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Association of periodontitis, tooth loss, et

and self-rated oral health with circadian
syndrome in US adults: a cross-sectional
population study
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Abstract

Background This study was to investigate associations of periodontitis, tooth loss and self-rated oral health with cir-
cadian syndrome.

Methods Data regarding periodontitis, dentition, oral health questionnaire and circadian syndrome of 30-85 years
old participants from US National Health and Nutrition Examination Survey 2005-2020 were analyzed. Periodontitis
questions for periodontitis and dentition status were validated. Weighted multivariable logistic regression analyses

were used.

Results Weighted prevalence of circadian syndrome and stage II-IV periodontitis was 33.29% and 88.87%, respec-
tively. When compared with stage | periodontitis, stage Il periodontitis was significantly associated with greater circa-
dian syndrome prevalence after adjustment (odds ratio (OR) and 95% confidence interval (Cl): Stage II: 1.35 (1.03, 1.76),
P=0.032; Stage Ill: 1.30 (0.97, 1.73), P=0.069; Stage IV: 1.17 (0.82, 1.65), P=0300). Stage Il periodontitis was significantly
associated with greater prevalence of lower high-density lipoprotein cholesterol (HDL) and elevated triglycerides

and stage lll and stage IV periodontitis were significantly associated with greater hypertension prevalence. A 1 tooth
increase in the number of missing teeth was associated with a 1% increase in circadian syndrome and its components
of obesity, elevated fasting plasma glucose (FPG) and short sleep. Poor or fair self-rated oral health showed a specific-
ity of > 70% for periodontitis and lack of functional dentition. Meanwhile, poor or fair self-rated oral health had rela-
tively higher levels of sensitivity for stage II-IV periodontitis (35%), stage Ill-IV periodontitis (46%), stage IV periodontitis
(60%) and lacking functional dentition (56%). When compared to excellent self-rated oral health, good, fair and poor
self-rated oral health were significantly associated with higher circadian syndrome prevalence (OR and 95% CI: Very
good: 1.13 (0.97, 1.32), P=0.120; Good: 1.34 (1.14, 1.57), P<0.001; Fair: 141 (1.16,1.71), P=0.001; Poor: 1.63 (1.32, 2.03),
P<0.001). Additionally, participants with worse self-rated oral health had significantly higher prevalence of elevated
FPG, hypertension, low HDL, elevated triglycerides, short sleep and depression.
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Conclusions Periodontitis, tooth loss and worse self-rated oral health were associated with circadian syndrome in US
adults. Self-rated oral health may be a simple question to indicate oral and systemic health.

Keywords Circadian syndrome, Periodontitis, Tooth loss, Self-rated oral health, Sleep hour, Depression, National

Health and Nutrition Examination Survey (NHANES)

Introduction

The circadian clock is a timekeeper molecular system
found in all cells and organs [1, 2]. Recently, the circadian
rhythm alteration was recognized to be closely associ-
ated with chronic neuropsychiatric diseases of anxiety,
depression and sleep disorders as well as type 2 diabetes
and cardiovascular disease [2, 3]. The well-known con-
cept of metabolic syndrome included five components:
central obesity, high blood pressure, increased fasting
plasma glucose (FPG), elevated triglycerides (TG), and
lower high-density lipoprotein cholesterol (HDL) [4].
Individuals with >3 above-mentioned components were
diagnosed as metabolic syndrome patients. Considering
the tight connection between circadian disruption and
sleep disorder, depression and the various components of
metabolic syndrome [3], some researchers have proposed
the new concept of circadian syndrome [5, 6]. Circadian
syndrome added another two components of depression
and short sleep to represent a cluster of circadian disrup-
tion associated risk factors for cardiovascular disease [6].
Consequently, recent investigations have suggested that
circadian syndrome is a good predictor for cardiovascu-
lar disease [6—8], stroke [9] and cognition impairment
[10]. Furthermore, circadian syndrome is even better to
predict cardiovascular diseases than the previous meta-
bolic syndrome [6, 8].

Dental caries and periodontitis are the most common
oral diseases and the main causes of tooth loss [11, 12].
Chronic periodontitis and apical periodontitis could
destruct epithelial barrier and thus permit oral microbi-
ome to spread to blood and the distant organs [13-15].
Consequently, recent investigations indicated periodon-
titis, apical periodontitis and tooth loss were associated
with elevated systemic inflammation, components of
metabolic syndrome and cardiovascular diseases [16—
27]. Even though there were some controversies about
the association between periodontitis and short sleep
[28-31], the majority of reports found the close rela-
tionship between tooth loss and short sleep [29, 31-35].
Moreover, several researches have suggested the tight
link between periodontitis, root canal Endotoxin, tooth
loss and depressive symptoms [36—48]. Particularly, lon-
gitudinal studies suggested tooth loss causally increased
depression prevalence [37, 39, 40]. Recently, Yu et al
reported that self-rated oral health status was as good as
periodontal disease in predicting systemic comorbidities

[49]. They further found fair or poor self-reported oral
health was associated with increased cardiovascular dis-
eases [49]. Self-rated oral health questionnaire is straight-
forward means to measure oral health status in large
population studies. However the association of periodon-
titis, tooth loss and self-rated oral health with circadian
syndrome has not been sufficiently reported.

The present study therefore aimed to investigate the
associations of periodontitis, tooth loss and self-rated
oral health with circadian syndrome in a nationally rep-
resentative sample by analyzing data from the National
Health and Nutrition Examination Survey (NHANES)
2005-2020 cycles. The hypothesis was that having more
severe periodontitis, more missing teeth, and worse self-
rated oral health would be associated with higher circa-
dian syndrome prevalence.

