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OBJECTIVE

RESEARCH DESIGN AND METHODS

Two hundred twenty-one adults (57.5% men, age 54.5 6 8.7 years, BMI 35.1 6
5.5 kg/m2) completed 1 week of wrist actigraphy and 1 night of polysomnography
before undergoing a 3-h oral glucose tolerance test (OGTT) and a two-step hyperglycemic clamp. Associations of measures of OSA and actigraphy-derived sleep
duration with HbA1c, OGTT-derived outcomes, and clamp-derived outcomes were
evaluated with adjusted regression models.
RESULTS

Mean 6 SD objective sleep duration by actigraphy was 6.6 6 1.0 h/night. OSA,
deﬁned as an apnea-hypopnea index (AHI) of ﬁve or more events per hour, was
present in 89% of the participants (20% mild, 28% moderate, 41% severe). Higher
AHI was associated with higher HbA1c (P 5 0.007). However, OSA severity, measured
either by AHI as a continuous variable or by categories of OSA severity, and sleep
duration (continuous or <6 vs. ‡6 h) were not associated with fasting glucose, 2-h
glucose, insulin sensitivity, or b-cell responses.
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CONCLUSIONS

*A complete list of the RISE Consortium investigators can be found in the supplementary
material online.

In this baseline cross-sectional analysis of the RISE clinical trial of adults with
prediabetes or recently diagnosed, untreated type 2 diabetes, the prevalence of
OSA was high. Although some measures of OSA severity were associated with
HbA1c, OSA severity and sleep duration were not associated with measures of insulin
sensitivity or b-cell responses.

© 2021 by the American Diabetes Association.
Readers may use this article as long as the work is
properly cited, the use is educational and not for
proﬁt, and the work is not altered. More information is available at https://www.diabetesjournals
.org/content/license.

PATHOPHYSIOLOGY/COMPLICATIONS

Obstructive sleep apnea (OSA) is associated with insulin resistance and has been
described as a risk factor for type 2 diabetes. Whether OSA adversely impacts
pancreatic islet b-cell function remains unclear. We aimed to investigate the
association of OSA and short sleep duration with b-cell function in overweight/
obese adults with prediabetes or recently diagnosed, treatment-naive type 2
diabetes.
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of-the-art measures of insulin sensitivity and b-cell responses in the Restoring
Insulin Secretion (RISE) study to identify components of the glucose regulatory pathway related to OSA and sleep
duration.
RESEARCH DESIGN AND METHODS
Participants

We performed a cross-sectional analysis
of data obtained during the run-in and
baseline phases of the RISE Adult Medication Study (10). Between 2013 and
2017, participants were recruited from
the patient populations and communities at three centers: 1) the University of
Chicago Medical Center together with
the Jesse Brown Chicago Veterans Administration Medical Center, 2) Indiana
University, and 3) Veterans Administration Puget Sound Health Care System.
Individuals at risk for impaired glucose
tolerance (IGT) and type 2 diabetes who
met other study inclusion/exclusion criteria were screened with a 2-h oral glucose
tolerance test (OGTT) and HbA1c. Preliminary screening was performed to identify adults who were highly predisposed
to the development of type 2 diabetes.
High risk was deﬁned as 1) impaired
fasting glucose or IGT, 2) overweight
or obesity (BMI $25 kg/m2 but #50
kg/m2 [$23 kg/m2 in Asian Americans]),
3) ﬁrst-degree relative with type 2 diabetes, 4) sedentary lifestyle, 5) presence
of components of the metabolic syndrome (low HDL cholesterol, high triglycerides, hypertension), 6) member
of a high-risk racial and/or ethnic group,
7) women who had gestational diabetes mellitus or who have had a baby
weighing $9 lb at birth, 8) offspring of
mothers who had any form of diabetes
while pregnant, and/or 9) women with
polycystic ovarian syndrome.
Recruitment techniques included notices placed on bulletin boards at the
medical centers, newspaper and radio
advertisements and public service announcements, social media, and primarily referral from colleagues and screening
from the investigators’ clinics. Prescreening of electronic and clinical medical
records was used when possible. The
inclusion criteria were 1) 20–65 years of
age, 2) BMI of 25–50 kg/m2 (23–50 kg/m2
in Asians), 3) fasting plasma glucose of
5.3–6.9 mmol/L (95–125 mg/dL) plus 2-h
glucose $7.8 mmol/L (140 mg/dL) (11)
and HbA1c #7.0% (53 mmol/mol), 4)

diabetes duration ,1 year, and 5) naive
for medications known to affect glucose metabolism. Detailed participant
recruitment and eligibility criteria have
been described (11) and are available
on the RISE website (https://rise.bsc
.gwu.edu/web/rise/collaborators). The
study was approved by the institutional
review boards of all centers, and all
participants provided written informed
consent before initiation of study-related
activities.
Sleep Assessments

