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Abstract
Aims/hypothesis Although the associations between obstruc-
tive sleep apnoea and type 2 diabetes mellitus have been
reported in cross-sectional design studies, findings on the
prospective association between the two conditions are
limited. We examined prospectively the association between
nocturnal intermittent hypoxia as a surrogate marker of
obstructive sleep apnoea and risk of type 2 diabetes.
Methods A total of 4,398 community residents aged 40 to
69 years who had participated in sleep investigation studies
between 2001 and 2005 were enrolled. Nocturnal inter-

mittent hypoxia was assessed by pulse-oximetry and
defined by the number of oxygen desaturation measure-
ments ≤3% per h, with five to <15 per h corresponding to
mild and 15 events or more per h corresponding to
moderate-to-severe nocturnal intermittent hypoxia, respec-
tively. The development of type 2 diabetes was defined by:
(1) fasting serum glucose ≥7.00 mmol/l (126 mg/dl); (2)
non-fasting serum glucose ≥11.1 mmol/l (200 mg/dl); and/
or (3) initiation of glucose-lowering medication or insulin
therapy. Multivariable model accounted for age, sex, BMI,
smoking status, current alcohol intake, community, borderline
type 2 diabetes, habitual snoring, excessive daytime sleepi-
ness, sleep duration and (for women) menopausal status.
Results By the end of 2007, 92.2% of participants had been
followed up (median follow-up duration [interquartile
range] 3.0 [2.9–4.0] years) and 210 persons identified as
having developed diabetes. The multivariable-adjusted
hazard ratio (95% CI) for developing type 2 diabetes was
1.26 (0.91–1.76) among those with mild nocturnal inter-
mittent hypoxia and 1.69 (1.04–2.76) among those with
moderate-to-severe nocturnal intermittent hypoxia (p=0.03
for trend).
Conclusions/interpretation Nocturnal intermittent hypoxia
was associated with increased risk of developing type 2
diabetes among middle-aged Japanese.
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Introduction

The increasing incidence of type 2 diabetes worldwide is a
serious public health problem, because of the associated
high risk of cardiovascular disease, renal failure and
mortality. The worldwide prevalence of type 2 diabetes
for all ages was 2.8% in 2000 and is estimated to be 4.4%
in 2030 [1]. While the increasing prevalence of type 2
diabetes is mainly due to the obesity epidemic, obesity is
also associated with obstructive sleep apnoea (OSA) [2].

OSA is characterised by repetitive episodes of upper
airway collapse during sleep, which cause enhanced
sympathetic activity, increased cytokine levels, elevated
oxidative stress and sleep fragmentation [3]. Recently,
numerous studies have reported cross-sectional associations
between OSA and type 2 diabetes, impaired glucose
metabolism and insulin resistance [4, 5]. The Sleep Heart
Health Study showed that the prevalence of type 2 diabetes
was twofold higher among persons with OSA than in those
without it and was independent of BMI and waist
circumference [6]. Similarly, the Wisconsin Sleep Cohort
Study showed a cross-sectional association between OSA
and type 2 diabetes [7]. The investigators also suggested a
longitudinal association between OSA and risk of type 2
diabetes, but it was not significant after adjustment for
waist circumference [7]. Recently, although a longitudinal
association between OSA and incident type 2 diabetes has
been shown in Australians, the CIs were very wide, with
multivariable-adjusted odds ratios (95% CI) adjusted for
age, sex and waist circumference of 8.62 (1.14–65.20) [8].

Since the longitudinal evidence on the association
between OSA and type 2 diabetes is limited, we examined
the association between nocturnal intermittent hypoxia as a
surrogate marker of OSA and the risk of developing type 2
diabetes among community-dwelling Japanese participants.