Material and methods

Study design and population

The Centers for Disease Control and Prevention exam-
ined the health and nutrition condition of a representa-
tive United States population in 2-year cycles using a
complex multistage sampling design. As the NHANES
2005-2020 cycles had all the components of circa-
dian syndrome assessment, dentition examination and
self-rated oral questionnaire, the data of the NHANES
2005-2020 cycles were extracted for the current cross-
sectional study. Figure 1 shows the screening process
of the two subsamples. Because NHANES 2009-2014
cycles had periodontal data and six periodontitis ques-
tions for >30 year old participants but did not have
work schedule data, the first subsample was extracted
from NHANES 2009-2014 cycles to validate the peri-
odontitis questions and to investigate the association of
periodontitis with circadian syndrome. The inclusion cri-
teria for the first subsample were participants aged >30
years with all the components of circadian syndrome and
complete periodontal parameters. The exclusion criteria
for the first subsample were participants aged <30 and
those without complete circadian syndrome and peri-
odontal data (Fig. 1). Because NHANES 2005-2010 and
NHANES 2017-2020 cycles had work schedule data,
dentition examination, self-rated oral health question,
and circadian syndrome data, so the second subsample
was extracted from NHANES 2005-2010 and NHANES
2017-2020 cycles. The inclusion criteria for the second
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[NHANES 2005-2020 N = 76496 |

—lExcluded <30 years old participants n= 40392|

[30-85 years old participants n = 36104 |

————]Without circadian syndrome datan=7997 |

[Participants with circadian syndrome data n = 28107 |

Without periodontitis data
n= 18943

Without self-rated oral health

and tooth loss data n = 1526

Participants with self-rated oral health

and tooth loss data n = 26581

Without work schedule data
n=10615

Subsample with periodontitis data

n=9164

Subsample with self-rated oral health

and tooth loss data n = 15966

Fig. 1 Flow diagram of the screening of study participants. Abbreviation: NHANES, National Health and Nutrition Examination Survey

subsample were participants aged >30 years with com-
plete date regarding work schedule, dentition, self-
rated oral health question, and circadian syndrome. The
exclusion criteria for the second subsample were par-
ticipants aged <30 and those without complete data on
work schedule, dentition, self-rated oral health question,
and circadian syndrome (Fig. 1). The study followed the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) guidelines of the Enhancing the
QUALlity and Transparency Of health Research (EQUA-
TOR) network. This study adhered to the Declaration of
Helsinki. Written informed consent was obtained from
all NHANES participants, and all the data collection and
procedures were approved by the National Center for
Health Statistics (NCHS) Research Ethics Review Board.
In the present study, data collection included question-
naires, interviews, physical examinations, and labora-
tory tests. In general, questionnaire and interview were
carried out in participant’ home, while physical exami-
nations and blood specimen collection were performed
at mobile examination center (MEC). The original data
and more details were accessed on the NHANES website
(https://wwwn.cdc.gov/nchs/nhanes/Default.aspx).

Circadian syndrome assessment

MEC participants were eligible for the evaluation of all
the components of circadian syndrome in the NHANES
2005-2020 cycles. According to the diagnostic crite-
ria reported in the previous studies [6, 8, 50], circadian
syndrome was diagnosed if the participant had >4 of
the following components: (1). Decreased sleep dura-
tion was defined as self-reported sleep duration <6 h/

day; (2). Depression symptom was defined as the score
of Patient Health Questionnaire (PHQ-9) >5; (3). Cen-
tral obesity was defined as waist circumference >102 cm
for males and waist circumference >88 cm for females;
(4). Hypertension was defined as systolic blood pressure
>130 mmHg or diastolic blood pressure >85 mmHg or
the use of antihypertension drugs; (5). Increased FPG
was defined as FPG >100 mg/dL or the use of antidia-
betic drugs; (6). Increased TG was defined as TG >150
mg/dL or the use of lipid-lowering drugs; (7). Decreased
HDL was defined as HDL <50 mg/dL for females and
HDL <40 mg/dL for males or the use of lipid-lowering
drugs. Sleep duration was extracted from the question:
“How much sleep do you usually get at night on weekdays
or workdays?” (Supplemental file 1). PHQ-9 included 9
questions to assess the depression status (Supplemen-
tal file 1). The scores for each question were: 0 for not at
all, 1 for several days, 2 for more than half the days and
3 for nearly every day. The total PHQ-9 score of >5 was
defined as the presence of depressive symptoms. Central
obesity was determined by waist circumference measure-
ment. Elevated FPG, elevated TG and lower HDL were
based on laboratory test and past history.

Periodontal examination

In NHANES 2009-2014, > 30 years old adults were eligi-
ble for full-mouth six sites periodontal examination. The
current study adopted the 2018 World Workshop Clas-
sification of Periodontal and Peri-implant Diseases to
determine periodontitis stages [51, 52]. According to this
algorithm, periodontitis stages were determined from
clinical attachment loss (CAL), periodontal pocket depth
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(PPD) and the number of lost teeth. First, periodontitis
was diagnosed if the interdental CAL was >1 mm in >2
non-adjacent teeth or if CAL was >3 mm and PPD was
>3 mm in the buccal/lingual sites of >2 teeth. Then, the
maximum CAL of 1-2 mm was diagnosed as stage I peri-
odontitis; 3—4 mm as stage II periodontitis; >5 mm as
stage III/IV periodontitis. Lastly, PPD and the number of
lost teeth were further taken into consideration. Stage II
periodontitis with maximum PPD >6 mm was classified
into stage III periodontitis. Stage III periodontitis with
remaining teeth <20 was classified into stage IV.

Dental examination

Participants were eligible to undergo dental examination
in the 2005-2020 cycles of NHANES. All oral examina-
tions were conducted by trained dentists in the MEC.
Data regarding the third molars were excluded. “Tooth
not present” was defined as missing tooth. The reten-
tion of >20 teeth was deemed as a functional dentition,
whereas the loss of > 8 teeth was deemed as lack of func-
tional dentition [53].

Oral health questionnaire

NHANES collected some periodontitis questions includ-
ing gum disease, self-rated oral health status, periodon-
tal treatment, loose teeth, bone loss and teeth not right
(Supplemental file 1) [49]. The questionnaire was per-
formed by trained interviewers using Computer-Assisted
Personal Interview (CAPI) system. Gum disease was
extracted from the answer to the question: “Gum disease
is a common problem with the mouth. People with gum
disease might have swollen gums, receding gums, sore
or infected gums or loose teeth. Do you think you might
have gum disease?” Self-reported oral health status was
extracted from the answer to the question: “Overall, how
would you rate the health of your teeth and gums?” Peri-
odontal treatment was extracted from the answer to the
question: “Have you ever had treatment for gum disease
such as scaling and root planing, sometimes called"deep
cleaning"?” Loose tooth was extracted from the answer to
the question: “Have you ever had any teeth become loose
on their own, without an injury?” Bone loss was extracted
from the answer to the question: “Have you ever been
told by a dental professional that you lost bone around
your teeth?” Teeth not right was extracted from the
answer to the question: “During the past three months,
have you noticed a tooth that doesn’t look right?” (Sup-
plemental file 1).