Before randomization, eligible participants completed a 3-week run-in period
to further assess eligibility for participation in the RISE Adult Medication
Study. The quantitative measures of
sleep were performed during the run-in
period.
Sleep Questionnaires

All participants completed a questionnaire before randomization to ascertain
whether they had been clinically diagnosed with OSA and whether they were
being treated with continuous positive
airway pressure (CPAP). Participants previously prescribed treatment were asked
to estimate their CPAP usage (nights per
week and number of hours per night).
CPAP adherence on the basis of selfreport was deﬁned as use of CPAP
for $5 nights/week plus $4 h/night.
The Epworth Sleepiness Scale (ESS)
(scores 0–24) assessed subjective daytime sleepiness; scores of .10 deﬁne
daytime sleepiness.
Polysomnography

In-laboratory polysomnograms (PSGs)
were performed by the study site sleep
laboratory during the run-in period, with a
median (25th, 75th percentile) of 15 days
(9, 21 days) before the hyperglycemic
clamp and 12 days (7, 17 days) before
the 3-h OGTT. All laboratories were accredited by theAmericanAcademy ofSleep
Medicine. Bedtimes were based on participants’ habitual bedtimes. Deidentiﬁed
PSG data were uploaded to the University
of Chicago Sleep Center for central analysis
(Neurofax EEG 1100 system; Nihon Kohden, Foothill Ranch, CA). PSGs were staged
and scored according to established criteria
by the American Academy of Sleep Medicine. CPAP use was not permitted during
PSGs. Apneas were deﬁned as total cessation of airﬂow for $10 s (obstructive if
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The Centers for Disease Control and Prevention estimated that in 2018, ;88 million American adults had prediabetes and
34 million had type 2 diabetes (1). The
increasing prevalence of obesity has contributed to the diabetes epidemic (2).
Obesity is also an important risk factor
for obstructive sleep apnea (OSA) (3), a
sleep disorder characterized by recurrent episodes of complete (apneas) or
partial (hypopneas) obstruction of the
upper airway that lead to intermittent
hypoxemia and hypercapnia, microarousals, sleep fragmentation, increased
oxidative stress, and inﬂammation. Epidemiologic studies have reported an
independent association between OSA
and type 2 diabetes. A meta-analysis of
65,100 participants revealed that OSA is
associated with incident type 2 diabetes
(4).
The exact mechanisms by which
chronic short sleep duration and OSA
increase the risk for developing type 2
diabetes have not been fully elucidated.
A growing body of sleep laboratory–
derived evidence implicates insufﬁcient
sleep and several cardinal features of
OSA, such as sleep fragmentation and
intermittent hypoxemia, as risk factors
for metabolic dysfunction and as likely to
be in the causal pathway leading to the
development of type 2 diabetes (4).
However, these studies were limited
by their short-term nature and performance in healthy, nonobese participants
only (5–8). Existing studies have relied
primarily on indirect measures of insulin
sensitivity and islet b-cell responses derived from fasting glucose and insulin
levels or from glucose tolerance testing
after an oral or intravenous challenge (4).
Given that progressive b-cell dysfunction
in the face of increasing severity of insulin
resistance is critical for the development
of type 2 diabetes (9), there is a need to
investigate the association among OSA,
insufﬁcient sleep, and glucose metabolism using direct measures of b-cell response and insulin sensitivity in individuals
across a wide range of b-cell function,
particularly in obese adults with insulin
resistance. We hypothesized that in participants with prediabetes or recently
diagnosed, treatment-naive type 2 diabetes, short sleep duration and OSA severity
are independently associated with decreased insulin sensitivity and reduced
b-cell responses to glucose. To examine
these hypotheses, we analyzed state-
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Wrist Actigraphy Measurements