Methods

Study overview The Circulatory Risk in Communities Study
(CIRCS) is a prospective community-based study that was
launched to prevent stroke in five communities across Japan
from 1963 onwards and has been described in detail
elsewhere [9]. Annual cardiovascular risk surveys and
monitoring of cardiovascular events were systematically
conducted by a research team of the Osaka Medical Center
for Health Science and Promotion, the Osaka University
and the University of Tsukuba. Investigation of sleep in the
annual cardiovascular surveys was started in three commu-
nities (Ikawa, a north-eastern rural community; Yao, a mid-
western suburban community; and Kyowa, a mid-eastern
rural community) in 2000 [10]. The study protocol was
approved by the Institutional Review Board of the Osaka

Medical Center for Health Science and Promotion, the
Osaka University and the University of Tsukuba.

Participants Participants aged 40 to 69 years in the 2001 to
2005 annual cardiovascular surveys were included in the
present investigation. A total of 448 men and 853 women
from Yao, 397 men and 571 women from Ikawa, and 917
men and 1,507 women from Kyowa were eligible for this
study. Data for sleep were available for 94.2% of
participants aged 40 to 69 years in the annual cardiovascu-
lar survey. None of the participants had a history of OSA
diagnosed by a physician, probably because that disorder
had not been recognised as such by general physicians. We
excluded participants with a history of stroke (n=55) and
heart disease (n=33), and those with type 1 or type 2
diabetes (fasting serum glucose ≥7.00 mmol/l (126 mg/dl)
or non-fasting serum glucose ≥11.1 mmol/l (200 mg/dl)
and/or on glucose-lowering medication or insulin) at
baseline (n=278). A total of 1,603 men and 2,795 women
were enrolled in the present study. A physician or trained
staff explained the protocol in detail to each participant and
obtained informed consent.

Assessment of nocturnal intermittent hypoxia Nocturnal
intermittent hypoxia was measured by pulse-oximetry during
one night of sleep using a pulse-oximeter (PULSOX-3Si;
Minolta, Osaka, Japan) at the participant’s own home [10].
The sensor probe was fitted to the fourth or fifth finger
with a tape. The device stores the values of peripheral
blood oxygen saturation (SpO2) by performing a moving
average for the last 5 seconds, updated every second; this
sampling time was short enough to avoid underestimation
of oxygen desaturation [11]. Data were downloaded to a
personal computer via an interface (PULSOX IF-3;
Minolta) and analysed by proprietary software (DS-3
version 2.0a; Minolta). A desaturation event began with
a saturation decrease of ≥3% at intervals of 8 to 120 s and
terminated when the saturation rose within 20 s by the
appropriate percentage above the lowest saturation
recorded during that event. Because the measurement time
of pulse-oximetry is often longer than the true total sleep
time, we used single night sleep log to exclude waking
time from the analysis to minimise the potential for
overestimating total sleep time. We used the number of
oxygen desaturation measurements of 3% or more per h of
the adjusted measurement time (3% oxygen desaturation
index [3%ODI]) as the indicator of nocturnal intermittent
hypoxia. The severity of nocturnal intermittent hypoxia
was defined by the 3%ODI level as five or 15 events per h,
corresponding to mild or moderate-to-severe nocturnal
intermittent hypoxia, respectively. Similarly, we used
lowest SpO2 and duration of SpO2 <90% as the indicators
for nocturnal hypoxia.
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The validity of pulse-oximetry has been previously
confirmed by synchronous overnight recording with
PULSOX-3Si and standard polysomnography among 256
consecutive patients in a sleep–disordered breathing centre
(mean BMI, 26.8 kg/m2). The sensitivity and specificity
were 80% and 95%, respectively, for detecting an apnoea–
hypopnoea index (AHI) of ≥5 by polysomnography using a
cut-off threshold of 3%ODI=5. Similarly, the sensitivity and
specificity for detecting AHI of ≥20 by polysomnography
using a cut-off threshold of 3%ODI=15 were 85% and
100%, respectively [12]. To examine reproducibility, pulse-
oximetry was conducted on two consecutive nights among
61 men in the present study. The median values of 3%ODI
were 5.4 on the first night and 4.8 on the second night (p=
0.95 for difference, Wilcoxon’s signed-rank test). Spearman’s
rank correlation coefficient was 0.81 (p<0.001).