Covariate assessments

Participants’ demographic data including age, gender,
race, family Poverty income ratio (PIR), marital sta-
tus and education levels were obtained by standardized
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questionnaires. PIR was defined as the total family
income divided by the threshold set by the Department
of Health and Human Services poverty guideline, which
is specific to family size, calendar year, and state. Cur-
rent smokers were defined as smoking cigarettes now.
Former smokers were defined as having smoked at least
100 cigarettes in life but not smoking cigarettes now.
Never smokers were defined as having not smoked at
least 100 cigarettes in life. Drinking status were extracted
from the question: “During the past 12 months, about
how often did you drink any type of alcoholic bever-
age?” The assessment of dietary quality adopted Healthy
Eating Index-2020 (HEI-2020) using the two set of 24-h
dietary questionnaire data in NHANES. In the present
study, high dietary quality was defined as respondent’s
Healthy Eating Index-2020 score greater than the 60 th
percentile [54]. Participants’ work and recreational activi-
ties were extracted from the Physical Activity question-
naire. Work condition, work schedule and working hours
were extracted from the Occupation Questionnaire (Sup-
plemental file 1). Work schedule was divided as regular
daytime work and shift work. Regular daytime work was
defined as “traditional 9 AM to 5 PM day” or “a regular
daytime schedule” Shift work was defined as “a regu-
lar evening shift” or “a regular night shift” or “a rotating
shift” or “early mornings” or “another schedule” or “Vari-
able” (Supplemental file 1).

Statistics

Weights were used to consider the planned oversampling
of specific groups according to NHANES. Descriptive
data were shown as means * standard deviation for con-
tinuous variables or frequencies (weighted proportions)
for categorical variables. Weighted chi-square tests (cat-
egorical variables) and weighted linear regression mod-
els (continuous variables) were used to compare baseline
clinical data. For missing data in covariates, a missing
indicator category was coded for categorical variables,
and the median was imputed for continuous variables.
epiR package was used to determine the sensitivity and
specificity between the six periodontitis questions and
different clinical statuses including stage II-IV periodon-
titis, stage III-IV periodontitis, stage IV periodontitis
and lack of functional dentition. Weighted multivariable
logistic regression analyses were then used to analyze the
associations of periodontitis stages, the number of miss-
ing teeth, and self-rated oral health with circadian syn-
drome and its seven components. Confounding variables
were considered from three aspects: clinical relevance, P
< 0.05 in the univariate analysis, and the sufficient event
data to perform a regression model. Statistical software
programs (RStudio 2023.12.14+402; Posit Software and
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IBM SPSS Statistics for Windows, v21.0; IBM Corp) were
used for statistical analyses (a = 0.05).

Results

Baseline data

The present study finally included the first subsample
of 9164 US 30-85 years old participants including peri-
odontitis data and the second subsample of 15,966 US
30-85 years old participants including tooth loss and
self-rated oral health data (Fig. 1). Table 1 and Supple-
mental Table 1 present the results of the comparison
of the demographic, clinical, and dental characteristics
according to circadian syndrome and periodontitis stage
respectively. The weighted prevalence of circadian syn-
drome and stage II-IV periodontitis was 33.29% and
88.87%, respectively. The participants with circadian syn-
drome were more likely to be older, widowed/divorced/
separated, former smokers, and non-drinkers. These
individuals were more likely to have lower levels of edu-
cation, income, activities and dietary quality; moreover,
the prevalence of taking medicines was higher in these
participants. Furthermore, these individuals were less
likely to had regular daytime work but were more likely
to be retired and unable to work. Lastly, these individuals
had fewer remaining teeth, and lower levels of self-rated
oral health status (Table 1).

Validation of periodontitis questions

Tables 2 demonstrates the validations of the six peri-
odontitis questions for stage II-IV periodontitis, stage
III-IV periodontitis, stage IV periodontitis and lack of
functional dentition. All the six periodontitis questions
including gum disease, poor or fair self-rated oral health,
periodontal treatment, loose teeth, bone loss and teeth
not right showed a specificity of >70%. However, the
sensitivity range for gum disease, periodontal treatment,
loose teeth, bone loss and teeth not right was only 14% to
30%. The poor or fair self-rated oral health had relatively
higher levels of sensitivity for stage II-IV periodontitis
(35%), stage III-IV periodontitis (46%), stage IV peri-
odontitis (60%) and not having functional dentition (56%)
(Table 2). Notably, the sensitivity levels decreased with
higher educational levels and increased with depression,
but the specificity levels increased with higher educa-
tional levels and decreased with depression (Supplemen-
tal Table 2).

Association of periodontitis with circadian syndrome

Table 3 showed the analyses of the associations of peri-
odontitis stage with circadian syndrome. When com-
pared to participants with stage I periodontitis, stage II
periodontitis was significantly associated with greater
circadian syndrome prevalence in the fully adjusted
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multivariable logistic regression model (odds ratio (OR)
and 95% confidence interval (CI): Stage II: 1.35 (1.03,
1.76), P = 0.032; Stage III: 1.30 (0.97, 1.73), P = 0.069;
Stage IV: 1.17 (0.82, 1.65), P = 0300) (Table 3). Further-
more, stage II periodontitis was significantly associated
with greater prevalence of lower HDL and elevated TG
and stage III and stage IV periodontitis were signifi-
cantly associated with hypertension prevalence in the
fully adjusted model (Table 3).

Association of the number of missing teeth with circadian
syndrome

Table 4 showed the analyses of the associations of the
number of missing teeth with circadian syndrome.
After adjusting confounders, a 1 tooth increase in the
number of missing teeth was associated with a 1%
increase in the prevalence of circadian syndrome and
its components of obesity, elevated FPG and short sleep
(OR and 95% CI: circadian syndrome: 1.01 (1.01, 1.02),
P < 0.001; obesity: 1.01 (1.00, 1.02), P = 0.010; elevated
FPG: 1.01 (1.01, 1.02), P < 0.001, short sleep: 1.01 (1.01,
1.02), P = 0.001) (Table 4).