Participants wore the Actiwatch Spectrum (Philips Respironics, Murrysville,
PA) on their nondominant wrist for 7 consecutive days without removal except for
lengthy water activities (e.g., swimming,
bathing) and pressed the event marker
upon getting into or out of bed. Participants were instructed to continue their
usual sleep and activities while wearing
the device and to complete a sleep diary
upon awakening each morning to document time to bed, latency to sleep, time
awake, time out of bed, and naps. Actigraphy was performed during the run-in
period, with a median (25th, 75th percentile) of 29 days (22, 36 days) before
the hyperglycemic clamp and 25 days
(21, 30 days) before the 3-h OGTT.
Actigraphs were preprogrammed centrally at the University of Chicago Sleep
Center to collect physical activity and
light intensity in 30-s epochs. Rest and
wake intervals were determined using a
standardized scoring algorithm (12).
Physical activity was derived as previously described (13).
OGTT and Hyperglycemic Clamp
Procedures

Following a 10-h overnight fast, a 75-g
OGTT was performed. Blood samples
were collected through an indwelling
intravenous catheter 10 and 5 min before
and 10, 20, 30, 60, 90, 120, 150, and
180 min after glucose ingestion (11,14).

A two-stage hyperglycemic clamp was performed on a different day following a 10-h
overnight fast with goal glucose levels of
11.1 and .25 mmol/L (200 and .450 mg/
dL), respectively, followed by administration of the nonglucose secretagogue arginine (11,14,15). Neither procedure was
performed after the in-laboratory PSG.
Laboratory assays were performed by
the study’s central biochemistry laboratory
(11). All measures are presented in International System of Units. Standard conversion factors to conventional units can be
used except for insulin, which is 0.134.
Calculations for OGTT-Derived
Measurements

Individuals were classiﬁed as having IGT
or type 2 diabetes using the screening
2-h glucose on the basis of American
Diabetes Association OGTT criteria (16).
C-peptide index (DC0–30/DG0–30) and insulinogenic index (DI0–30/DG0–30) were
calculated using the 0- and 30-min OGTT
samples (17,18). Incremental glucose area
under the curve (G-iAUC) over the 3-h
sampling period was calculated using the
trapezoidal method. Insulin resistance during the fasting state was measured using
HOMA for insulin resistance (HOMA-IR):
(fasting glucose [mmol/L] z fasting insulin
[mIU/L]) / 22.5 (19).
Calculations for Clamp-Derived
Measurements

Insulin sensitivity (M/I) was quantiﬁed as
mean glucose infusion rate (M) at 100,
110, and 120 min of the clamp, corrected
for urinary glucose loss, divided by mean
steady-state plasma insulin concentration
at these same time points (I) (20). Acute
(ﬁrst phase) C-peptide response to glucose (ACPRg) was calculated as mean
incremental response above baseline at
2, 4, 6, 8, and 10 min after intravenous
dextrose administration (21). Steadystate (second phase) C-peptide was calculated as the mean of the measurements
at 100, 110, and 120 min of the clamp (20).
Acute C-peptide response to arginine at
maximal (.25 mmol/L [.450 mg/dL])
glycemic potentiation (ACPRmax) was calculated as mean incremental response at
2, 3, 4, and 5 min after arginine injection
minus the prearginine baseline.
Statistical Analysis

Descriptive statistics are presented as percentages, mean 6 SD, or geometric means
and 95% CIs for nonnormally distributed

data; for geometric means, P values from
log-transformed data were calculated.
Comparisons between groups (categories
of OSA severity: no OSA/untreated mild
OSA, untreated moderate OSA, untreated
severe OSA, CPAP-treated OSA) were computed using ANOVA for continuous variables and x2 test for categorical variables.
P , 0.05 was considered statistically signiﬁcant, without adjustments made for
multiple tests.
Linear regression models were used to
explore relationships between continuous measures of OSA severity (AHI, 3%
and 4% oxygen desaturation indices, T90)
and measures of glycemia, insulin sensitivity, and b-cell response. Models were
adjusted for age, sex, race/ethnicity, BMI,
waist-to-hip ratio (WHR), actigraphically
measured physical activity and sleep duration, and self-reported CPAP adherence.
Measures of b-cell response were also
adjusted for M/I. Models used natural
logarithmically transformed M/I and
b-cell response variables because of their
skewed distribution. Additional linear regression models were used to explore the
relationship between categories of OSA
severity and the same measures of glycemia, insulin sensitivity, and b-cell response. Models were adjusted for age, sex,
race/ethnicity, BMI, WHR, actigraphically
measured physical activity, and sleep duration as well as for M/I for measures of b-cell
responses. Before log transformation, a constant of 1.06 was added to the ACPRg
because of negative values in this b-cell
response variable. Analyses were performed using SAS 9.4 statistical software
(SAS Institute, Cary, NC).
RESULTS

