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OSA is a chronic treatable sleep disorder and a frequent comorbidity in patients with type 2

diabetes. Cardinal features of OSA, including intermittent hypoxemia and sleep fragmentation,

have been linked to abnormal glucose metabolism in laboratory-based experiments. OSA has

also been linked to the development of incident type 2 diabetes. The relationship between OSA

and type 2 diabetes may be bidirectional in nature given that diabetic neuropathy can affect

central control of respiration and upper airway neural reflexes, promoting sleep-disordered

breathing. Despite the strong association between OSA and type 2 diabetes, the effect of

treatment with CPAP on markers of glucose metabolism has been conflicting. Variability with

CPAP adherence may be one of the key factors behind these conflicting results. Finally, accu-

mulating data suggest an association between OSA and type 1 diabetes as well as gestational

diabetes. This review explores the role of OSA in the pathogenesis of type 2 diabetes, glucose

metabolism dysregulation, and the impact of OSA treatment on glucose metabolism. The as-

sociation between OSA and diabetic complications as well as gestational diabetes is also

reviewed. CHEST 2017; 152(5):1070-1086

KEY WORDS: central sleep apnea; diabetic complications; gestational diabetes; OSA; sleep apnea; type 1
diabetes; type 2 diabetes; weight loss
OSA is a treatable chronic sleep disorder
characterized by recurrent episodes of
complete (apnea) or partial (hypopnea)
obstruction of the upper airway causing
intermittent hypoxemia and hypercapnia,
cortical microarousals, increased oxidative
stress, inflammation, and sleep
fragmentation. These adverse effects of OSA
are important mediators of metabolic,
cardiovascular, and neurocognitive risk.1 The
prevalence of OSA has been increasing in
parallel with the obesity epidemic.
Population-based studies using older
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diagnostic criteria for OSA reported a
prevalence of moderate to severe OSA of
4% to 7% and 9% to 14% in middle-aged
women and men, respectively.2-6 However, a
more recent study using current diagnostic
definitions reported a substantially higher
prevalence of moderate to severe OSA of
23% in women and 49% in men.1 Therefore,
one could surmise that the current
prevalence of OSA is reflecting not only the
prevalence of obesity but also the use of
more sensitive polysomnographic techniques
and scoring criteria. Importantly, using the
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most recent scoring criteria reconfirmed the strong
associations between OSA and relevant comorbidities
such as type 2 diabetes, metabolic syndrome,
hypertension, cardiovascular disease, and depression.1

As with OSA, the prevalence of diabetes is also
increasing in the United States and worldwide. Type 2
diabetes represents 90% to 95% of all cases of diabetes.
In the past 3 decades, the number of American adults
with diabetes nearly quadrupled, with an estimated 29
million people or 9.3% of the population of the United
States estimated to have diagnosed or undiagnosed
diabetes.7 Each year, more than 200,000 deaths occur
among people with diabetes in the United States, making
it the country’s seventh leading cause of death. In
addition to those who already have type 2 diabetes, it has
been estimated that 86 million American adults have
prediabetes, a precursor that markedly increases the risk
of the development of type 2 diabetes and cardiovascular
disease.7 Indeed, in the Diabetes Prevention Program
study, after 4 years of follow-up, 36% of participants
with prediabetes who were randomized to placebo
acquired type 2 diabetes.8 Undoubtedly, the alarming
increase in overweight and obesity has played a pivotal
role in the rise of prediabetes and type 2 diabetes.
Although obesity and aging are shared risk factors for
both OSA and type 2 diabetes, there is growing evidence
that the relationship between the two conditions is
independent of obesity.
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Figure 1 – Laboratory-based experiments assessing changes in insulin sensiti
homeostasis model assessment; IVGTT¼ intravenous glucose tolerance test, O
permission from Reutrakul and Van Cauter.23
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This review explores the role of OSA in the pathogenesis
of type 2 diabetes and glucose metabolism dysregulation
as well as the impact of treating OSA on glucose
metabolism. The association between OSA and
complications of type 2 diabetes as well as gestational
diabetes are also discussed in e-Appendix 1.
Pathophysiology
Intermittent hypoxemia and sleep fragmentation are
cardinal features of OSA and are likely in the causal
pathway leading to metabolic dysfunction. Several
prospective cross-sectional studies have demonstrated
an independent association between the severity of OSA
and insulin resistance in individuals without type 2
diabetes.9-12 Short-term, laboratory-based experiments
in healthy human subjects have demonstrated that
sleep restriction, sleep fragmentation, and intermittent
hypoxemia can lead to glucose metabolism dysregula-
tion (Fig 1).13-23 In healthy volunteers, exposure to 5
hours of intermittent hypoxia during wakefulness,
inducing an average of 24 desaturation events/h, led to
a 17% reduction in insulin sensitivity without a
simultaneous increase in insulin secretion.24 In another
experiment, however, exposure to 3 hours of
intermittent hypoxia (leading to 25 desaturations/h)
resulted in an increase in plasma glucose levels without
changes in insulin secretion.24 Therefore, there may be a
threshold regarding the intensity of hypoxemia or
dt
im

