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ABSTRACT
Introduction  Sleep disorders and short sleep duration are 
common symptoms among people with diabetes. However, 
the evidence is limited about the associations of post-
challenge hyperglycemia and sleep quality or quantity with 
all-cause mortality in the US general population.
Research design and methods  Our study included 8795 
adults from the National Health and Nutrition Examination 
Survey 2005–2014. Mortality data were ascertained 
through 2015. Multivariable Cox proportional-hazards 
models were used to estimate adjusted HRs (aHRs) for 
all-cause mortality according to 2-hour plasma glucose 
levels during the 75 g oral glucose tolerance test—normal 
glucose tolerance (NGT), <140 mg/dL; impaired glucose 
tolerance (IGT), 140–199 mg/dL; and diabetes, ≥200 mg/
dL. We then examined the associations of glucose 
tolerance status and self-reported physician-diagnosed 
sleep disorders (yes vs no) or sleep duration (<7 vs 
≥7 hours) with all-cause mortality.
Results  During follow-up (median, 5.6 years), the 
diabetes group had a higher risk of all-cause mortality 
compared with the NGT group (aHR (95% CI)=1.93 (1.41 
to 2.64)), but not the IGT group (aHR (95% CI)=1.19 (0.90 
to 1.59)). When we categorized participants according 
to glucose tolerance status and sleep disorders, the IGT 
group with sleep disorders had a higher risk of all-cause 
mortality (aHR (95% CI)=2.03 (1.24 to 3.34)) compared 
with the NGT group without sleep disorders. Both diabetes 
groups with and without sleep disorders also showed high 
mortality risks. The results were consistent when we used 
sleep duration instead of sleep disorders.
Conclusions  Using the most updated US national data, we 
found a high risk of all-cause mortality among individuals 
with IGT having sleep disorders or short sleep duration 
as well as those with diabetes. Future investigations 
are needed to identify whether and what kind of sleep 
management is beneficial for people with impaired glucose 
metabolism to prevent early death.

INTRODUCTION
In 2019, 463 million adults were estimated to 
have diabetes, and its prevalence is expected 
to rise to 700 million by 2045.1 Diabetes is 
an independent risk factor for cardiovas-
cular disease (CVD), cancer, and all-cause 
mortality,2 3 making it the ninth leading cause 

of death worldwide according to the WHO.4 
The 75 g oral glucose tolerance test (OGTT) 
is a gold-standard test for diagnosing not only 
diabetes but also intermediate hyperglycemia 
such as impaired glucose tolerance (IGT).5 
Previous meta-analyses conducted in 1999 
and 2004 reported that the risk of CVD was 
more strongly associated with 2-hour plasma 
glucose levels during the 75 g OGTT than 
with fasting plasma glucose levels,6 7 indi-
cating the clinical usefulness of OGTT results 
in predicting and managing diabetic compli-
cations. Given the substantial advancement in 

Significance of this study

What is already known about this subject?
►► Sleep disorders and short sleep duration are com-
mon symptoms among people with impaired glu-
cose metabolism.

►► It is still unclear whether and to what extent sleep 
quality and quantity contribute to the risk of all-
cause mortality due to impaired glucose tolerance 
(IGT) among the US general population.

What are the new findings?
►► Using nationally representative data of US adults, 
over a median follow-up of 5.6 years, we found no 
evidence about the association between IGT and in-
creased risk of all-cause mortality.

►► However, the IGT group with self-reported physician-
diagnosed sleep disorders or short sleep duration 
had a significantly increased risk of all-cause mor-
tality compared with the normal glucose tolerance 
group without such sleep problems.

How might these results change the focus of 
research or clinical practice?

►► Our findings highlight the importance of considering 
the adverse influence of self-reported sleep prob-
lems among individuals with IGT.

►► Future research is needed to evaluate the clinical 
benefit of careful monitoring and management of 
sleep quality and quantity to prevent IGT complica-
tions leading to an early death.
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diabetes management including antihyperglycemic ther-
apies over the last two decades, it is important to update 
the evidence linking OGTT results and long-term adverse 
health outcomes.