Of the 267 participants who completed
baseline procedures for the RISE Adult
MedicationStudy,221alsocompleted aPSG
and 1 week of actigraphy (Supplementary
Fig. 1). The participants were 57.5% male,
aged 54.5 6 8.7 years, with a BMI 35.1 6
5.5 kg/m2. Seventy-three percent had prediabetes, and 27% had recently diagnosed, treatment-naive type 2 diabetes.
Objective sleep duration by actigraphy
was 6.6 6 1.0 h/night; 22% had mean
sleep duration ,6 h/night. Mean ESS
score was 8.5 6 4.6; 37.1% had a score
indicating excessive daytime sleepiness.
There were no signiﬁcant differences between participants with prediabetes or
type 2 diabetes in demographic or sleep
variables (Supplementary Table 1).
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respiratory effort was present, central if
respiratory effort was absent). Hypopneas
were scored if the ventilation signal magnitude decreased by $30% of the baseline
nasal pressure transducer amplitude for
$10 s and were associated with either
a $3% drop in oxygen saturation or a
microarousal. Total apnea-hypopnea index
(AHI) was deﬁned as the number of apneas
and hypopneas per hour of sleep. Hypoxemia during sleep was assessed using the
oxygen desaturation index deﬁned as
either $3% or $4% oxygen desaturation
events per hour of sleep and total sleep
time ,90% oxygen saturation (T90). OSA
was graded as absent, mild, moderate, or
severe if AHI was ,5, 5–14, 15–29, or $30
events per hour, respectively. Participants
were categorized into four groups: no
OSA/untreated mild OSA (n 5 61), untreated moderate OSA (n 5 47), untreated
severe OSA (n 5 72), and CPAP-treated
OSA (n 5 41).
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sex differences in the association of OSA
and sleep duration with any outcomes.
Presence of daytime sleepiness did not
alter any of the associations (data not
shown). In participants with a BMI ,30
kg/m2 (n 5 44), AHI was inversely associated with ACPRg (interaction P 5 0.0044)
but not with fasting and 2-h glucose, HbA1c,
insulin sensitivity, HOMA-IR, or other b-cell
responses.
CONCLUSIONS

Growing evidence has implicated OSA
and short sleep duration as modiﬁable
risk factors that can adversely affect insulin sensitivity and glucose metabolism
(4). However, it remains unclear whether
OSA and short sleep remain important risk
factors for progression of prediabetes to
type 2 diabetes or increasing severity of
diabetes. Moreover, whether OSA and
short sleep adversely impact b-cell function remains to be elucidated. To shed
some light on these questions, we
performed a baseline cross-sectional analysis of the RISE clinical trial that included a
racially/ethnically diverse group of overweight/obese adults with IGT or recently
diagnosed, treatment-naive type 2 diabetes. Prevalence of OSA in the RISE adult
participants was extremely high, with 89%
having OSA and 41% exhibiting severe
OSA. Moreover, 22% of the participants
had habitual sleep duration ,6 h/night.
However, using gold standard assessments of insulin sensitivity and b-cell
responses, we found no associations between severity of OSA and sleep duration
with insulin sensitivity, b-cell responses,
or most measures of glycemia. The clinical
signiﬁcance of the association between
AHI and HbA1c remains unclear given
that a 40-unit higher AHI was associated
with only a 0.12% higher HbA1c. Our
study represents the largest group of
overweight and obese participants with
IGT or recently diagnosed type 2 diabetes undergoing objective assessments of sleep combined with an
assessment of insulin sensitivity and
b-cell responses using hyperglycemic
clamps.
Mechanistic evidence linking insufﬁcient sleep to reduced insulin sensitivity
(assessed mostly through a frequently
sampled intravenous glucose tolerance
test) has been obtained in several wellcontrolled laboratory studies (5–8). In
these studies, sleep restriction led to a
consistent marked (25–30%) reduction