Association of self-rated oral health status with circadian
syndrome

As the question of self-rated oral health had relatively
higher levels of sensitivity and specificity for peri-
odontitis and functional dentition, the association of
self-rated oral health status with circadian syndrome
were further studied (Table 5). When compared to the
excellent self-rated oral health, very good self-rated
oral health was not significantly associated with higher
circadian syndrome prevalence but good self-rated oral
health, fair self-rated oral health and poor self-rated
oral health were significantly associated with greater
circadian syndrome prevalence in the multivariable
logistic regression model (OR and 95% CI: Very good:
1.13 (0.97, 1.32), P = 0.120; Good: 1.34 (1.14, 1.57), P
< 0.001; Fair: 1.41 (1.16, 1.71), P = 0.001; Poor: 1.63
(1.32, 2.03), P < 0.001) (Table 5). In addition, when the
excellent self-rated oral health participants were the
reference group, participants with worse self-rated oral
health had significantly higher prevalence of compo-
nents of circadian syndrome including elevated FPG,
hypertension, lower HDL, elevated TG, short sleep and
depression (Table 5). Specifically, worse self-rated oral
health was positively associated with higher depression
prevalence after adjusting the confounders (OR and
95% CI: Very good: 1.35 (1.10, 1.65), P = 0.006; Good:
1.53 (1.27, 1.84), P < 0.001; Fair: 2.06 (1.70, 2.50), P <
0.001; Poor: 2.55 (2.06, 3.16), P < 0.001) (Table 5).
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Table 1 Comparison of demographic and clinical characteristics of NHANES participants with and without circadian syndrome

Variables Overall Without circadian Circadian syndrome (n= P
(N=15,966) syndrome 6027)
(N=9939)
Sex 0.309
Female 7896 (50.95%) 4796 (50.52%) 3100 (51.80%)
Male 8070 (49.05%) 5143 (49.48%) 2927 (48.20%)
Age (years) 52.18+13.98 4950 +1341 5756 £13.55 < 0.001
Race 0402
Non-Hispanic White 7501 (71.96%) 4623 (71.66%) 2878 (72.54%)
Non-Hispanic Black 3374 (9.78%) 2093 (9.62%) 1281 (10.10%)
Mexican American 2383 (7.11%) 1487 (7.32%) 896 (6.69%)
Other Hispanic 1430 (4.89%) 873 (4.97%) 557 (4.73%)
Other 1278 (6.26%) 863 (6.43%) 415 (5.93%)
Education <0.001
< High school 3909 (15.71%) 2179 (13.85%) 1730 (19.45%)
High school 3739 (24.42%) 2176 (22.12%) 1563 (29.03%)
> High school 8304 (59.82%) 5578 (64.00%) 2726 (51.46%)
Marital status <0.001
Married/Cohabiting 10,247 (69.72%) 6611 (71.72%) 3636 (65.70%)
Never married 1652 (8.94%) 1127 (9.71%) 525 (7.39%)
Widowed/Divorced/Separated 4058 (21.29%) 2196 (18.52%) 1862 (26.82%)
Family PIR <0.001
<13 3912 (15.29%) 2203 (13.48%) 1709 (18.92%)
1.3-35 5586 (32.54%) 3369 (30.76%) 2217 (36.12%)
>35 5052 (45.51%) 3478 (49.22%) 1574 (38.07%)
Smoking status <0.001
Nonsmokers 8350 (52.58%) 5469 (55.15%) 2881 (47.42%)
Former smokers 4433 (28.18%) 2460 (25.76%) 1973 (33.02%)
Current smokers 3178 (19.22%) 2007 (19.07%) 1171 (19.52%)
Drinking status <0.001
Never drinking in the past year 5301 (27.38%) 2877 (23.86%) 2424 (34.43%)
Drinking in the past year 10,644 (72.54%) 7054 (76.11%) 3590 (65.39%)
Vigorous activity 5385 (37.92%) 3882 (43.47%) 1503 (26.78%) <0.001
Moderate activity 9540 (65.48%) 6281 (68.67%) 3259 (59.11%) <0.001
High dietary quality 6144 (38.72%) 3894 (39.88%) 2250 (36.39%) 0.002
Working condition and schedule <0.001
Regular daytime work 5682 (44.64%) 4222 (50.59%) 1460 (32.71%)
Shift work 3202 (19.92%) 2222 (21.18%) 980 (17.39%)
Retired 3721 (18.39%) 1735 (13.56%) 1986 (28.06%)
Unable to work/Disabled 1464 (6.55%) 558 (3.82%) 906 (12.02%)
Not working/Looking for work 1897 (10.50%) 1202 (10.84%) 695 (9.82%)
Working hours <0.001
<40h 12,724 (73.69%) 7575 (70.98%) 5149 (79.13%)
>40h 3235 (26.29%) 2358 (28.99%) 877 (20.87%)
Taking medicines 10,153 (63.03%) 5082 (52.56%) 5071 (84.01%) <0.001
Self-reported oral health <0.001
Excellent 1943 (14.66%) 8 (15.92%) 625 (12.15%)
Very good 3061 (22.85%) 2077 24.41%) 984 (19.72%)
Good 5260 (33.61%) 3275 (33.23%) 1985 (34.37%)
Fair 3591 (18.63%) 2154 (17.87%) 1437 (20.15%)
Poor 2111 (10.26%) 5(8.58%) 996 (13.61%)
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Table 1 (continued)

Variables Overall Without circadian Circadian syndrome (n= P

(N=15,966) syndrome 6027)
(N=9939)

Number of lost teeth 517 +£7.80 403 +6.82 744 +9.03 <0.001
Obesity 9864 (60.01%) 4605 (45.71%) 5259 (88.67%) <0.001
Elevated FPG 6191 (33.97%) 2086 (18.43%) 05 (65.12%) < 0.001
Hypertension 8527 (47.00%) 3584 (30.55%) 4943 (79.98%) <0.001
Low HDL 7252 (42.91%) 2197 (22.26%) 5055 (84.29%) < 0.001
Elevated TG 8109 (49.07%) 2868 (29.41%) 5241 (88.47%) < 0.001
Short sleep 2277 (12.05%) 935 (8.00%) 1342 (20.18%) <0.001
Depression 3838 (22.27%) 1563 (14.99%) 2275 (36.87%) <0.001

Data were shown as means *standard deviation for continuous variables or frequencies (weighted proportions) for categorical variables. Weighted chi-square tests
(categorical variables) and weighted linear regression models (continuous variables) were used to compare baseline clinical data. Missing data for variables: education
levels (0.04%), marital status (0.06%), family PIR (6.66%), smoking status (0.03%), drinking status (0.08%), dietary quality (10.86%), physical activity (0.02%), working
hours (0.02%) and taking medicines status (0.05%). Significant values are shown in bold