Sleep disorders and short sleep duration are common 
symptoms among people with diabetes and have been 
major public health issues in modern 24-hour society.8 9 
Ample evidence has suggested the critical role of sleep 
quality and quantity in the management of metabolic 
disorders including IGT.10 In addition, previous epide-
miological studies have shown that sleep disorders and 
short sleep duration increased the risk of diabetes, CVD, 
and mortality.11–14 However, it is unclear whether the 
potential effect of diabetes or IGT on long-term adverse 
health outcomes differs by sleep quality and quantity in 
the US general population.

Using the most recent data on nationally representa-
tive samples of US adults, we investigated the association 
between 2-hour plasma glucose levels during the 75 g 
OGTT and all-cause mortality. We then examined the 
joint association of post-challenge hyperglycemia and 
sleep disorders or sleep duration with all-cause mortality.

RESEARCH DESIGN AND METHODS
Data sources and study population: National Health and 
Nutrition Examination Survey
Data were obtained from the national representative 
data from the National Health and Nutrition Exam-
ination Survey (NHANES) 2005–2014, in which 75 g 
OGTT results were available. The NHANES was estab-
lished by the National Center for Health Statistics 
(NCHS), designed to evaluate the general health and 
nutritional status of representative samples of the non-
institutionalized civilian population in the USA.15 The 
NHANES includes data on health interviews, nutrition 
surveys, physical examinations, and biosample collec-
tions in a mobile examination center (MEC). During 
2005–2014, the response rate of MEC was 73%. Although 
the NHANES itself is a cross-sectional design, we created 
a cohort with follow-up mortality by linking the national 
mortality data as previous studies did.16 17

Among 9192 adults aged ≥20 years who underwent 
the 75 g OGTT in the NHANES 2005–2014, we excluded 
participants receiving antihyperglycemic therapies 
(n=286) and those with missing data on the covariates 
described below (n=111). The final analytical sample 
included 8795 adults. Complete details of each survey 
have been described elsewhere.15

Exposure ascertainment (OGTT)
The OGTT was administered to subjects who underwent 
morning laboratory testing after a 9-hour fast. The MEC 
phlebotomist first assessed an interview and a fasting 
questionnaire to check for exclusion criteria and ensure 
fasting compliance. The NHANES excluded partici-
pants who were pregnant, had hemophilia, received 
recent chemotherapy, used insulin or oral medication 

for diabetes, fasted for <9 hours, refused the test, and 
did not drink the entire glucose solution within 10 min. 
After the participants’ initial blood draw, they were asked 
to drink 75 g of dextrose within a maximum of 10 min. 
A second blood draw sample was collected 2 hours 
(±15 min) after drinking the glucose solution.18 Based on 
the results of the 75 g OGTT, we classified participants 
into three groups5 —normal glucose tolerance (NGT), 
<140 mg/dL (<7.8 mmol/L); IGT, 140–200 mg/dL (7.8–
11.1 mmol/L); and diabetes (post-challenge hypergly-
cemia), ≥200 mg/dL (≥11.1 mmol/L).

Sleep disorders
The participants were asked the following two sleep-
related questions at their home by trained interviewers 
using the computer-assisted personal interviewing system: 
‘Have you ever told a doctor or other health professionals 
that you have trouble sleeping?’ and ‘Have you ever been 
told by a doctor or other health professionals that you 
have a sleep disorder?’. If the participants answered ‘yes’ 
to either question, we defined them as reporting a physi-
cian diagnosis of sleep disorders. Sleep duration was also 
self-reported by answering the question ‘How much sleep 
do you get (hours)?’. Then, we categorized participants 
into two groups based on the recommended amount 
of sleep: <7 hours vs ≥7 hours, a lower limit of recom-
mended sleep duration by Centers for Disease Control 
and Prevention19 and the American Academy of Sleep 
Medicine.20

Outcome ascertainment
Our outcome of interest was all-cause mortality. We used 
the NHANES Linked Mortality File, in which the NCHS 
has linked the NHANES data with data on death certif-
icate records from the National Death Index matching 
by social security number, name, date of birth, race/
ethnicity, sex, state of birth, and state of residence. These 
files contain mortality follow-up data on NHANES partic-
ipants through December 31, 2015.21