in insulin sensitivity with inadequate
acute insulin response. However, these
experimental studies were limited by
their short-term nature and included
only healthy participants. Cross-sectional
studies have provided evidence consistent with the laboratory studies (22). A
meta-analysis of 10 longitudinal studies
reported a signiﬁcantly increased risk
of incident type 2 diabetes for those
reporting sleeping #5–6 h per night
(relative risk 1.28 [95% CI 1.03, 1.60])
(23). These studies did not enroll exclusively overweight and obese individuals
with established prediabetes, did not obtain objective measures of habitual sleep
duration or sleep-disordered breathing,
and did not use gold standard measures
of insulin sensitivity and b-cell responses.
Moreover, none took physical activity
into account as an important confounder.
Our study overcomes some of these limitations by using objective measures of
sleep and physical activity combined with
robust measures of insulin sensitivity and
b-cell responses.
Numerous population and clinic-based
studies have revealed a robust relationship between the presence and severity
of OSA with both insulin resistance and
glucose intolerance, independent of adiposity (4). In a cross-sectional analysis
of .2,500 individuals without type 2
diabetes (24), the presence of OSA
was associated with higher odds of impaired fasting glucose and IGT after adjusting for age, sex, BMI, waist circumference,
and race. Consistent ﬁndings were recently reported in a study focused on
Blacks (25). A cross-sectional study using
frequently sampled intravenous glucose
tolerance testing in 118 individuals without type 2 diabetes found that compared
with participants without OSA, those with
mild, moderate, or severe OSA had a 26.7,
36.5, and 43.7% decrease in insulin sensitivity, respectively, after adjusting for
age, sex, race, and percent body fat (26).
Prospective longitudinal studies have also
observed a higher incidence of type 2
diabetes in people with OSA (27–29).
Although associations among OSA, glucose intolerance, and insulin sensitivity are
well documented, these associations were
never examined in predominantly obese
people with established prediabetes and
lacked a robust measure of the b-cell
response. Moreover, previous studies
did not adjust for habitual sleep duration
and physical activity. This is relevant since
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OSA was present in 89% of the participants: 20% mild, 28% moderate, and
41% severe. Sixty-ﬁve (29%) participants
reported having a CPAP device at home,
but 16 of these participants never used
their CPAP. Of the 49 participants using
CPAP, 41 self-reported adherence to
CPAP ($4 h; $5 nights/week). Baseline
demographics and sleep data on the basis
of categories of OSA severity are summarized in Table 1. Severe OSA was more
prevalent in men. Waist circumference
and WHR were greater in participants
with untreated severe OSA compared
with those with no OSA/mild untreated
OSA. In unadjusted analyses, there were
no differences in hyperglycemic clamp–
derived variables across the OSA categories. Compared with no OSA/untreated
mild OSA, participants with moderate and
severe untreated OSA had a trend toward
lower insulin sensitivity as quantiﬁed by
M/I (P 5 0.051). Similarly, participants
with untreated moderate and severe OSA
had higher levels of insulin resistance
measured by HOMA-IR (P 5 0.003).
However, there was no evidence of
lower insulin resistance in the subgroup
of participants who self-reported being
adherent to CPAP therapy (Table 2).
In multiple regression analyses using
continuous variables, higher AHI and higher
3% and 4% oxygen desaturation indices
were associated with higher HbA1c (P 5
0.007, P 5 0.007, P 5 0.009, respectively).
The slope of the AHI relationship was such
that a 40-unit higher AHI was associated
with a 0.12% higher HbA1c absolute value.
Similarly, higher AHI, 4% oxygen desaturation index, and microarousal index were
each associated with increased G-iAUC
(P 5 0.0223, P 5 0.0267, P 5 0.043, respectively), which remained signiﬁcant
after excluding CPAP-adherent participants. However, categories of OSA severity were not associated with HbA1c or
G-iAUC. Moreover, OSA severity, using
either continuous variables (AHI, 3% and
4% oxygen desaturation indices, T90) or
categories of severity, was not associated
with fasting or 2-h glucose, HOMA-IR, insulin sensitivity, or b-cell response (Figs. 1
and 2), irrespective of exclusion of all
49 CPAP users (Supplementary Table 2
and Supplementary Figs. 2 and 3). Similarly,
objectively measured sleep duration by
actigraphy, either expressed as a continuous variable or categorized as ,6 or .6
h/night, was not associated with any of
the metabolic outcomes. There were no

Diabetes Care Volume 44, April 2021

care.diabetesjournals.org

Mokhlesi and Associates

997

Table 1—Participant characteristics on the basis of OSA severity categories
No OSA/untreated mild
OSA (n 5 61)

Untreated moderate
OSA (n 5 47)

Untreated severe OSA
(n 5 72)

Treated OSA
(n 5 41)

P value*

53.0 6 10.2
16 (26.2)

55.8 6 8.3
26 (55.3)

55.3 6 7.8
58 (80.6)

53.9 6 8.1
27 (65.9)

0.306
,0.001

Demographics
Age (years)
Men
Race/ethnicity
White
Black
Hispanic (any)
Asian
American Indian
Mixed

0.593
28
23
2
4
1
3

Diabetes at screening

(45.9)
(37.7)
(3.3)
(6.6)
(1.6)
(4.9)