Diagnosis of type 2 diabetes At the annual cardiovascular
surveys, venous blood was drawn from seated participants
into a plain, silicon-coated glass tube and serum was
separated within 30 min. The serum sample was transported
on dry ice to the Osaka Medical Center for Health Science
and Promotion and stored at −70°C until measurement.
Serum glucose was measured by an automatic analyser
(AU2700; Olympus, Tokyo, Japan) based on the hexokinase
method. The participants were recommended to have fasted
overnight, but this was not necessary. The time since the last
meal was recorded, with fasting defined as drawing blood
more than 8 h after the last meal.

Monitoring after the sleep study was done at the annual
cardiovascular surveys until the end of 2007. The develop-
ment of type 2 diabetes was defined as: (1) fasting serum
glucose ≥7.00 mmol/l (126 mg/dl); (2) non-fasting serum
glucose ≥11.1 mmol/l (200 mg/dl); and/or (3) initiation of
treatment with glucose-lowering medication or insulin.

Measurement of potential confounding variables We mea-
sured several potential confounders that might contribute to
the development of OSA and type 2 diabetes [2, 13]. BMI
was calculated as weight in light clothing (kg) divided by
square of height in stocking feet (m). Waist circumference
at the level of the umbilicus in a standing position with
normal breathing was measured to the nearest 1 cm with a
tape measure from 2003 in Kyowa and from 2006 in Ikawa
and Yao. Trained public health nurses interviewed the
participants about drinking and smoking habits, the
frequency of habitual snoring and excessive daytime
sleepiness, use of glucose-lowering medication or insulin,
and (for women) menopausal status. The usual weekly
alcohol intake was converted to grams of ethanol per day.
Persons who smoked ≥1 cigarette/day and those who
stopped smoking were defined as current and former
smokers, respectively. Persons who snored ≥5 days a week

and those who had excessive daytime sleepiness ≥5 days a
week were defined as habitual snorers and as having
excessive daytime sleepiness, respectively. The presence
or absence of borderline diabetes was defined as (1) fasting
serum glucose ≥6.11 mmol/l (110 mg/dl) or (2) non-fasting
serum glucose ≥7.77 mmol/l (140 mg/dl).

In the present study, we use single night sleep duration
under pulse-oximetry as a surrogate of usual sleep duration.
We examined the validity of equating usual sleep duration to
single night sleep duration under pulse-oximetry among 172
women in the present study. Mean values of usual sleep
duration and single night sleep duration were 7 h 3 min and
7 h 5 min, respectively (p=0.75 for difference, paired t test).
Pearson’s correlation coefficient was 0.57 (p<0.001).

Statistical analysis The person-years of follow-up were
calculated as the time from the baseline survey date to the
survey date when the patient was newly diagnosed as
having type 2 diabetes or to the last follow-up. Participants
with follow-up ≥1 year were included in analyses. We
categorised lowest SpO2 into quartiles and duration of
SpO2<90% into zero duration and tertiles for participants
with >0% duration of SpO2<90%. Univariable association
of 3%ODI, lowest SpO2 and duration of SpO2<90% at
baseline with the development of type 2 diabetes was tested
by logrank tests with Kaplan–Meier curves. Age, sex-
adjusted and multivariable-adjusted hazard ratios (95% CI)
for the development of type 2 diabetes according to 3%
ODI, lowest SpO2 and duration of SpO2<90% at baseline
were calculated and tested by Cox’s proportional hazards
model. The assumption of proportional hazards was tested
by the inclusion of time-dependent variables in the model
and the assumption was not rejected. Trend tests were
performed using regression models for characteristics and
using Cox’s proportional-hazards model, with median
values of 3%ODI at baseline as a representative value for
nocturnal intermittent hypoxia severity. We also examined
the dose–response relation between nocturnal intermittent
hypoxia and development of type 2 diabetes by restricted
cubic spline hazard regression models with knots placed at
the 5th, 33rd, 66th and 95th percentile, and 3%ODI values
of 0.19, 1.33, 3.77 and 13.8, and lowest SpO2 values of 73,
86, 91 and 94 [14]. References were selected at the 1st
percentile, with zero events/h for 3%ODI and 95% for
lowest SpO2. We did not graph predictions from the top and
bottom 1% of the analytical distribution to avoid undue
visual influence of sparse tail data. The interactions of 3%
ODI with sex and BMI in relation to the incidence of type 2
diabetes were tested using cross-product terms of these
variables in Cox proportional hazards model. We included
baseline data of age (year), sex, BMI (kg/m2) and
community in the multivariable model (Model 1). Addi-
tional analyses were further adjusted for smoking status
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(never, former and current smoker), current alcohol intake
(g/day), the presence or absence of borderline type 2
diabetes (yes and no), single night sleep duration (<6, 7
and ≥8 h), and (for women) menopausal status (pre- and
post-menopause) (Model 2). Single night sleep duration
was regarded as a surrogate of usual sleep duration because
we found that these two variables were correlated strongly
(r=0.57), taken into account the large inter-night variation
in sleep duration among normal sleepers [15]. All analyses
were conducted using SAS statistical package version 9.13
(SAS Institute, Cary, NC, USA). All p values for statistical
tests were two-tailed and p<0.05 was regarded as statistical
significance.

