric patients with OSA and 30 controls found that 
the microbial communities in the oral cavity showed cer-
tain differences, suggesting that they may be affected by 
OSA due to intermittent hypoxia, which may decrease 
SaO2 and promote propagation of this anaerobic genus 
[29]. In contrast to these studies with different direc-
tions of association, another separate study reported no 
significant difference in oral microbial diversity between 
insomnia and control groups [30]. Jia et al. examined 
the microbial community composition and structure in 
patients with OSA compared to the controls, revealing 
no significant differences in the OTUs, the Chao index, 

Table 2  Univariable and multivariable analysis results of each α- diversity measure associated with sleep disorders
Population OTUs Faith’s Phylogenetic 

Diversity
Shannon–Weiner Index Inverse Simpson Index

OR (95%CI ) P-value OR (95%CI ) P-value OR (95%CI ) P-value OR (95%CI ) P-value
Univariable
  Overall 0.994 (0.992–0.995) < 0.001 0.924 (0.906–0.943) < 0.001 0.751 (0.685–0.825) < 0.001 0.256 (0.0964–0.679) 0.006
  Male 0.993 (0.991–0.996) < 0.001 0.919 (0.894–0.945) < 0.001 0.75 (0.653–0.861) < 0.001 0.296 (0.0584–1.5) 0.141
  Female 0.995 (0.992–0.997) < 0.001 0.942 (0.916–0.969) < 0.001 0.806 (0.709–0.916) < 0.001 0.429 (0.124–1.49) 0.182
Multivariable
  Overall 0.996 (0.994–0.998) < 0.001 0.954 (0.934–0.975) < 0.001 0.854 (0.772–0.944) 0.002 0.377 (0.132–1.047) 0.068
  Male 0.997 (0.994–0.999) 0.004 0.957 (0.928–0.986) 0.004 0.891 (0.767–1.034) 0.128 0.707 (0.121–4.116) 0.699
  Female 0.996 (0.993–0.998) < 0.001 0.953 (0.924–0.982) 0.002 0.822 (0.717–0.942) 0.005 0.267 (0.071–1.004) 0.051
The multivariate models were adjusted for age, race, sex, smoking, drinking, diabetes, hypertension, cancer, education, marital status, and income

OR, odds ratio; CI, confidence interval

Fig. 2  β-diversity of oral microbiome by sleep status. The β-diversity of Bray-Curtis dissimilarity (A), unweighted UniFrac distance (B) and weighted 
UniFrac distance (C) by sleep status using PCoA applying poststratiffcation weights. Each dot represents an individual. The ellipses illustrated the 95% 
confidence ellipses for sleep disorder and normal group; the triangles represent the centroid of individuals for any sleep disorder and normal group
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and the Shannon index [31]. These discrepancies may be 
attributed to the assessment of results in specific popu-
lations or the use of different measures. However, this 
study found a significant association between α oral 
microbial diversity and sleep disorder in the population 
aged 20–69 years, considering demographic, behavioral, 
and disease factors.

For β-diversity, a prior study identified significant dif-
ferences in β-diversity and microbial profiles between 
pediatric OSA patients and controls across five upper 
respiratory sites, as measured by Bray–Curtis dissimi-
larity and unweighted UniFrac distance [29]. Similar to 
that study, the oral microbiome community composition 

significantly differed between participants with and with-
out sleep disorder, as indicated by both Bray-Curtis dis-
similarity and unweighted UniFrac distance in our study. 
A notable difference in the unweighted UniFract distance 
based on sleep status was observed, aligning with findings 
from gut microbiome studies but not previously reported 
in oral studies [5]. PERMANOVA analysis revealed statis-
tically significant differences in β-diversity based on sleep 
disorder status, although the effect size (R²) was small. 
Statistically significant differences were observed among 
male, female, and the overall populations (all P = 0.001), 
with substantial overlap in oral microbiome composition 
distributions in the PCoA plots. This indicates that only 

Table 3  Cox proportional hazards analysis for all-cause mortality according to each α-diversity measure
Alpha Diversity Univariable Multivariable

OR (95% CI) P-value OR (95% CI) P-value
OTUs 0.999 (0.998–1.000) 0.072 0.999 (0.998–0.999) 0.025
Faith’s phylogenetic diversity 0.989 (0.978–1.000) 0.052 0.987 (0.975–0.998) 0.026
Shannon–Weiner index 0.939 (0.888–0.993) 0.026 0.924 (0.873–0.979) 0.007
Inverse Simpson index 0.632 (0.353–1.132) 0.123 0.553 (0.306–0.997) 0.049
In total, 4729 participants in the NHANES survey (2009–2012) were included in the analyses. Multivariable models were adjusted for age, race, sex, smoking, drinking, 
diabetes, hypertension, cancer, education, marital status, and income