Abbreviations: NHANES National Health and Nutrition Examination Survey, PIR Poverty income ratio, FPG Fasting Plasma Glucose, HDL High-density lipoprotein

cholesterol, TG triglycerides

Table 2 Question sensitivity and specificity

Questions Stage II-IV Stage lll-IV Stage IV Without
functional
dentition

Gum disease (N=8973)

Sensitivity 0.20(0.19,0.21) 0.27 (0.26,0.28) 0.27 (0.25,0.30) 0.24(0.22,0.26)

Specificity

0.92 (0.90, 0.94)

Self-rated oral health? (N=9088)

Sensitivity
Specificity

0.35(0.34,0.36)
0.85(0.82,0.87)

Periodontal treatment (N=9071)

Sensitivity
Specificity

Loose teeth (N=9094)
Sensitivity
Specificity

Bone loss (N=9049)
Sensitivity
Specificity

Teeth not right (N=9091)
Sensitivity
Specificity

0.25(0.24,0.26)
0.84(0.82,0.87)

0.16 (0.16,0.17)
0.94 (0.92,0.95)

0.14(0.13,0.15)
0.95(0.94,0.97)

0.18(0.17,0.19)
0.90 (0.88,0.92)

0.87 (0.86,0.88)

0.46 (0.44,047)
0.77 (0.75,0.78)

0.29(0.27,0.30)
0.79(0.78,0.80)

0.25(0.24,0.27)
0.93(0.92,0.93)

0.18(0.17,0.20)
0.91(0.90,0.92)

0.24(0.22,0.25)
0.88(0.87,0.89)

0.82(0.81,0.83)

0.60(0.57,0.63)
0.70 (0.69,0.71)

0.27 (0.25,0.30)
0.76 (0.75,0.77)

040 (0.37,043)
0.88(0.87,0.89)

0.23(0.21,0.26)
0.88 (0.88,0.89)

0.30(0.27,0.33)
0.84 (0.84,0.85)

0.82(0.81,0.83)

0.56 (0.53,0.58)
0.97 (0.97,0.98)

0.26 (0.24,0.28)
0.76 (0.75,0.77)

0.34(0.32,0.37)
0.89(0.88,0.89)

0.21(0.19,0.23)
0.89(0.88,0.89)

0.27(0.25,0.29)
0.85 (0.84,0.85)

2 indicates the sensitivity and specificity test between fair and poor self-rated oral health status and different clinical statuses including stage II-IV periodontitis, stage

1lI-IV periodontitis, stage IV periodontitis and lack of functional dentition

Discussion

In this study, more severe periodontitis was associ-
ated with higher circadian syndrome prevalence and its
components of lower HDL, elevated TG and hyperten-
sion, while the number of missing teeth was associated
with greater prevalence of circadian syndrome and its
components of obesity, elevated FPG and short sleep.

The question of self-rated oral health had relatively
higher levels of sensitivity and specificity for periodon-
titis and functional dentition. Participants with worse
self-rated oral health had significantly higher preva-
lence of circadian syndrome and circadian syndrome
components including elevated FPG, hypertension,
lower HDL, elevated TG, short sleep and depression.
The hypotheses were therefore accepted.
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Table 3 Weighted multivariate logistic regression analyses of associations of periodontitis stage with circadian syndrome
Periodontitis stage Model 1 Model 2 Model 3
OR (95% ClI) P OR (95% ClI) P OR (95% ClI) P

Circadian syndrome

Stage | (n=806) 1.00 1.00 1.00

Stage Il (n=4224) 1.38(1.10,1.73) 0.006 1.30(1.03, 1.64) 0.030 1.35(1.03, 1.76) 0.032

Stage Il (n=2944) 1.42(1.12,1.80) 0.005 1.19(0.92,1.55) 0.200 1.30(0.97,1.73) 0.069

Stage IV (n=1190) 1.71(1.27, 2.31) <0.001 1.14(0.84, 1.54) 0.400 1.17(0.82, 1.65) 0.300
Obesity

Stage | (n=806) 1.00 1.00 1.00

Stage Il (n=4224) 1.23(0.98,1.54) 0.070 1.21(0.95,1.53) 0.110 121 (0.94,1.57) 0.120

Stage Il (n=2944) 1.24(1.00,1.55) 0.054 1.16 (0.93, 1.46) 0.200 1.20(0.94, 1.54) 0.130

Stage IV (n=1190) 1.22(0.93, 1.60) 0.140 0.96 (0.73, 1.26) 0.800 0.97(0.72,1.32) 0.800
Elevated FPG

Stage | (n=806) 1.00 1.00 1.00

Stage Il (n=4224) 1.06 (0.83,1.34) 0.600 1.03(0.80,1.33) 0.800 1.04 (0.79, 1.37) 0.800

Stage Il (n=2944) 1.34(1.04,1.74) 0.027 1.24(0.93,1.65) 0.120 1.29(0.94,1.75) 0.100

Stage IV (n=1190) 1.46 (1.15, 1.86) 0.003 1.20(0.92, 1.58) 0.200 1.22(0.90, 1.65) 0.200
Hypertension

Stage | (n=806) 1.00 1.00 1.00

Stage Il (n=4224) 1.36 (1.05, 1.76) 0.023 1.32(1.00, 1.74) 0.050 1.35(0.99, 1.84) 0.054

Stage lll (n=2944) 1.42(1.11,1.82) 0.007 1.30(0.98,1.73) 0.065 1.39(1.01,1.92) 0.044

Stage IV (n=1190) 1.76 (1.31, 2.36) <0.001 1.44 (1.01, 2.05) 0.044 1.49 (1.01, 2.20) 0.047
Low HDL

Stage | (n=806) 1.00 1.00 1.00

Stage Il (n=4224) 1.28 (1.06, 1.55) 0.013 1.24(1.01,1.52) 0.041 1.27 (1.02, 1.59) 0.036

Stage lll (n=2944) 1.32(1.08, 1.61) 0.009 1.18(0.94,147) 0.140 1.25(0.98, 1.60) 0.068

Stage IV (n=1190) 1.53 (1.15, 2.05) 0.005 1.16 (0.86, 1.57) 0.300 1.19(0.86, 1.66) 0.300
Elevated TG