Covariate ascertainment
Demographic characteristics of the study participants 
such as age, sex (male or female), races/ethnicities (non-
Hispanic white, non-Hispanic black, Mexican-American, 
or others), education status (<9th grade, 9th–11th grade, 
high school or general education degree, or more than 
high school), marital status (married or single), smoking 
status (never, current, or former), and history of comor-
bidities (eg, cancer, hypertension, CVD, and stroke) were 
self-reported at the household interview. Statin intake in 
the past 30 days was ascertained by in-person examina-
tion of the participants’ pill bottles. The Chronic Kidney 
Disease Epidemiology Collaboration equation was used 
to calculate the estimated glomerular filtration rate 
(eGFR) as previously described.22

Statistical analysis
Demographic data are expressed as numbers with propor-
tions (%) or as means with SDs. Baseline characteristics 

 on A
ugust 25, 2022 by guest. P

rotected by copyright.
http://drc.bm

j.com
/

B
M

J O
pen D

iab R
es C

are: first published as 10.1136/bm
jdrc-2020-002047 on 5 A

ugust 2021. D
ow

nloaded from
 

http://drc.bmj.com/


3BMJ Open Diab Res Care 2021;9:e002047. doi:10.1136/bmjdrc-2020-002047

Epidemiology/Health services research

across NGT, IGT, and diabetes groups were compared 
using analysis of variance for continuous variables and 
Χ2 tests for categorical variables. Multivariable Cox 
proportional-hazards models were used to estimate the 
adjusted HRs (aHRs) and their 95% CIs for all-cause 
mortality according to the 2-hour glucose levels during 
the 75 g OGTT. We first adjusted the model for age and 
sex and then adjusted for race/ethnicity, education status, 
marital status, and smoking status (model 1). In the fully 
adjusted model, we included body mass index (BMI), 
eGFR, history of cancer, CVD, stroke, hypertension, 
statin prescription in addition to covariates in model 1 
(model 2). Trend tests were performed using the median 
value of the 2-hour plasma glucose levels during the 75 g 
OGTT in each glucose tolerance category (ie, NGT, IGT, 
and diabetes) as a continuous variable. To evaluate the 
mortality risk according to continuous 2-hour glucose 
levels during the OGTT, we also used a restricted cubic 
spline regression model using three knots (10th, 50th, 
and 90th percentiles).

To examine the joint associations of glucose toler-
ance and self-reported physician-diagnosed sleep disor-
ders with all-cause mortality, we re-analyzed the data by 
categorizing participants into six groups—NGT without 
sleep disorders (reference), NGT with sleep disorders, 
IGT without sleep disorders, IGT with sleep disorders, 
diabetes without sleep disorders, and diabetes with sleep 
disorders. Similarly, we examined the joint association 
of glucose tolerance and self-reported sleep duration 
with all-cause mortality using the following six catego-
ries: NGT with sleep duration ≥7 hours (reference), 
NGT with sleep duration <7 hours, IGT with sleep 
duration ≥7 hours, IGT with sleep duration <7 hours, 
diabetes with sleep duration ≥7 hours, and diabetes with 
sleep duration <7 hours. The mortality risk according 
to continuous 2-hour glucose levels during the OGTT 
was also assessed in each category of sleep disorders and 
sleep duration, using the restricted cubic spline regres-
sion models.

We did the following two additional analyses. First, to 
evaluate the possible influence of sleep disorders or short 
sleep duration on mortality risks within the same glucose 
tolerance levels, we investigated the association between 
sleep problems and mortality among NGT, IGT, and 
diabetes group, respectively. Second, given the potential 
burden of long sleep duration on health,23 we re-ana-
lyzed the data categorizing the sleep duration into three 
groups (ie, <7 hours, 7–<8 hours (reference levels), and 
≥8 hours) rather than two groups (ie, <7 hours (reference 
levels) and ≥7 hours).

We employed survey weights provided by the NCHS 
to account for unequal probabilities of selection and 
non-responses; therefore, this study provides unbiased 
national estimates representative of the US general popu-
lation. All statistical analyses were conducted using Stata 
(V.15).

RESULTS
The baseline characteristics of the participants are 
shown in table 1. Of the 8795 participants, 6754 (76.8%) 
had NGT, 1471 (16.7%) had IGT, and 570 (6.5%) had 
diabetes. The mean age of the study participants was 47.8 
years, and 50% of the participants were men. Compared 
with participants with lower 2-hour plasma glucose levels 
during the 75 g OGTT, those with higher 2-hour plasma 
glucose levels were predominantly older, Mexican-
Americans, married, and former smokers and more likely 
to have a low education level. They also had higher BMI, 
lower eGFR, and a higher statin intake, and a higher 
prevalence of comorbidities, including cancer, hyperten-
sion, CVD, and stroke. The difference in baseline char-
acteristics between the eligible NHANES participants 
who were included in this study (n=8795) and those who 
were excluded due to missing information on covariates 
(n=111) can be found in the online supplemental table 
S1.