28
16
2
1
0
0

(59.6)
(34.0)
(4.3)
(2.1)
(0.0)
(0.0)

39
22
6
4
0
1

(54.2)
(30.6)
(8.3)
(5.6)
(0.0)
(1.4)

27
11
1
1
0
1

(65.9)
(26.8)
(2.4)
(2.4)
(0.0)
(2.4)

10 (21.3)

25 (34.7)

10 (24.4)

0.305

94.8 6 16.6

101.5 6 16.9

106.9 6 18.5

108.6 6 19.3

,0.001

Waist (cm)
WHR

106.7 6 12.7
0.9 6 0.1

112.7 6 12.2
1.0 6 0.1

114.7 6 12.9
1.0 6 0.1

117.3 6 13.1
1.0 6 0.1

,0.001
,0.001

BMI (kg/m2)

34.0 6 5.3

34.7 6 5.4

35.3 6 5.5

36.6 6 5.9

0.130

47 (77.0)

37 (78.7)

56 (78.9)

36 (87.8)

0.573

Systolic BP (mmHg)

121.8 6 13.9

128.7 6 13.6

128.4 6 12.4

128.1 6 12.3

0.012

Diastolic BP (mmHg)

74.5 6 11.0

77.7 6 12.0

78.6 6 9.8

77.1 6 9.3

0.158

HbA1c (%)

5.8 6 0.4

5.7 6 0.4

5.8 6 0.5

5.8 6 0.3

0.326

ESS score

8.8 6 5.3

7.7 6 3.7

8.6 6 4.7

8.6 6 4.3

0.628

Sleepy (Epworth .10)
CPAP adherent†

23 (37.7)
0 (0.0)

17 (36.2)
0 (0.0)

27 (37.5)
0 (0.0)

15 (36.6)
41 (100.0)

0.998
,0.001

d

d

d

6.2 6 1.1

NA

6.83 6 0.82
974 6 55
20.2 6 8.6
227,485 6 76,012
233 6 77

6.59 6 0.88
1,041 6 208
19.1 6 9.1
247,953 6 78,135
244 6 78

6.26 6 1.12
991 6 69
21.9 6 8.9
225,467 6 78,741
226 6 79

6.70 6 0.74
986 6 49
19.1 6 8.6
231,039 6 70,177
234 6 68

0.004
0.015
0.254
0.426
0.673

449.0 6 39.9
370.3 6 62.0
85.0 (76.7, 91.0)
19.2 (15.8, 23.7)
17.6 (10.1, 24.0)
8.6 (3.7, 12.5)
16.5 (5.8, 31.9)
4.1 (2.5, 8.0)
5.5 (2.8, 8.6)
3.0 (1.6, 6.1)
12.9 (9.3, 19.6)
0.8 (0.1, 3.4)

463.1 6 35.2
361.3 6 68.1
84.7 (70.0, 87.9)
19.3 (15.7, 25.1)
14.1 (11.1, 22.2)
22.0 (16.9, 26.6)
34.9 (17.3, 52.0)
18.8 (11.6, 24.0)
15.4 (11.5, 18.8)
10.0 (7.7, 13.2)
20.6 (16.1, 27.4)
5.0 (1.2, 13.4)

458.8 6 37.4
361.0 6 67.2
82.1 (73.9, 89.1)
16.5 (11.0, 20.0)
6.6 (1.0, 13.9)
50.9 (37.2, 71.8)
60.0 (38.6, 74.7)
50.8 (34.8, 76.5)
38.4 (26.8, 56.0)
27.9 (14.9, 50.0)
34.5 (27.3, 51.3)
15.4 (4.8, 41.4)

439.1 6 66.9
344.1 6 96.9
82.9 (70.7, 90.4)
12.1 (5.0, 19.2)
9.3 (2.0, 17.0)
29.1 (18.5, 59.2)
30.0 (15.8, 54.7)
27.7 (15.1, 61.1)
20.6 (9.7, 36.7)
11.7 (6.6, 26.9)
26.9 (16.7, 52.6)
4.7 (1.7, 17.8)

0.048
0.362
0.356
,0.001
,0.001
,0.001
,0.001
,0.001
,0.001
,0.001
,0.001
,0.001

Obese (BMI $30 kg/m2)

CPAP use in subset adherent to CPAP
(h/night) (n 5 41)
Actigraphy measurements
Sleep time (h)
Activity duration (min)
Percent immobility
Total activity count
Activity (counts/min)
PSG measurements
Total recording time (min)
Total sleep time (min)
Sleep efﬁciency (%)
REM sleep (%)
N3 sleep (%)
AHI (events/h)
REM AHI (events/h)
Non-REM AHI (events/h)
3% ODI (events/h)
4% ODI (events/h)
Microarousal index (events/h)
T90 (%)