Stage | (n=806) 1.00 1.00 1.00

Stage Il (n=4224) 1.28(1.08, 1.52) 0.006 1.25(1.05, 1.48) 0.017 1.28 (1.05, 1.56) 0.022

Stage Il (n=2944) 1.30(1.03, 1.64) 0.027 1.17 (0.91,1.50) 0.200 1.24(0.93, 1.64) 0.120

Stage IV (n=1190) 1.57 (1.22, 2.01) <0.001 1.24(0.95, 1.61) 0.110 1.27(0.94,1.70) 0.100
Short sleep

Stage | (n=806) 1.00 1.00 1.00

Stage Il (n=4224) 1.08 (0.78,1.51) 0.600 0.96 (0.68, 1.34) 0.800 0.97 (0.67,1.38) 0.800

Stage Il (n=2944) 1.42(1.03, 1.96) 0.032 1.05(0.75,1.47) 0.700 1.08 (0.76, 1.54) 0.600

Stage IV (n=1190) 1.70(1.19, 2.45) 0.005 0.96 (0.65, 1.42) 0.800 0.96 (0.64, 1.44) 0.800
Depression

Stage | (n=806) 1.00 1.00 1.00

Stage Il (n=4224) 1.15(0.93,142) 0.200 0.95(0.75,1.21) 0.700 1.00 (0.75, 1.32) >0.900

Stage lll (n=2944) 1.25(0.97,1.62) 0.086 0.80(0.59,1.07) 0.120 0.87(0.62,1.23) 0400

Stage IV (n=1190) 1.75(1.23, 2.49) 0.003 0.76 (0.51,1.13) 0.200 0.75(047,1.17) 0.200

In the weighted multivariable logistic regression models, the reference group was participants with stage | periodontitis. The outcome variables were circadian
syndrome and the seven components of circadian syndrome. Model 1: adjusting periodontitis stage, age, sex and race. Model 2: adjusting periodontitis stage, age,
sex, race, educational levels, family income, marital status, smoking status, drinking status, physical activity, and dietary quality. Model 3: adjusting periodontitis stage,
age, sex, race, educational levels, family income, marital status, smoking status, drinking status, physical activity, dietary quality, working condition, working hours and
taking medicines status. Data are shown as OR and 95% Cl. Significant values are shown in bold

Abbreviations: Cl Confidence interval, OR Odds ratio, FPG Fasting Plasma Glucose, HDL High-density lipoprotein cholesterol, TG triglycerides
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Table 4 Weighted multivariate logistic regression analyses of associations of number of missing teeth with circadian syndrome

Number of missing teeth Model 1

Model 2 Model 3

OR (95% CI) P

OR (95% Cl) P OR (95% Cl) P

Circadian syndrome

Missing teeth 1.03 (1.02, 1.04) < 0.001
Obesity

Missing teeth 1.02(1.01,1.02) <0.001
Elevated FPG

Missing teeth 1.02(1.02, 1.03) <0.001
Hypertension

Missing teeth 1.02(1.01, 1.02) <0.001
Low HDL

Missing teeth 1.02(1.01, 1.03) <0.001
Elevated TG

Missing teeth 1.01(1.01, 1.02) <0.001
Short sleep

Missing teeth 1.04 (1.03, 1.05) <0.001
Depression

Missing teeth 1.04 (1.03, 1.04) <0.001

1.01(1.01, 1.02) <0.001 1.01(1.01, 1.02) <0.001
1.01 (1.00, 1.02) 0.003 1.01(1.00, 1.02) 0.010
1.02(1.01,1.02) <0.001 1.01(1.01,1.02) <0.001
1.01(1.00, 1.01) 0.019 1.01 (1.00, 1.01) 0.069
1.01(1.00, 1.01) 0.017 1.01(1.00, 1.01) 0.073
1.01 (1.00, 1.01) 0.110 1.00 (1.00, 1.01) 0.300
1.02 (1.01, 1.02) <0.001 1.01(1.01,1.02) 0.001
1.01 (1.00, 1.02) 0.002 1.00 (1.00, 1.01) 0.120

In the weighted multivariable logistic regression models, the outcome variables were circadian syndrome and the seven components of circadian syndrome. Model
1: adjusting the number of missing teeth, age, sex and race. Model 2: adjusting the number of missing teeth, age, sex, race, educational levels, family income, marital
status, smoking status, drinking status, physical activity, and dietary quality. Model 3: adjusting the number of missing teeth, age, sex, race, educational levels, family
income, marital status, smoking status, drinking status, physical activity, dietary quality, working condition, working hours and taking medicines status. Data are

shown as OR and 95% Cl. Significant values are shown in bold

Abbreviations: Cl Confidence interval, OR Odds ratio, FPG Fasting Plasma Glucose, HDL High-density lipoprotein cholesterol, TG triglycerides

Circadian syndrome is a comprehensive concept to
indicate risks for cardiovascular disease and has been
reported to be influenced by multiple factors [5, 54]. In
the present study, we comprehensively studied the asso-
ciation between oral health and circadian syndrome
using 2018 World Workshop Classification of Periodon-
tal and Peri-implant Diseases, tooth loss and self-rated
oral health status. Self-rated oral health status had rela-
tively higher sensitivity and specificity for periodontitis
and functional dentition. Furthermore, worse self-rated
oral health status was positively associated with circadian
syndrome and its most components. Additionally, these
components covered the components of circadian syn-
drome which were associated with periodontitis and the
number of missing teeth. Oral health questionnaire could
be simply performed without specific dental instruments
or performed by any medical professionals, so they could
be conveniently used in daily practice and population
based investigations. This study used the strict sampling
strategies to represent US general adult population. The
present study also have considered the extensive covari-
ates in the weighted multivariable analyses. The large
sample size further ensured the validity of the results.

This study found that more severe periodontitis was
associated with lower HDL, elevated TG and hyperten-
sion but not associated with depression and short sleep,

suggesting periodontitis may be associated with the
metabolic syndrome components but not with the key
components of circadian syndrome. Previous reports
suggested periodontitis was closely associated with meta-
bolic syndrome and cardiovascular diseases [49, 55-57].
The prospective investigations have reported that child-
hood periodontal disease was associated with number
of metabolic syndrome components and carotid artery
intima-media thickness in adulthood [58, 59]. Recently,
a longitudinal investigation reported that persistent
or progressive periodontitis was positively associated
with number of metabolic syndrome components but
improved periodontitis was negatively associated with
number of metabolic syndrome components in the fol-
low-up, which suggested periodontitis improvements
may play positive roles in decreasing the number of
metabolic syndrome components [60]. The recent meta-
analysis and Mendelian randomization study indicated
that short sleep was not associated with periodontal dis-
ease [28]. Furthermore, Aldosari et al. reported that only
severe depressive symptoms were associated with mild
periodontitis. These findings indicated there may be no
association or week association between periodontitis
and short sleep and depression.