Two-hour plasma glucose levels during the 75 g OGTT and 
all-cause mortality
There were 507 (5.8%) deaths during the 49 548 person-
years of follow-up (median, 5.6 years). The numbers of 
cardiovascular and cancer deaths are shown in the online 
supplemental table S2. Higher 2-hour plasma glucose 
levels during the 75 g OGTT showed a higher risk of 
all-cause mortality (aHR (95% CI)=1.03 (1.01 to 1.05) 
per 10 mg/dL increase in 2-hour plasma glucose levels; 
table 2). The diabetes group had a higher risk of mortality 
(aHR (95% CI)=1.93 (1.41 to 2.64)) than the NGT group 
after adjusting for potential confounders. We found 
no evidence of the association between the IGT group 
and all-cause mortality risk (aHR (95% CI)=1.19 (0.90 
to 1.59)). However, the increasing trends in aHR were 
observed with increasing 2-hour plasma glucose levels 
during the 75 g OGTT (p for trend<0.001). Our flexible 
model using a restricted cubic spline curve showed the 
curvilinear association between 2-hour plasma glucose 
and all-cause mortality risks; we observed a positive rela-
tionship above glucose levels of 110 mg/dL, whereas the 
relationship was null below that level (figure 1).

Glucose tolerance, sleep disorders, and all-cause mortality
We found the strongest association for all-cause mortality 
among participants with 2-hour plasma glucose levels 
≥200 mg/dL (ie, diabetes group) and no sleep disorders 
(aHR (95% CI)=2.40 (1.71 to 3.38)), followed by those 
with diabetes and sleep disorders (aHR (95% CI)=2.18 
(1.23 to 3.85)), compared with participants with NGT 
and no sleep disorders (figure  2A). Among partici-
pants with IGT, those who had sleep disorders had a 
significantly increased risk of all-cause mortality (aHR 
(95% CI)=2.03 (1.24 to 3.34)), but the association was 
not significant among those who had no sleep disorders 
(HR (95% CI)=1.21 (0.88 to 1.67)). We also found an 
increased risk of all-cause mortality among participants 
with NGT and sleep disorders (aHR (95% CI)=1.63 (1.20 
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to 2.20)). Our restricted cubic spline curve revealed that 
higher 2-hour plasma glucose levels during the OGTT 
had higher aHRs among people with and without sleep 
disorders (figure  3A,B). When we analyzed the data in 
each glucose tolerance status, we found the increased 
risk of mortality due to sleep disorders among NGT 
and IGT groups but not among diabetes group (online 
supplemental table S3).

Glucose tolerance, sleep duration, and all-cause mortality
We found the strongest association for all-cause mortality 
in the diabetes group with sleep duration ≥7 hours (aHR 
(95% CI)=2.17 (1.43 to 3.31)) followed by the diabetes 
group with sleep duration <7 hours (aHR (95% CI)=1.91 
(1.16 to 3.14)), compared with the NGT group with sleep 

duration ≥7 hours (figure 2B). Among participants with 
IGT, those with sleep duration <7 hours had a significantly 
increased risk of all-cause mortality (aHR (95% CI)=1.53 
(1.01 to 2.33)), but the association was not signifi-
cant among those with sleep duration ≥7 hours (aHR 
(95% CI)=1.19 (0.84 to 1.69)). The association was also 
not significant among participants with NGT and sleep 
duration <7 hours (aHR (95% CI)=1.25 (0.89 to 1.76)). In 
our restricted cubic spline curve, we found the increased 
mortality risks according to higher 2-hour plasma 
glucose levels during the OGTT (>110 mg/dL) among 
both people with sleep duration ≥7 hours (figure  3C) 
and those with sleep duration <7 hours (figure 3D). We 
found no evidence of the association between short sleep 

Table 1  Baseline characteristics according to between 2-hour plasma glucose during the 75 g oral glucose tolerance test 
(OGTT) in NHANES 2005–2014 followed through 2015 (N=8795)