e
 H

OM
A

Don
ga

 e
t a

l

1 
ni

gh
t o

f 4
 h

 b
ed

tim
e

N =
 9

, h
yp

er
in

su
lin

em
ic 

cla
m

p

Sta
m

at
ak

is 
et

 a
l

2 
ni

gh
ts

 o
f s

lee
p 

fra
gm

en
ta

tio
n

N =
 1

1,
 IV

GTT
Ta

sa
li e

t a
l

3 
ni

gh
ts

 o
f S

W
S s

up
pr

es
sio

n

N =
 9

, I
VG

TT
Her

zo
g 

et
 a

l

1 
ni

gh
t o

f S
W

S s
up

pr
es

sio
n

N =
 1

6,
 O

GTT
Lo

ui
s 

et
 a

l

5 
h 

of
 in

te
rm

itt
en

t h
yp

ox
ia

N =
 1

3,
 IV

GTT

0% –25% –25% –20% –17%

Sleep Fragmentation Hypoxia

vity following sleep manipulations in healthy human subjects. HOMA¼
GTT¼ oral glucose tolerance test; SWS¼ slow wave sleep. Modified with

1071

http://chestjournal.org


duration of exposure that may lead to an adverse impact
on insulin sensitivity.25 The role of sleep fragmentation
on glucose metabolism has been demonstrated in
multiple human experiments. Using acoustic stimuli to
suppress non-rapid eye movement (REM) slow-wave
sleep20-21 or to fragment non-REM sleep19 reduces
insulin sensitivity by 20% to 25%.

Although the exact pathophysiological and causal links
between OSA and glucose metabolism dysregulation are
not fully understood, multiple mechanistic pathways are
likely to be causally involved. Figure 2 illustrates several
of these pathways. Although an in-depth review of all
potential causal pathways is beyond the scope of this
review, we discuss a few mechanistic pathways.