Furthermore, the present study found the number of
missing teeth was positively associated with circadian
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Table 5 Weighted multivariate logistic regression analyses of associations of self-rated oral health status with circadian syndrome

Self-rated oral health Model 1 Model 2 Model 3

OR (95% CI) P OR (95% CI) P OR (95% CI) P

Circadian syndrome

Excellent (n=1943) 1.00 1.00 1.00

Very good (n=3591) 1.11 (0,96, 1.29) 0.150 1.15(0.99, 1.33) 0.072 1.13(0.97,1.32) 0.120

Good (n=5260) 1.46 (1.26, 1.69) <0.001 1.36(1.18,1.58) <0.001 1.34(1.14,1.57) <0.001

Fair (n=2111) 1.65(1.39, 1.96) <0.001 1.42(1.19,1.70) <0.001 1.41(1.16,1.71) 0.001

Poor (n=3061) 2.21(1.84, 2.65) <0.001 1.66 (1.36, 2.04) <0.001 1.63 (1.32, 2.03) <0.001
Obesity

Excellent (n=1943) 1.00 1.00 1.00

Very good (n=3591) 1.02 (0.87,1.20) 0.800 1.03(0.87,1.21) 0.700 1.01(0.85, 1.20) 0.900

Good (n=5260) 1.15(0.97,1.36) 0.110 1.09 (0.92,1.29) 0.300 1.08 (0.90, 1.28) 0.400

Fair (n=2111) 1.22(1.03, 1.44) 0.020 1.15(0.96, 1.37) 0.130 1.13(0.95, 1.36) 0.200

Poor (n=3061) 1.30(1.07,1.58) 0.008 1.22(0.98,1.52) 0.077 1.20(0.96, 1.50) 0.100
Elevated FPG

Excellent (n=1943) 1.00 1.00 1.00

Very good (n=3591) 1.04(0.88,1.23) 0.600 1.06 (0.89, 1.26) 0.500 1.05(0.89, 1.25) 0.600

Good (n=5260) 1.24(1.05, 1.47) 0.011 1.19(1.01, 1.40) 0.042 1.17(0.99, 1.39) 0.060

Fair (n=2111) 1.31(1.12,1.54) 0.001 1.21(1.02, 1.43) 0.026 1.20(1.02, 1.42) 0.034

Poor (n=3061) 1.47 (1.19,1.82) <0.001 1.27 (1.02, 1.58) 0.030 1.25(1.00, 1.56) 0.047
Hypertension

Excellent (n=1943) 1.00 1.00 1.00

Very good (n=3591) 1.11(0.93,1.32) 0.200 1.12(0.94,1.34) 0.200 1.11(0.92,1.34) 0.300

Good (n=5260) 1.28(1.09, 1.51) 0.004 1.21(1.03, 1.41) 0.023 1.20(1.01, 1.42) 0.037

Fair (n=2111) 1.32(1.10, 1.58) 0.003 1.18(0.99, 1.40) 0.061 1.18(0.98, 1.42) 0.084

Poor (n=3061) 1.39(1.14,1.70) 0.002 1.15(0.93,141) 0.200 1.13(0.90, 1.42) 0.300
Low HDL

Excellent (n=1943) 1.00 1.00 1.00

Very good (n=3591) 1.07 (0.92,1.24) 0.400 1.08 (0.93,1.25) 0.300 1.08 (0.93,1.25) 0.300

Good (n=5260) 1.25(1.08, 1.44) 0.003 1.17(1.01, 1.35) 0.034 1.17(1.01,1.35) 0.034

Fair (n=2111) 1.29(1.09, 1.53) 0.004 1.13(0.96, 1.34) 0.130 1.13(0.96, 1.34) 0.130

Poor (n=3061) 1.49 (1.26, 1.76) <0.001 1.17(0.98, 1.40) 0.086 1.17(0.98, 1.40) 0.086
Elevated TG

Excellent (n=1943) 1.00 1.00 1.00

Very good (n=3591) 1.10(0.96, 1.26) 0.200 1.12(0.97,1.29) 0.120 1.10(0.95, 1.29) 0.200

Good (n=5260) 1.20(1.04, 1.38) 0.014 1.14.(0.98, 1.33) 0.079 1.13(0.96, 1.33) 0.130

Fair (n=2111) 1.22(1.06, 1.40) 0.005 1.11 (0,96, 1.28) 0.150 1.10(0.94, 1.28) 0.200

Poor (n=3061) 1.48(1.26, 1.73) <0.001 1.25(1.05, 1.49) 0.013 1.23(1.03, 1.47) 0.021
Short sleep

Excellent (n=1943) 1.00 1.00 1.00

Very good (n=3591) 1.00(0.78, 1.28) >0.900 1.01(0.78,1.29) >0.900 0.99(0.77,1.27) >0.900

Good (n=5260) 1.50(1.17,1.93) 0.002 1.38(1.07,1.77) 0.014 1.34(1.05,1.73) 0.023

Fair (n=2111) 2.10(1.61,2.74) <0.001 1.71(1.30, 2.24) <0.001 1.66 (1.27,2.17) <0.001

Poor (n=3061) 3.17(2.41,4.17) <0.001 2.16 (1.64, 2.84) <0.001 2.08 (1.58, 2.74) <0.001
Depression

Excellent (n=1943) 1.00 1.00 1.00

Very good (n=3591) 1.32(1.09, 1.59) 0.006 1.34(1.10, 1.63) 0.005 1.35(1.10, 1.65) 0.006

Good (n=5260) 1.74 (1.44, 2.09) <0.001 1.55(1.29, 1.86) <0.001 1.53(1.27,1.84) <0.001

Fair (n=2111) 2.73(2.25,3.30) <0.001 2.07 (1.70, 2.52) <0.001 2.06 (1.70, 2.50) <0.001

Poor (n=3061) 4.44 (3.65, 5.39) <0.001 2.67(2.17,3.27) <0.001 2.55(2.06, 3.16) <0.001