Variables

2-hour plasma glucose during the 75 g OGTT

Normal glucose tolerance
<140 mg/dL
(<7.8 mmol/L)

Impaired glucose tolerance
140–<200 mg/dL
(7.8–<11.1 mmol/L)

Diabetes
≥200 mg/dL
(≥11.1 mmol/L) P value

Total, n 6754 1471 570 –

Age (years) 44.7±16.5 56.7±16.9 62.0±15.1 0.005

Sex (male), n (%) 3350 (49.6) 722 (49.1) 287 (50.4) 0.87

Race/ethnicity, n (%) <0.001

 � Non-Hispanic white 3161 (46.8) 724 (49.2) 280 (49.1)

 � Non-Hispanic black 1300 (19.3) 222 (15.1) 74 (13.0)

 � Mexican-American 1048 (15.5) 257 (17.5) 105 (18.4)

 � Others 1245 (18.4) 268 (18.2) 111 (19.5)

Education status, n (%) <0.001

 � Less than 9th grade 514 (7.6) 230 (15.6) 94 (16.5)

 � 9th–11th grade 944 (14.0) 226 (15.4) 98 (17.2)

 � High school or GED 1502 (22.2) 346 (23.5) 165 (29.0)

 � Higher than high school 3794 (56.2) 669 (45.5) 213 (37.4)

Married, n (%) 3510 (52.0) 822 (55.9) 330 (57.9) 0.001

Smoking, n (%) <0.001

 � Never 3797 (56.2) 785 (53.4) 295 (51.8)

 � Current 1507 (22.3) 243 (16.5) 98 (17.2)

 � Former 1450 (21.5) 443 (30.1) 177 (31.0)

BMI (kg/m2) 27.9±6.4 30.1±7.1 30.8±6.5 <0.001

eGFR (mL/min/1.73 m2) 98.3±23.3 89.0±25.4 85.3±26.6 <0.001

Cancer, n (%) 470 (7.0) 190 (12.9) 80 (14.0) <0.001

Hypertension, n (%) 1748 (26.0) 679 (46.2) 302 (53.0) <0.001

Cardiovascular disease, n (%) 285 (4.2) 129 (8.8) 73 (12.8) <0.001

Stroke, n (%) 143 (2.1) 55 (3.7) 37 (6.5) <0.001

Statin prescription, n (%) 727 (10.8) 314 (21.4) 159 (27.9) <0.001

Sleep disorder, n (%) 1626 (24.1) 364 (24.8) 151 (26.5) 0.40

Sleep duration 6.8±1.4 6.9±1.5 6.9±1.5 0.96

BMI, body mass index; eGFR, estimated glomerular filtration rate; GED, General Educational Development; NHANES, National Health and 
Nutrition Examination Survey.
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duration and mortality risks within each glucose toler-
ance group (online supplemental table S3). The results 
were consistent when we re-analyzed the data using three 
categories of sleep duration (<7 hours, 7–<8 hours, and 
≥8 hours; online supplemental figure S1).

DISCUSSION
Using data from the most updated national survey 
of US adults, we found an increased risk in all-cause 
mortality among individuals with IGT and self-reported 

physician-diagnosed sleep disorders or short sleep dura-
tion but not among those with IGT without these sleep 
disorders or short sleep duration. Our findings indicate 
that it is important for clinicians to assess and carefully 
monitor sleep quality and quantity to reduce mortality 
risks among individuals with IGT.

To the best of our knowledge, this is the first study to 
investigate the joint association of glucose tolerance and 
self-reported sleep problems with all-cause mortality in 
the US general population over the last two decades. 
Evidence has shown a high risk of mortality among indi-
viduals with post-challenge hyperglycemia (ie, higher 
2-hour glucose levels during the 75 g OGTT).24–26 Using 
data from NHANES II (1976–1980) linked to mortality 
data through 1992, Saydah et al found that the IGT group 
showed an increased risk of all-cause mortality,16 but the 
results have not been updated among the US general 
population over the last two decades, during which 
substantial advancement has occurred in diabetes care. 
In addition, previous studies have shown a relationship 
between sleep disorders or sleep duration and incident 
diabetes11 27–29 or incident CVD—a major complication 
of diabetes.30–33 A recent study among Japanese adults 
with hypertension showed that the risk of CVD was 
higher among patients with diabetes and short sleep 
duration than among those without diabetes and long 
sleep duration.34 Given the increasing prevalence of pre-
diabetes among the US general population35 and the 
high prevalence of sleep problems among individuals 
with diabetes,8 our findings provide additional insights 
into the consideration of sleep quality and quantity when 
evaluating the risk of mortality among adults with IGT.