Direct recordings of muscle sympathetic nerve have
demonstrated increased sympathetic activity in patients
with OSA.26,27 This sympathoexcitation persists during
the daytime in untreated patients with OSA and is
significantly reduced by effective CPAP therapy.28 Most
endocrine organs releasing hormones involved in
glucose regulation are inhibited by elevations of
sympathetic tone. Well-documented examples relevant
to metabolic risk are pancreatic insulin secretion, hepatic
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Figure 2 – Mechanistic pathways linking OSA to diabetes. HPA ¼ hypothal
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glucose production, and adipocyte regulation of energy
balance.29-31 In addition, peptidergic factors originating
from the intestine (glucagon-like peptide-1 and glucose-
dependent insulinotropic polypeptide) augment the
insulin response induced by nutrients. The secretion of
these incretin hormones is intimately linked to
autonomic nervous system activity.32-34 Thus, the
sympathetic hyperactivity and parasympathetic
withdrawal associated with OSA are likely mediators of
its adverse effects on glucose tolerance. An additional
assessment of systemic sympathetic nervous system
activity is measurement of norepinephrine levels, a well-
known counterregulatory hormone, in bodily fluids.
Several studies, including a study in patients with
prediabetes,35 have shown that treatment of OSA with
CPAP decreases norepinephrine levels in plasma as well
as in urine.36-38 To provide definitive evidence that
nocturnal CPAP therapy decreases circulating levels of
norepinephrine in patients with type 2 diabetes and
OSA, Mokhlesi et al39 performed a proof of concept
laboratory-based study using 24-hour blood sampling
after 1 week of CPAP therapy during the entire sleep
period. This study confirmed a significant reduction in
daytime and nighttime plasma norepinephrine levels
ascular complications
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without any significant change in 24-hour profiles of
plasma cortisol and growth hormone levels. However,
the exact role of counterregulatory hormones (ie,
cortisol, growth hormone, and glucagon) and the
hypothalamic-pituitary-adrenal axis in OSA requires
further investigation.

Rodent studies have demonstrated b-cell dysfunction or
b-cell death after exposure to intermittent hypoxia.40-42

Of note, cessation of intermittent hypoxia only partially
reverses glucose homeostasis in a rodent model,
suggesting that some metabolic derangements, such as
b-cell dysfunction, may not fully recover even after
intermittent hypoxia is no longer present.43
Role of OSA During REM Sleep

In a prospective study of 115 subjects with type 2
diabetes, the apnea-hypopnea index (AHI) during REM
sleep was independently associated with increasing levels
of hemoglobin A1c (HbA1c). In contrast, non-REM
AHI was not associated with HbA1c levels.44 Consistent
with the notion that OSA during REM sleep is
metabolically more toxic than non-REM OSA, a recent
analysis of the Sleep Heart Health Study demonstrated
that OSA in REM sleep was independently associated
with insulin resistance after controlling for OSA in non-
REM sleep.45 Two studies performed continuous
interstitial glucose monitoring simultaneous with
polysomnography.46,47 One study included 13 obese
patients with type 2 diabetes and severe OSA and
compared them with 13 obese patients with type 2
diabetes without OSA. The mean glucose level was
38% higher during REM sleep in those with OSA.46 The
second study included 11 subjects with diabetes. They
found that in the absence of OSA, REM sleep leads to a
larger decline in interstitial glucose concentration than
does non-REM sleep, likely due to an increase in
cerebral glucose utilization during REM sleep. OSA
during REM sleep, however, abolished the expected
decline in interstitial glucose concentration. In contrast,
OSA during non-REM sleep had no impact on
interstitial glucose concentrations.47 Taken together, the
evidence suggests that OSA during REM sleep may be
adversely associated with glucose metabolism in patients
with type 2 diabetes. This may have important
therapeutic implications regarding the duration of
nightly CPAP use. In healthy adult humans, REM sleep
accounts for approximately 20% of total sleep time and
it is mostly concentrated in the second half of the sleep
period. Using CPAP for 3 or 4 hours from the time
lights are turned off will cover only 25% or 40% of REM
chestjournal.org
sleep, respectively, and will leave most obstructive events
during REM sleep untreated. In contrast, 7 hours of
CPAP use would treat 87% of REM sleep.44

Bidirectional Relationship Between Sleep-
Disordered Breathing and Diabetes

The question of bidirectional association and reverse
causality between sleep-disordered breathing and type 2
diabetes is an important one, particularly given the
confounding effects of aging and obesity. Further
research is needed to fully elucidate whether long-
standing poorly controlled diabetes can worsen
obstructive and central sleep apnea as well as nocturnal
hypoxemia by adversely impacting central control of
respiration or upper airway neural reflexes that promote
airway patency.48-52 In support of reverse causality are
studies in younger or nonobese patients with type 1
diabetes having a high prevalence of OSA.53-56 Another
line of evidence supporting reverse causality comes from
30 patients with type 2 diabetes who were hospitalized
for intensification of glycemic control. After 5 days, the
nocturnal glycemic profile improved significantly (202 �
65 mg/dL vs 130 � 38 mg/dL; P ¼ .005). This was
accompanied by a 32% reduction in the 4% oxygen
desaturation index. Importantly, the patients did not
experience any change in body weight or neck
circumference and self-reported sleep duration
remained unchanged.57
Epidemiology