Results

By the end of 2007, 92.2% of participants had been
followed up (median follow-up duration [interquartile
range] 3.0 [2.9–4.0] years), and 118 men and 92 women
found to have newly diagnosed type 2 diabetes. The
proportion of persons lost to the follow-up did not vary
according to 3%ODI: 9.5% for no nocturnal intermittent
hypoxia, 8.3% for mild and 7.7% for moderate-to-severe
nocturnal intermittent hypoxia among men; 7.2%, 6.7% and
6.5% respectively among women. The sex-specific age-
adjusted prevalence of mild and moderate-to-severe noc-
turnal intermittent hypoxia was comparable among the
three communities; men 36.2% for mild and 9.1% for
moderate-to-severe nocturnal intermittent hypoxia in Ikawa,
30.8% and 9.2% in Yao, and 29.8% and 7.9% in Kyowa;
women 17.5% and 2.0% in Ikawa, 14.6% and 3.1% in Yao,
and 16.0% and 2.0% in Kyowa, respectively. The risk

characteristics at baseline for the participants are summarised
in Table 1.

Type 2 diabetes-free Kaplan–Meier survival curves
differed significantly by the categories 3%ODI, lowest
SpO2 and duration of SpO2<90% (p<0.001, p<0.001 and
p=0.02, respectively, logrank test) (Fig. 1a–c). Compared
with the no nocturnal intermittent hypoxia group, the
development of type 2 diabetes was 1.5-fold higher among
participants with mild nocturnal intermittent hypoxia (3%
ODI 5.0–14.9) and 2.5-fold higher among those with
moderate-to-severe nocturnal intermittent hypoxia (3%
ODI≥15) with a dose–response relationship discernible
(Table 2). The development of type 2 diabetes was
threefold higher among persons with lowest SpO2<92%
than in those with lowest SpO2 ≥92%, but the association
was not in a graded fashion. Duration of SpO2<90% was
not associated with risk of type 2 diabetes. After adjustment
for age, sex, BMI and community, these associations
became weaker, but the trend did not change essentially.
Moreover, further adjustment for smoking and drinking
habits, the presence or absence of borderline diabetes, sleep
duration and menopausal status did not markedly change
the magnitude of association.

The shape of the dose–response curve is shown in
Fig. 2a, b, using restricted cubic spline hazard regression
models and adjusting for the full set of covariates. The
results from categorical analysis are largely supported by
these graphs. The hazard ratios for developed diabetes
appear to linearly increase according to 3%ODI and appear
to increase within the lowest SpO2 range 89 to 95%, and to
plateau thereafter. However, the inference on the dose–
response pattern at the right tail is based on limited amount
of data.