CI, confidence interval; OR, odds ratio

Fig. 3  Kaplan-Meier survival curves for different α-Diversity in sleep disorder groups. (A) OUTs, cutoff value = 111.10; (B) Faith’s Phylogenetic Diversity, 
cutoff value = 13.72; (C) ShannonWeiner index, cutoff value = 4.36; (D) Inverse Simpson index, cutoff value = 0.91. All groups were divided according to 
cutoff value, respectively. Log-rank test, all p < 0.05
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a minor-specific oral microbiome may affect sleep. A 
prior study noted changes in the salivary microbial com-
munity structure in OSA patients, specifically in species 
richness and trans-habitat diversity, without statistical 
significance; however, a significant increase in the peri-
odontal pathogen Prevotella was observed [28]. Future 
insights into the variations of biofilm microbiomes across 
oral cavity sites and their modulation by sleep could aid 
in devising effective strategies for managing oral biofilms 
and sleep disorder.

To date, limited evidence was available regarding the 
interactive effect of the oral microbiome and mortality. 
Evidence increasingly supports a link between the oral 
microbiome, cardiovascular inflammation, and cardio-
vascular disease, potentially contributing to the persistent 
rise in CVD mortality over the last two decades [32, 33, 
34]. Oral dysbiosis contributes to cardiovascular disease 
through mechanisms such as biofilm formation, endo-
thelial dysfunction, molecular mimicry, platelet aggre-
gation, arterial invasion, and systemic inflammation. 
These mechanisms operate in a complex manner, either 
synergistically or independently. Our study identified a 
significant negative association between oral microbi-
ome and mortality, with the OUTs, Faith’s phylogenetic 
diversity, Shannon–Weiner index, and the Inverse Simp-
son index were all inversely related to the risk of all-cause 
death (all P < 0.05). The mechanism remains unclear, and 
the interaction between the oral microbiome, inflamma-
tion, and the immune system in disease causation is an 
active research area. Oral dysbiosis may trigger inflam-
matory responses that result in chronic inflammation, 
which, combined with environmental factors, can impact 
systemic organs and worsen diseases such as diabetes, 
cardiovascular, autoimmune, and neurodegenerative 
disorders [35]. The impact of bacteria on cytokine pro-
duction and immune modulation was validated using 
Fusobacterium nucleatum and Porphyromonas gingivalis 
[36].

The strengths of this study are as follows. Firstly, to the 
best of our knowledge, this is the first study to investi-
gate the association between oral microbiome diversity 
and sleep disorders with real-world data, and the find-
ings from this study provide insights for future direc-
tions and fill the knowledge gap in this area. Secondly, 
we evaluated a national population with a sufficiently 
large sample size, making this a national, multi-aged, 
and multi-racial study. Thirdly, this study employed vari-
ous α- and β-diversity metrics to explore the relationship 
between oral microbiome composition and sleep disor-
der status from different angles. Fourth, this study is the 
first to reveal the influence of the oral microbiome on all-
cause mortality among individuals with sleep disorder. 
Thus, this study provides new avenues for understanding 
the pathogenesis of sleep disorder. Finally, we included all 

participants aged 20–69 years with sleep disorder, and a 
number of potential confounders were adjusted with sen-
sitivity analyses to ensure the robustness of the results.

Nonetheless, this research possesses certain limita-
tions. First, due to the limitations of published NHANES 
data, comparisons of specific oral microbial composition 
at a species level were not possible. Second, the reliance 
on self-reported sleep disorder during interviews, with-
out objective measurements, may introduce information 
bias and affect result variability. The analysis might also 
have been influenced by residual and unmeasured con-
founding factors. Finally, the NHANES is cross-sectional, 
therefore, we could not examine the temporal relation-
ship between sleep disorder and oral microbiome diver-
sity. The relationship between sleep disorder and changes 
in the oral microbiome is uncertain, with possibilities 
including a causal effect in either direction or a reciprocal 
interaction. Despite these limitations, our findings pro-
vide useful information for future studies on the role of 
the oral microbiome in sleep disorder.

Conclusions
This study identified a link between oral microbiome 
diversity and sleep disorder on a population level, poten-
tially enhancing the understanding of their etiology and 
pathogenesis. Our findings indicate that decreased oral 
microbiome diversity correlates with higher all-cause 
mortality, which should attract public attention on the 
oral health. Further investigations are needed to confirm 
the potential causal relationship and identify the specific 
bacterial families, community composition, and structure 
influencing this association.
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