OSA as a Novel Risk Factor for the Development of
Type 2 Diabetes

Longitudinal cohort studies have demonstrated a
significant association between OSA and incident type 2
diabetes. To date, a total of 10 studies from various
geographic regions around the globe, with a follow-up
duration between 2.7 and 16 years, have explored such
an association (Table 1).58-67 Nine of these studies
objectively assessed OSA at baseline,59-67 and one
performed OSA assessment at the last visit.58 After
adjusting for multiple confounders known to be
associated with type 2 diabetes, nine studies found a
significant association between OSA and incident
diabetes.58-66 Of note, in some of these studies, the
association was apparent only for those with moderate
or severe OSA.58-62 A meta-analysis was previously
performed on eight of these studies,68 and we performed
an updated analysis adding a recent report from the
Sleep Heart Health Study.62 Our meta-analysis includes
a total of 64,101 participants and reveals that OSA is
1073
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TABLE 1 ] Prospective Cohort Studies on the Relationship Between OSA and Incident Type 2 Diabetes

Study/Year No. Setting
Mean Age

(y)
Mean BMI
(kg/m2)

Male Sex
(%) Sleep Assessment

Follow-up
(y) Results

Reichmuth
et al67/2005

1,387 USA 49.0 28.9 56.0 AHI $ 5 by
polysomnography

4 No association between OSA and incident
diabetes

Botros
et al63/2009

544 USA 61.5 33.2 93.4 AHI $ 8 by
polysomnography

2.7 OSA was associated with diabetes; HR,
1.43 (95% CI, 1.10-1.86)

Marshall
et al60/2009

295 Australia 53.1 26.6 41.3 RDI $ 5 from a 4-channel
home monitoring device
(heart rate, oxygen
saturation, snoring, and
body position)

4 Moderate to severe OSA (RDI $ 15) was
associated with diabetes, OR, 13.45
(95% CI, 1.59-114.11)

Celen et al65/2010 168 Sweden 48.2 26.6 81.6 4% ODI $ 30 events/night
using nocturnal oximetry,
nasal and oral airflow,
respiratory motion, and
body movement

16 OSA was associated with diabetes in
women—OR, 11.78 (95% CI, 1.14-
121.7)—but not in men

Muraki
et al61/2010

4,606 Japan 57.6 23.5 34.7 3% ODI $ 5 events/h using
pulse oximetry

3 Moderate OSA (ODI $ 15) was associated
with diabetes; HR, 1.69 (95% CI, 1.04-
2.76)

Lindberg
et al66/2012

141 Sweden 57.5 26.9 100.0 ODI > 5 by
polysomnography

11.3 ODI > 5 was associated with diabetes; OR,
4.4 (95% CI, 1.1-18.1)

Boyko
et al64/2013

47,093 USA 36.7 26.3 25.3 Report of a physician
diagnosis of OSA

6 OSA was associated with diabetes; OR,
1.78 (95% CI, 1.39-2.28)

Kendzerska
et al59/2014

8,678 Canada 48.0 28.4 62.0 AHI $ 5 by
polysomnography

5.6 AHI > 30 was associated with diabetes;
HR, 1.31 (95% CI, 1.07-1.61)

Appleton
et al58/2015

736 Australia 59.7 28.4 100 8-channel in-home
unattended
polysomnography,
measured at the last
follow-up

4.7 Severe OSA (AHI $30) was associated with
diabetes; OR, 2.6 (95% CI, 1.1-6.1)

ODI$ 16 was associated with diabetes; OR,
1.85 (95% CI, 1.06-3.21)