Characteristic Overall Men Women

n 3,864 1,341 2,523

Demographic

Age (years) 57.6 (8.1) 58.3 (7.8) 56.6 (7.8)

Women (%) 65.3 – –

Post-menopause (%) 49.0 – 75.1

BMI (kg/m2) 23.5 (3.2) 24.0 (2.9) 23.3 (3.3)

Current alcohol intake (g/day)a 0.0 (0.0–9.9) 19.7 (0.0–46.0) 0.0 (0.0–0.0)

Current smoker, % 17.2 41.0 4.5

Borderline diabetes (%) 6.0 9.3 4.2

Sleep characteristic

Habitual snoring (%) 16.5 28.3 10.2

Excessive daytime sleepiness (%) 4.6 6.6 3.6

3%ODI (events/h)a 2.3 (1.0–5.0) 2.3 (1.0–5.0) 1.8 (0.8–3.8)

Lowest SpO2 (%)a 88 (84–91) 87 (82–90) 89 (85–92)

Duration of SpO2 <90% (%)a 0.05 (0.00–0.53) 0.16 (0.00–1.04) 0.02 (0.00–0.30)

Sleep duration (h)a 7.2 (6.3–8.0) 7.6 (6.7–8.5) 7.0 (6.1–7.8)

Table 1 Baseline risk character-
istics of participants

Values are mean (SD), median
(interquartile range)a and
proportions
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Because abdominal obesity was shown to be associated
more strongly than BMI for development of type 2
diabetes, we restricted our analysis to the data from Kyowa
since 2003 (n=1,404 with 57 cases of type 2 diabetes) as
subgroup analysis. The risk of type 2 diabetes was 1.99
(95% CI 1.08–3.66) at 3%ODI 5 to <15 and 2.83 (0.99–
8.09) at 3%ODI ≥15 after adjustment for waist circum-
ference and other confounding factors, compared with
persons with no nocturnal intermittent hypoxia (p=0.01
for trend). In addition, the risk of type 2 diabetes was 4.14

(1.19–14.4) with lowest SpO2 89 to 91%, 3.29 (0.94–11.6)
with lowest SpO2 84 to 88% and 4.44 (1.26–15.7) with
lowest SpO2 ≤83%, compared with lowest SpO2≥92%
(p=0.08 for trend). For duration of SpO2, the risk of
type 2 diabetes was 1.51 (0.73–3.13) for duration of SpO2<
90%=0.01–0.12%, 1.26 (0.58–2.72) for duration of SpO2<
90%=0.13–0.79% and 1.63 (0.77–3.43) for duration of
SpO2<90% ≥0.80%, compared with duration of SpO2<
90% =0% (p=0.34 for trend). Nevertheless, that hazard
ratio estimate was similar to that after adjustment for BMI

Follow-up time (years) Follow-up time (years) Follow-up time (years)
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Fig. 1 Type 2 diabetes free-survival among 4,398 participants,
stratified by 3%ODI (a) (dotted line, 3%ODI <5.0; dashed line, 3%
ODI 5.0–14.9; continuous line, 3%ODI ≥15 [p<0.001, logrank test]),
lowest SpO2 (b) (dotted line, SpO2 ≥92%; dashed line, SpO2 89–91%;

thin line, SpO2 84–88%; bold line, SpO2 ≤83% [p<0.001]) and
duration of SpO2<90% (c) (dotted line, SpO2<90% 0%; dashed line,
SpO2<90% 0.01–0.12%; thin line, SpO2<90% 0.12–0.79%; bold line,
SpO2<90% ≥0.80% [p=0.01])

Table 2 Hazard ratios of type 2 diabetes according to 3%ODI, lowest SpO2 and duration of SpO2<90% at baseline

Variable Person-years Developed diabetes (n) Age, sex-adjusted HR Model 1 HR Model 2 HR

3%ODI (events/h)

<5 9,545 117 (Reference) (Reference) (Reference)

5–14.9 3,092 68 1.54 (1.13–2.10) 1.20 (0.87–1.66) 1.26 (0.91–1.76)

≥15 655 25 2.45 (1.56–3.83) 1.65 (1.02–2.66) 1.69 (1.04–2.76)

p value for trend <0.001 0.04 0.03

Lowest SpO2

≥92% 2,344 12 (Reference) (Reference) (Reference)