Data are n (%), mean 6 SD, or median (25th, 75th percentile). BP, blood pressure; N3, stage 3 of non–rapid eye movement sleep; NA, not applicable; ODI,
oxygen desaturation index; REM, rapid eye movement. *ANOVA for continuous variables and x2 test for categorical variables. †CPAP adherence deﬁned
as self-report of using CPAP $4 h on $5 nights per week.

we previously reported that physical activity is associated with insulin sensitivity in
prediabetes (13).
In addition to insulin resistance, b-cell
dysfunction is pivotal in the pathogenesis
of type 2 diabetes (9). Given that the
incidence of prediabetes is increasing at
an alarming rate (1), it is important to
understand whether OSA and short sleep
duration are associated with an additional risk of b-cell dysfunction, above

and beyond excess adiposity, in people
with prediabetes and IGT. To that end,
our analysis shows that after adjusting
for important confounders, neither objectively measured short sleep duration
nor OSA severity was associated with
robust measures of insulin sensitivity or
b-cell responses. This lack of association
was found across a range of insulin
sensitivity, b-cell responses, sleep duration, OSA severity, and hypoxemia during

sleep. One possible explanation for the
lack of association is the high prevalence
of obesity in our participants. It is possible that once obesity crosses a certain
threshold, the contribution of OSA or
short sleep to insulin resistance or bcell dysfunction becomes less relevant.
In one study using hyperinsulinemiceuglycemic clamps in 40 adults (mostly
normoglycemic men) with moderate to
severe OSA, short-term CPAP treatment
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14 (23.0)

Weight (kg)

111.05 6 11.53
14.44 (4.82, 43.28)
179.85 6 39.41
10,670.3 6 4,341.6
6.75 (2.34, 19.46)
85.63 (21.29, 344.33)
3.94 (1.21, 12.76)

OGTT variables
Fasting glucose (mg/dL)
Fasting insulin (mU/mL)
2-h glucose (mg/dL)
G-iAUC (mg/dL)
C-peptide index (ng/mg)
Insulinogenic index (mU/mg)
HOMA-IR (mIU/mmol)
108.36 6 12.26
11.59 (4.35, 30.88)
179.48 6 44.61
10,915.8 6 4,540.4
6.36 (2.39, 16.95)
77.48 (22.54, 266.35)
3.06 (1.04, 9.01)

107.74 6 11.49
3.29 6 1.13
75.94 (18.52, 311.44)
11.81 6 4.33
49.9 (12.9, 192.94)
2.97 (1.23, 7.19)
13.74 (5.58, 33.84)
114.00 6 13.10
15.49 (5.07, 47.33)
179.72 6 34.03
9,637.8 6 3,843.1
7.17 (2.91, 17.67)
91.84 (23.75, 355.1)
4.31 (1.28, 14.52)

110.79 6 9.02
3.66 6 1.10
88.23 (22.38, 347.93)
12.47 6 3.51
38.09 (8.59, 168.95)
2.97 (1.21, 7.33)
14.01 (5.69, 34.52)

Untreated moderate OSA
(n 5 47)

Treated OSA
(n 5 41)
110.20 6 10.58
3.88 6 1.31
99.48 (27.83, 355.67)
13.54 6 4.74
34.81 (9.18, 132)
2.72 (1.13, 6.57)
15.49 (7.35, 32.62)
111.62 6 9.05
15.96 (5.65, 45.1)
179.85 6 44.24
10,818.4 6 4,857.7
6.75 (2.49, 18.35)
91.84 (26.71, 315.7)
4.39 (1.47, 13.17)

Untreated severe OSA
(n 5 72)
110.67 6 8.56
3.89 6 1.80
84.77 (20.67, 347.65)
12.80 6 6.00
38.09 (8.76, 165.67)
2.77 (0.89, 8.64)
14.88 (6.28, 35.25)
111.08 6 10.74
15.64 (4.92, 49.72)
180.25 6 35.74
11,031.7 6 4,139.8
6.75 (1.93, 23.67)
85.63 (17.16, 427.18)
4.26 (1.29, 14.09)

0.089
0.005
1.000
0.353
0.745
0.588
0.003

0.295
0.071
0.267
0.350
0.051
0.745
0.529

P value

Obstructive Sleep Apnea and b-Cell Function
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Data are mean 6 SD or geometric mean (95% CI). P values represent comparisons across the four groups by ANOVA, using native scale data for normally distributed variables or log-transformed
data otherwise.