Nagayoshi
et al62/2016

1,453 USA 62.5 28.3 46.3 AHI $ 5 by unattended in-
home polysomnography

12.8 Severe OSA (AHI $ 30) was associated
with diabetes; HR 1.71 (95% CI, 1.08-
2.71), whereas mild and moderate OSA
were not associated with diabetes
Results were similar for those with
BMI $ 30 kg/m2

AHI ¼ apnea hypopnea index; HR ¼ hazard ratio; ODI ¼ oxygen desaturation index; RDI ¼ respiratory disturbance index.
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associated with incident diabetes, with an unadjusted
pooled relative risk of 1.62 (95% CI, 1.45-1.80) and an
adjusted pooled relative risk of 1.35 (95% CI, 1.24-1.47)
(Fig 3). To put in perspective, it is useful to compare the
risk conferred by OSA with other traditional risk factors
for type 2 diabetes. Indeed, the effect size of OSA is
Author (Year)

Pooled crude r

Relative

Reichmuth (2005)

Marshall (2009)

Muraki (2010)

Botros (2009)

Celen (2010)

Lindberg (2012)

Boyko (2013)

Kendzerska (2014)

Nagayoshi (2016)

Overall I2 = 55.8%; P = .021

.4 .6 .8 1
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Author (Year)
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Muraki (2010)

Botros (2009)
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Boyko (2013)

Kendzerska (2014)

Nagayoshi (2016)

Overall I2 = 44.4%; P = .072

.05 .6 .8 1 2

B

Figure 3 – Relative risk of incident diabetes from prospective cohort studies in
relative risk. B, Adjusted pooled relative risk.

chestjournal.org
larger than being physically inactive (adjusted relative
risk of 1.20) but smaller than having a family history of
diabetes (adjusted relative risk of 2.33).68 Finally, a few
prospective studies have also shown that self-reported
snoring or observed apneas are associated with incident
type 2 diabetes.69-71
1.62 (1.45-1.80)

3.52 (1.65-7.50) 1.98

0.69

0.83

1.68

2.30

1.67
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45.04
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100.00

RR (95% CI)

elative risk

 risk

Weight

%

2.62 (0.72-9.49)
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1.33 (1.08-1.63)
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10.29
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0.33

11.61

56.24

8.36

100.00
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 relative risk
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Weight

%

1.38 (1.05-1.82)

1.43 (1.10-1.86)

3.74 (0.94-14.80)

2.23 (0.85-5.88)

4.20 (0.96-18.30)

1.78 (1.39-2.28)

1.26 (1.13-1.41)

1.09 (0.81-1.45)

4 6

those with OSA compared with those without OSA. A, Unadjusted pooled
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Prevalence of OSA in Patients With Type 2 Diabetes

Multiple independent studies have explored the
prevalence of OSA in patients with type 2 diabetes. As
illustrated in Figure 4, the prevalence of OSA is
alarmingly elevated in both community-based and
clinic-based cohorts that have included participants
from diverse ethnic backgrounds with type 2
diabetes.44,48,72-81 OSA, however, remains undiagnosed
in the majority of patients with type 2 diabetes being
managed by primary care providers.82

Prevalence of Type 2 Diabetes in Patients With OSA

Among individuals with OSA, the prevalence of type 2
diabetes has been estimated to be 15% to 30%, with
higher prevalence in those with severe OSA.60,67,83,84

However, adjustment for BMI and other confounders
attenuates the findings in some studies.60,83,84

Untreated OSA Is Associated With Worse Glycemic
Control in Type 2 Diabetes

Several studies using in-laboratory polysomnography or
respiratory polygraphy to accurately quantify the
severity of OSA have reported a robust association
between increasing OSA severity and increasing levels of
HbA1c in patients with type 2 diabetes after controlling
for multiple potential confounders (Fig 5).44,75,84-86
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Figure 4 – OSA prevalence in studies of patients with type 2 diabetes. In the
includes moderate and severe OSA.
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These studies enrolled between 52 and 1,138 participants
with type 2 diabetes. When comparing severe OSA with
no or mild OSA, the adjusted increase in HbA1c ranged
from 0.5% to 3.7%. Two studies with smaller sample
sizes reported the largest effect size, likely due to
statistical overadjustment.75,85 In a study of 162 Chinese
patients with type 2 diabetes and OSA, there was no
independent association between AHI and HbA1c levels.
However, in this study, the adjusted HbA1c was not
compared among the various OSA severity categories.76