Several potential mechanisms have been proposed 
relating sleep quality and quantity to long-term adverse 
health outcomes. First, sleep disorders may decrease the 
levels of the protein hypocretin, which is produced in 
the hypothalamus, resulting in increased production of 
the protein colony-stimulating factor-1 (CSF-1).36 CSF-1 
induces the production of neutrophils and monocytes 

Table 2  Associations between 2-hour plasma glucose during the 75 g oral glucose tolerance test (OGTT) and all-cause 
mortality in NHANES 2005–2014 followed through 2015

Exposures
Event N/
total N

Adjusted HRs (95% CI) of all-cause mortality

Age and sex Model 1* Model 2†

2-hour plasma glucose during
OGTT (per 10 mg/dL increase)

507/8795 1.04 (1.02 to 1.05) 1.03 (1.02 to 1.05) 1.03
(1.01 to 1.05)

Categories based on 2-hour plasma glucose during the 75 g OGTT

 � Normal glucose tolerance 253/6754 Reference Reference Reference

 � Impaired glucose tolerance 148/1471 1.23 (0.93 to 1.62) 1.21 (0.92 to 1.59) 1.19 (0.90 to 1.59)

 � Diabetes 106/570 2.13 (1.62 to 2.79) 1.98 (1.49 to 2.63) 1.93 (1.41 to 2.64)

P for trend <0.001 <0.001 <0.001

*HR adjusted for age, sex, race/ethnicity, education status, marital status, and smoking.
†HR adjusted for BMI, eGFR, history of cancer, cardiovascular disease, stroke, hypertension, statin prescription in addition to covariates in 
model 1.
BMI, body mass index; eGFR, estimated glomerular filtration rate; NHANES, National Health and Nutrition Examination Survey.

Figure 1  Associations between 2-hour plasma glucose 
during the 75 g oral glucose tolerance test (OGTT) and all-
cause mortality using a restricted cubic spline regression 
model in NHANES 2005–2014 followed through 2015. Y-axis 
(left) shows HR of all-cause mortality adjusted for age, sex, 
race/ethnicity, education status, marital status, smoking, 
BMI, eGFR, history of cancer, hypertension, cardiovascular 
disease, stroke, and statin prescription. Y-axis (right) shows 
prevalence of each 2-hour plasma glucose level during 
the 75 g OGTT among study population. The dashed lines 
represent the CIs for the restricted cubic spline model 
(reference is 110 mg/dL (6.1 mmol/L)). The range of 2-hour 
plasma glucose was restricted to ≤300 mg/dL because of too 
few data points >300 mg/dL. BMI, body mass index; eGFR, 
estimated glomerular filtration rate; NHANES, National Health 
and Nutrition Examination Survey.
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that promote the formation of plaques37 ; therefore, acti-
vation of this pathway due to sleep disruption could even-
tually have harmful effects on the cardiovascular system. 
Second, short sleep duration may disrupt the circadian 
cortisol, leptin, and ghrelin rhythms,38–40 resulting in 
the activation of inflammation, an increase in appetite, 
and a decrease in energy expenditure.41 Given that these 
inflammation and metabolic dysfunctions facilitate the 
development of diabetes and its complications, these 
downstream mechanisms introduced by sleep disorder 
and short sleep duration may explain the increased risk 
of all-cause mortality in the IGT group with low quality or 
short duration of sleep in our study.

It is also noteworthy that we found the increased 
risk of mortality due to the presence of self-reported 

physician-diagnosed sleep disorders among people with 
NGT. This result indicates the importance of sleep quality 
care even when patients do not have postprandial hyper-
glycemia. However, because our study focuses on inves-
tigating the mortality risk according to the presence of 
sleep problems in diabetes preventive care, whether and 
to what extent glucose tolerance status modifies the risk 
of long-term adverse health outcomes by sleep problems 
would need to be answered in future research focusing 
on sleep care.