In the weighted multivariable logistic regression models, the reference group was participants with excellent self-rated oral health status. The outcome variables were
circadian syndrome and the seven components of circadian syndrome. Model 1: adjusting self-rated oral health status, age, sex and race. Model 2: adjusting self-rated
oral health status, age, sex, race, educational levels, family income, marital status, smoking status, drinking status, physical activity, and dietary quality. Model 3: adjust-
ing self-rated oral health status, age, sex, race, educational levels, family income, marital status, smoking status, drinking status, physical activity, dietary quality, work-
ing condition, working hours and taking medicines status. Data are shown as OR and 95% Cl. Significant values are shown in bold

Abbreviations: Cl Confidence interval, OR Odds ratio, FPG Fasting Plasma Glucose, HDL High-density lipoprotein cholesterol, TG triglycerides
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syndrome and its components of obesity, elevated FPG
and short sleep. Tooth extraction is indicated when the
tooth suffers from severe caries or periodontal damage,
which often reflected the long-term and accumulative
dental diseases. Similarly, the meta-analysis reported
that a 2-tooth increase in lost teeth was associated with
a 3% increase in coronary heart disease and stroke risk
[27]. Recently, tooth loss had been found to be associ-
ated with circadian disruption and systemically chronic
diseases. Yang et al. reported loss of 8—28 teeth and den-
tal pain were independently associated with anxiety/
depression prevalence in Korea population [61]. Several
recent studies have shown the close associations of tooth
missing with short sleep [29, 31-35]. Even though in the
fully adjusted model taking considerations of medication
use and work shift, the association between the number
of missing teeth with depression (PHQ score >5) was
not significant, several longitudinal studies indicated
tooth missing causally increased depression risk [37, 39,
40]. These findings further suggested the possible link
between oral diseases and circadian syndrome.

In the current study, worse self-rated oral health sta-
tus were found to be associated with a higher prevalence
of circadian syndrome. Even though the sensitivity and
specificity levels were influenced by different educational
levels and depression status, the self-rated oral health
question had relatively high sensitivity and specificity.
Similar with previous literature, the other periodontitis
questions had higher specificity but had lower sensitiv-
ity [62, 63]. Interestingly, Yu et al. recently reported that
self-rated oral health status had the similar magnitude
of associations with systemic comorbidities when com-
pared to periodontal disease [49]. They further found
fair and poor self-reported oral health was associated
with increased cardiovascular diseases [49]. These result
were in consistence with our findings, as we found pop-
ulation with worse self-reported oral health had signifi-
cantly higher prevalence of circadian syndrome and its
most components as compared with population with
excellent self-reported oral health. Moreover, these com-
ponents covered the components associated with peri-
odontitis and the number of missing teeth. Similarly,
Pereira et al. found that self-reported tooth pain, worsen
self-perceived oral health, and gingival bleeding were sig-
nificantly associated with self-reported sleep disorders in
Brazilian population [64]. Self-rated oral health status is
therefore a simple indicator to represent oral health and
could be used in the evaluation of the link between oral
health and systemic health. Moreover, circadian syn-
drome is even better to predict cardiovascular diseases
than metabolic syndrome [6, 8], so self-rated oral health
and circadian syndrome are useful comprehensive indi-
cators and are recommended to be used in the future
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researches of oral health and systemic health. In sum-
mary, self-rated oral health was a simple question to indi-
cate oral and systemic health.

Although we found the close association of periodonti-
tis, tooth loss and worse self-rated oral health with circa-
dian syndrome, the mechanisms were not clear. Chronic
periodontitis and caries are the main oral diseases.
Firstly, chronic periodontitis and apical periodontitis
could destruct epithelial barrier and permit oral micro-
biome to spread to blood and the distant organs. Por-
phyromonas gingivalis is one of the important pathogen
in apical periodontitis and chronic periodontitis, which
could be found in the brain of Alzheimer’s disease par-
ticipants [14] and atherothrombotic carotid plaques of
patients with periodontitis [65]. The animal study dem-
onstrated that Porphyromonas gingivalis from infected
tooth pulp could be identified in mouse liver and played
roles in steatohepatitis [15]. Secondly, apical periodon-
titis, periodontal disease and tooth loss were associated
with elevated systemic inflammation levels [19, 26, 66]. In
contrast, Caribe found periodontal interventional ther-
apy decreased serum C-reactive protein and increased
serum levels of sirtuin 1 (SIRT1), a deacetylase that acts
as an important molecular effector in the circadian epi-
genetic regulation of the environment changes [1, 67].
Recently, Ma et al. demonstrated rat periodontitis could
elevate reactive oxygen species and decrease circadian
clock protein Bmall in renal tissues, suggesting the pos-
sible mechanism of Bmall in the involvement of peri-
odontitis in the renal injury [68]. However, we did not
found the association of periodontitis with short sleep
and depression. Similarly, Hiratsuka et al. reported that
nutritional status other than systemic inflammation may
mediate the association between tooth loss and mortal-
ity [69]. Recently, Wei et al. showed that impaired func-
tional tooth units were associated with premature death
through diet-related diseases [70]. Furthermore, there
was a close association between dietary pattern and cir-
cadian syndrome [5]. Whether dietary changes brought
by poor oral health could influence the circadian clock
system need more basic investigations and prospective
clinical trials.

Limitations of the present study should be noted.
Because the nature of self-reported oral questionnaire,
there are some inaccuracies. The sensitivity and speci-
ficity of self-rated oral health were influenced by edu-
cational and depression status. The regional or cultural
factors may also impact the accuracy of the question,
and hence these results should be validated in different
regions and could not be generalized into the other coun-
tries and cultures. In addition, this was a cross-sectional
study, which could not permit causal inferences. It is pos-
sible that circadian syndrome could lead to more severe
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periodontitis, tooth loss and worse self-rated oral health,
indicating'reverse causality”. Whether maintaining excel-
lent oral health would be beneficial for lowering circadian
syndrome and improving systemic health should be vali-
dated by more long-term prospective studies. Although
the extensive covariates were adjusted, there were some
unknown psychological factors such as stress. These fac-
tors should be kept in mind when one interprets the cur-
rent findings.

Conclusion

In summary, periodontitis, tooth loss and worse self-
rated oral health were associated with circadian syn-
drome in US adults. Self-rated oral health may be a
simple question to indicate oral and systemic health.
However, prospective studies were needed to confirm the
cause-effect relationship.
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