89–91% 2,816 48 2.94 (1.56–5.54) 2.68 (1.42–5.06) 2.40 (1.27–4.55)

84–88% 3,724 64 2.68 (1.44–5.01) 2.26 (1.20–4.22) 2.06 (1.09–3.88)

≤83% 3,047 64 3.18 (1.70–5.94) 2.36 (1.25–4.46) 2.12 (1.12–4.03)

p value for trend 0.008 0.21 0.34

Duration of SpO2<90%

0% of sleep duration 4,656 49 (Reference) (Reference) (Reference)

0.01–0.12% of sleep duration 2,613 47 1.48 (0.99–2.21) 1.37 (0.91–2.05) 1.25 (0.83–1.89)

0.13–0.79% of sleep duration 2,717 49 1.40 (0.94–2.10) 1.19 (0.79–1.79) 1.17 (0.78–1.75)

≥0.80% of sleep duration 2,772 53 1.39 (0.93–2.07) 1.02 (0.67–1.55) 0.95 (0.63–1.44)

p value for trend 0.49 0.43 0.31

Unless otherwise indicated, values are HR (95% CI)

Model 1 was adjusted for age (years), sex, BMI (kg/m2 ) and community; Model 2 was adjusted for factors cited above and smoking status (never,
former, current), current alcohol intake (g/day), borderline diabetes (yes/no), single night sleep duration (<6, 7, ≥8 h) and (for women) menopausal
status (pre-, post-menopause)
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and other confounding factors (p=0.03 for trend for 3%
ODI, p=0.11 for trend for lowest SpO2 and p=0.43 for
trend for duration of SpO2<90%, data not shown in table).

Discussion

Our prospective study showed that nocturnal intermittent
hypoxia and lowest SpO2 during the night are associated
with increased risk of type 2 diabetes independently of its
traditional risk factors such as age, sex and BMI. These
associations were not confounded by smoking and drinking
habits, the presence or absence of borderline diabetes,
single night sleep duration and (for women) menopausal
status.

In the Sleep Heart Health Study (n=6,441), the
prevalence of type 2 diabetes assessed by 75 g oral glucose
tolerance test was 1.5 to 1.7-fold higher among persons
with ≥10 events/h respiratory disturbance index (RDI), an

indicator of OSA defined in a similar way to AHI, than
among those with RDI <10 as assessed by polysomnog-
raphy at home [6]. Similarly in the Wisconsin Sleep Cohort
Study (n=1,387), odds ratio of prevalent diabetes defined
by self-reported physician’s diagnosis was 2.30 (95% CI
1.28–4.11) for AHI ≥15 vs AHI <5 as assessed by
polysomnography in laboratory [7]. When the investigators
also examined a longitudinal association between OSA and
4-year incidence of type 2 diabetes, a weak and insignif-
icant association was observed, with odds ratios of 1.56
(95% CI 0.80–3.02) for AHI 5 to <15 and 1.62 (0.67–3.65)
for AHI ≥15 after adjustment for age, sex and waist
circumference [7]. Recently, the Busselton Health Study, an
Australian cohort study (n=295), showed a significant
association between OSA assessed by four-channel portable
monitoring device (Mesam4; Madaus Medizin-Elektronik,
Freiberg, Germany) [16] at home and incident diabetes
defined by physician’s diagnosis or fasting blood glucose
≥7.00 mmol/l, although the number for incident diabetes
was small (n=9); odds ratio was 1.31 (95% CI 0.23–7.35)
for RDI 5 to <15 and 8.62 (1.14–65.20) for RDI ≥15,
compared with RDI <5 after adjustment for age, sex and
waist circumference [8]. Because our study measured 3%
ODI by pulse-oximetry only, our results may not be directly
comparable with the results from the two previous cohort
studies, which used polysomnography in laboratory settings
or four-channel portable monitoring devices at home.
However, since pulse-oximetry has been successfully
validated [12], our results are likely to confirm the previous
findings.