The main strength of our study is that we used the most 
updated national data representing US adults with diver-
sity in demographic characteristics, thereby increasing 
the generalizability of our findings. Moreover, the 
NHANES has a rigorous and standardized study protocol 

Figure 2  Associations between 2-hour plasma glucose during the 75 g oral glucose tolerance test and all-cause mortality 
according to the presence of (A) sleep disorder or (B) short sleep duration in NHANES 2005–2014 followed through 2015. 
Y-axis shows HR of all-cause mortality adjusted for age, sex, race/ethnicity, education status, marital status, smoking, BMI, 
eGFR, history of cancer, hypertension, cardiovascular disease, stroke, and statin prescription. BMI, body mass index; eGFR, 
estimated glomerular filtration rate; IGT, impaired glucose tolerance; NGT, normal glucose tolerance; NHANES, National Health 
and Nutrition Examination Survey.
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and has extensive quality control and assurance proce-
dures for data collection, which allowed us to produce 
robust evidence about the long-term health outcomes 
of glucose tolerance status and sleep quality or quantity. 
However, our study has several limitations. First, although 
we included key variables that could be associated with 
glucose tolerance status and mortality, our results 
suffered from bias due to uncontrolled confounders 
(such as depressive symptoms, unmeasured socioeco-
nomic status, and cancer-related fatigue). Second, 
glucose tolerance status was assessed only at baseline; 
therefore, our analyses did not account for time-varying 
exposure and confounding factors. Given that a previous 
study showed a conversion rate of IGT to diabetes in the 
US ranging from 35.8 per 1000 person-years to 87.3 per 
1000 person-years,42 some participants in the IGT group 
might have progressed to diabetes during the follow-up 
period. Third, there may be misclassification or measure-
ment for sleep disorders and sleep duration because they 
were self-reported. For example, self-reported physician-
diagnosed sleep disorders may not necessarily represent 
low sleep quality based on quality assessment question-
naire tools such as Pittsburgh Sleep Quality Index. The 
lack of such detailed information on sleep disturbances 
limited our ability to assess the influence of severity and 
subtypes (such as insomnia, sleep apnea, restless legs 
syndrome, and narcolepsy) of sleep disorders. Lastly, as 

our data did not have sufficient statistical power to assess 
cause-specific mortality (eg, cardiovascular and cancer 
mortality) due to the limited follow-up period, we assessed 
only all-cause mortality in the present study. Future longi-
tudinal studies with a sufficient set of confounders and 
longer follow-ups, along with valid assessment tools of 
sleep quality and quantity, are needed to overcome these 
limitations and validate our findings.

In conclusion, we found that IGT with self-reported 
physician-diagnosed sleep disorders or self-reported 
short sleep duration was associated with a high risk of 
all-cause mortality among US adults. Careful monitoring 
and management of sleep quality and quantity might be 
beneficial to prevent IGT complications leading to early 
death, which requires further investigation.
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Online Supplemental Table S1. Baseline characteristics among the NHANES 2005-2014 participants 

who were included and not included in the present study. 

Variables 

Participants who 

were included in the 

present study 

Participants who were 

not included in the 

present study 

p-value 

Total, n (%) 8795 111 - 

Age (years) 55.1 ± 18.6 47.8 ± 17.5 <0.001 

Sex (male), n (%) 4359 (49.6) 57 (51.4) 0.71 

Race/ethnicity, n (%)   0.70 

 Non-Hispanic White 4165 (47.4)  48 (43.2)  

 Non-Hispanic Black 1596 (18.2) 21 (18.9)  

 Mexican-American 1410 (16.0) 17 (15.3)  

 Others 1624 (18.5) 25 (22.5)  

Education status, n (%)   <0.001 

 Less than 9
th
 grade 838 (9.5) 24 (22.8)  

 9
th
-11

th
 grade 1268 (14.4) 12 (11.4)  

 High school or GED 2013 (22.9) 19 (18.1)  

 Higher than high school 4676 (53.2) 50 (47.6)  

 Missing  - 6  

Married, n(%) 4662 (53.0) 54 (48.7) 0.36 

Smoking, n (%)   0.75 

 Never 4877 (55.5) 55 (52.9)  

 Current 1848 (21.0) 25 (24.0)  

 Former 2070 (23.5) 24 (23.1)  