109.80 6 9.94
3.68 6 1.43
85.63 (21.29, 344.33)
12.59 6 4.88
40.45 (9.67, 169.15)
2.86 (1.07, 7.61)
14.44 (6.1, 34.21)

Hyperglycemic clamp variables
Fasting glucose (mg/dL)
Fasting C-peptide (ng/dL)
Steady-state insulin (mU/mL)
Steady-state C-peptide (ng/dL)
M/I (mg/kg/min/pg/L)
ACPRg (ng/dL)
ACPRmax (ng/dL)

Table 2—Unadjusted metabolic outcomes on the basis of OSA severity categories
No OSA/untreated mild OSA
All (N 5 221)
(n 5 61)
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of OSA resulted in improved insulin sensitivity only in the nonobese subgroup
(30). This supports our supposition that
with increasing obesity, excess adiposity
becomes a major contributor to insulin
resistance and b-cell dysfunction.
We did not ﬁnd any evidence of improved insulin sensitivity or b-cell responses in participants who self-reported
being adherent to CPAP therapy. In clinical trials of patients with type 2 diabetes and OSA, CPAP has not been
consistently shown to improve glycemic
control or reduce insulin resistance after

1–6 months of use (31–34). This heterogeneous response to CPAP may be a
consequence of variation in levels of
CPAP adherence, duration of type 2 diabetes, and background glycemic control. In short-term laboratory experiments,
however, CPAP therapy with documented
use for 8 h/night for 1 or 2 weeks resulted
in improved glucose metabolism, including reduction in 24-h mean glucose levels
in adults with type 2 diabetes (35,36), and
reduction in glucose response to glucose
challenge and improved insulin sensitivity
in those with prediabetes (37). This night-

Figure 2—Effect of OSA on HbA1c and measures of glycemia as assessed by the OGTT. Adjusted means from multiple linear regression models for the
relationship of dependent variables (glycemia as assessed by the 3-h OGTT) with categories of OSA severity and treatment adherence. Data are least
square means and 95% CIs adjusted for age, sex, race/ethnicity, BMI, WHR, and actigraphically measured sleep duration and physical activity.
Insulinogenic index, C-peptide index, and HOMA-IR were log-transformed for analyses.
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Figure 1—Effect of OSA on insulin sensitivity and b-cell function as assessed by the hyperglycemic
clamp. Adjusted means from multiple linear regression models for the relationship of logtransformed dependent variables (insulin sensitivity and b-cell function as assessed by the
hyperglycemic clamp) with categories of OSA severity and treatment adherence. Data are least
square means and 95% CIs adjusted for age, sex, race/ethnicity, BMI, WHR, and actigraphically
measured sleep duration and physical activity. Steady-state C-peptide, ACPRg, and ACPRmax are
also adjusted for log insulin sensitivity (M/I).

long use of CPAP could be a signiﬁcant
factor because rapid eye movement–
related obstructive apneas and hypopneas,
generally occurring in the later part of the
night, were found to be associated with
glycemic control in type 2 diabetes (38).
However, in the largest clinical trial with
the longest duration of follow-up to date,
there was no signiﬁcant difference between CPAP and usual care in serum
glucose, HbA1c, or antidiabetic medication use in those with known type 2
diabetes (39). Moreover, no signiﬁcant
differences were found in glycemic measures in those with prediabetes or in
incident type 2 diabetes. Although mean
CPAP usage for the duration of the trial
was 3.5 6 2.3 h/night, there was no
relationship between various metrics of
OSA severity or levels of CPAP adherence
and the outcomes. It is possible that this
clinical trial lacked enough statistical
power to adequately assess the impact
of CPAP on the incidence of type 2 diabetes. Therefore, there is a need for
well-designed clinical trials examining
the role of CPAP therapy in slowing
the progression from prediabetes to
type 2 diabetes.
Our study has several noteworthy
strengths in that it represents the largest
group of overweight and obese adults
with prediabetes/recently diagnosed,
untreated type 2 diabetes to undergo simultaneous quantiﬁcation of sleep, physical
activity, insulin sensitivity, and b-cell responses using sophisticated methodologies.
Our inclusion criteria allowed enrollment
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sensitivity and b-cell function and thereby
reduce the risk of developing type 2
diabetes. In obese individuals, treatment of
OSAis important, butourresults underscore
the need for a comprehensive approach
that includes additional interventions, particularly exercise and weight loss.
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