The mechanisms involved in the associations between
nocturnal intermittent hypoxia and development of type 2
diabetes may be hypoxia and oxidative stress due to
repetitive hypoxia and re-oxygenation. First, reduced blood
oxygen saturation stimulates sympathetic nerves mediated
by peripheral arterial chemoreceptors, particularly carotid
bodies, with the enhanced sympathetic drive apparently
being carried over into normal waking hours [17].
Enhanced sympathetic drive was shown to raise serum
catecholamine levels, leading to elevated serum glucose
levels [18]. Second, elevated oxidative stress raises
cytokine levels (e.g. TNF-α) [19], leading to increased
insulin resistance [20]. Third, sleep fragmentation was
found to activate the hypothalamic–pituitary–adrenal axis
[21]. The activation of this axis causes a marked elevation
in serum cortisol levels, leading to insulin resistance and
hyperglycaemia [22].

The strengths of our study include a prospective cohort
design with a large sample size and a significant number of
participants with incident type 2 diabetes. A second
strength is that we assessed type 2 diabetes by standardised
and objective methods. Third, we adjusted for potential
confounding variables, e.g. smoking and drinking habits,
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Fig. 2 Restricted cubic spline hazard regression of developed type 2
diabetes on the 3%ODI (a) and lowest SpO2 (b). Knots were placed at
the 5th, 33rd, 66th and 95th percentile. Continuous lines, predicted
HRs; dashed lines, 95% CIs. To avoid undue visual influence of
sparse tail data, we did not graph predictions from the top and bottom
1% of the analytical distribution
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menopausal status, sleep duration and the presence or
absence of borderline diabetes, as well as age, sex and
BMI. In particular, borderline diabetes and sleep duration
were recently noted to be predictors of future type 2
diabetes [23, 24].

Our study also has several limitations. First, we only
measured oxygen desaturation during sleep by pulse-oximetry
as a way to estimate nocturnal intermittent hypoxia. The
sensitivity of 3%ODI ≥5 when screening for AHI ≥5 and of
3%ODI ≥15 when screening for AHI ≥20 was 68% and 76%
among participants with BMI ≤27.0 kg/m2 and 94% and 93%
among those with BMI >27.0 kg/m2 [12]. Because our study
population had low BMI (mean BMI 23.4 kg/m2), pulse-
oximetry is not comparable to gold standard polysomnog-
raphy, provides no information about sleep stage or body
position, and could underestimate the degree of OSA.
However, pulse-oximetry conducted during sleep at home
has the advantage of reflecting the usual sleep position
because the sleep time spent in supine position was 1.5-
fold longer during polysomnography than during non-
polysomnography [25]. The second limitation is that
detection of central sleep apnoea and hypoventilation cannot
be distinguished from OSA with pulse-oximetry. Diabetes
mellitus is known to cause central-type intermittent hypoxia,
but the frequency was only 5% in diabetes patients [26].
Thus, the contamination may be small. Third, as study
participants were not interviewed about pre-existing lung
disease, underlying chronic obstructive pulmonary diseases
or asthma, which are associated with nocturnal hypoventila-
tion or hypoxia, may have confounded results. According to
the 2005 Japan National Patient Survey, only 0.1% of
persons aged 40 to 69 years sought consultations due to
these lung diseases [27]. Therefore, confounding due to lung
diseases is likely to be minimum. The fourth limitation is
that we only adjusted for BMI as a marker of body
composition, but abdominal obesity has recently shown to
be associated more strongly than BMI with type 2 diabetes
[28]. In our study, waist circumference was measured
systematically from 2003 in Kyowa and from 2006 in Yao
and Ikawa. When we restricted our analysis to the data from
Kyowa since 2003, the hazard risk estimates after adjustment
for waist circumference and other confounding factors were
similar to those for BMI. Last, the follow-up period is
relatively short (2.9–4.0 years) in the present study. A long-
term effect of nocturnal intermittent hypoxia on risk of type
2 diabetes will be explored in the future.

In summary, the present large cohort study showed
explicitly that nocturnal intermittent hypoxia was associated
with increased risk of developing type 2 diabetes among
middle-aged Japanese.
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