 Missing  - 7  

BMI (kg/m
2
) 27.6 ± 6.9 28.5 ± 6.6 0.38 

 Missing  - 70  

eGFR (mL/min/1.73 m
2
) 95.9 ± 24.3 89.6 ± 27.5 0.007 

Cancer, n (%) 740 (8.4) 13 (12.2) <0.001 

 Missing  - 4  

Hypertension, n (%) 2729 (31.0) 42 (42.0) 0.02 

 Missing  - 11  

Cardiovascular disease, n (%) 487 (5.5) 14 (12.6) 0.001 

Stroke, n (%) 235 (2.7) 7 (6.6) 0.01 

 Missing  - 5  

Statin prescription, n (%) 1200 (13.6) 10 (9.0) 0.15 

Sleep disorder, n (%) 2141 (24.3) 42 (37.8) 0.001 

Sleep duration 6.8 ± 1.4 6.7 ± 2.0 0.23 

 Missing  - 7  

Abbreviations: NHANES, National Health and Nutrition Examination Survey; GED, General 

Educational Development; HR, hazard ratio; CI, confidence interval; BMI, body mass index; eGFR, 

estimated glomerular filtration rate.  
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Online Supplemental Table S2. Number of all-cause and cause-specific mortality among the NHANES 

2005-2014 participants through 2015. 

Number of deaths 
Total number of 

participants 

Number of all-

cause deaths (%) 

Number of CVD 

deaths (%) 

Number of Cancer 

deaths (%) 

Sleep disorders     

NGT without sleep 

disorders 5128 164 (3.2) 33 (1.1) 46 (0.9) 

NGT with sleep 

disorders 1626 89 (5.5) 17 (1.7) 22 (1.4) 

IGT without sleep 

disorders 1107 103 (9.3) 19 (3.3) 16 (1.5) 

IGT with sleep 

disorders 364 45 (12.4) 12 (3.3) 9 (2.5) 

Diabetes without 

sleep disorders 419 80 (19.1) 14 (2.7) 20 (4.8) 

Diabetes with sleep 

disorders 151 26 (17.2) 4 (1.1) 5 (3.3) 

Sleep duration     

NGT with sleep 

duration ≥ 7h 4148 153 (3.7) 25 (0.6) 49 (1.2) 

NGT with sleep 

duration < 7h 2606 100 (3.8) 25 (1.0) 19 (0.7) 

IGT with sleep 

duration ≥ 7h 916 97 (10.6) 18 (2.0) 11 (1.2) 

IGT with sleep 

duration < 7h 555 51 (9.2) 13 (2.3) 14 (2.5) 

Diabetes with sleep 

duration ≥ 7h 359 72 (20.1) 9 (2.5) 20 (5.6) 

Diabetes with sleep 

duration < 7h 211 34 (16.1) 9 (4.3) 5 (2.4) 

*Cause-specific mortality was defined based on ICD-10 code in National Death Index. 
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Online supplemental Table S3. The association of sleep disorder and sleep duration with all-cause 

mortality according to glucose tolerance status in NHANES 2005-2014 followed through 2015. 

All-cause mortality 

Adjusted hazard ratio (95% CI)
 a
 

NGT IGT Diabetes 

Sleep disorders    

   − ref ref ref 

   + 1.60 (1.18 to 2.17) 1.89 (1.19 to 3.01) 0.98 (0.58 to 1.66) 

Sleep duration    

   ≥ 7 hours ref ref ref 

   <7 hours 1.24 (0.88 to 1.76) 1.28 (0.80 to 2.03) 0.94 (0.52 to 1.67) 

a
Adjusted for age, sex, race/ethnicity, education status, marital status, smoking, BMI, eGFR, previous 

history of cancer, hypertension, cardiovascular disease, stroke, and statin prescription 
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Online Supplemental Figure S1. Associations between 2-h plasma glucose during the 75-g oral 

glucose tolerance test (OGTT) and all-cause mortality according to the presence of short or long sleep 

duration. 

 

NGT, normal glucose tolerance; IGT, impaired glucose tolerance. 

Y-axis shows HR of all-cause mortality adjusted for age, sex, race/ethnicity, education status, marital 

status, smoking, BMI, eGFR, previous history of cancer, hypertension, cardiovascular disease, stroke, 

and statin prescription. 
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