Therefore, based on studies with larger sample sizes, it is
likely that when compared with no or mild OSA, severe
OSA is associated with an adjusted increase in HbA1c
levels of 0.5% to 0.8%.44,84,86

Screening for OSA in Patients With Type 2 Diabetes

Given the high prevalence of OSA in patients with
diabetes, there is increasing awareness of OSA among
diabetes societies. In 2008, the International Diabetes
Federation’s Task Force on Epidemiology and Prevention
strongly recommended that health professionals caring
for patients with either type 2 diabetes or sleep-
disordered breathing consider screening a patient
presenting with one condition for the other.87 In 2017, the
American Diabetes Association recognized OSA as an
important comorbidity, as well as the benefits of its
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Figure 5 – Prospective studies examining the independent association
between OSA severity and glycemic control assessed by HbA1c in type 2
diabetes. HbA1c has been adjusted for important confounders and rep-
resents the difference between severe OSA and no/mild OSA. In the study
by Grimaldi et al, the highest quartile of the apnea-hypopnea index
(AHI) during rapid eye movement (REM) sleep was compared with the
lowest quartile or REM AHI. The mean total AHI in the highest quartile
of REM AHI was 47 events/h. In contrast, the mean total AHI in the
lowest quartile of REM AHI was 9 events/h. HbA1c ¼ hemoglobin A1c.
treatment on BP and quality of life in patients with type 2
diabetes.88 However, given such a high prevalence (ie,
high pretest probability), it remains unclear whether
questionnaires used for OSA screening would provide
sufficient sensitivity and specificity in patients with type 2
diabetes. Thus far, only one study has compared the
Berlin questionnaire and the STOP and STOP-Bang
questionnaires in 294 patients with type 2 diabetes with
home sleep monitoring (type IV sleep monitor).79 This
study revealed that all the questionnaires had a similar,
but rather low, sensitivity and specificity. Therefore, given
the high prevalence of OSA in patients with type 2
diabetes and the suboptimal performance of screening
questionnaires, clinicians should consider exploring the
diagnosis of OSA using home sleep apnea monitoring
devices if clinically appropriate.

Treatment
CPAP remains the most efficacious treatment and
continues to be considered the gold standard for treating
patients with moderate to severe OSA. Randomized
controlled trials examining the effect of CPAP on glucose
metabolism are summarized in Tables 235,89-99 and
3. e-Table 1 summarizes ongoing randomized controlled
trials in patients with type 2 diabetes and sleep apnea.

CPAP in Patients Without Diabetes

Ten studies (a total of 512 participants with a range of
13 to 136 participants in each study) were conducted in
chestjournal.org
participants without diabetes (Table 2). The duration of
follow-up ranged from 1 to 24 weeks, and most studies
achieved an average nightly CPAP use of $ 4 hours.
Glucose metabolism and insulin sensitivity were
assessed by different methods. Seven of these studies
found no significant differences in markers of glucose
metabolism between the CPAP and control groups,89-95

whereas one found significant improvement in insulin
sensitivity96 and one found an improvement in glucose
metabolism as assessed by a 75-g oral glucose tolerance
test (OGTT).97 The largest study by Chirinos et al98

(N ¼ 136) randomized participants to CPAP, weight
loss, or combined intervention (CPAP plus weight loss)
for 24 weeks.98 The weight loss and combined
intervention groups lost 6.8 and 7.0 kg, respectively.
Insulin sensitivity, as assessed by an IV glucose tolerance
test (IVGTT), improved in the weight loss and
combined intervention groups but not in the CPAP
alone group. Weight loss provided an incremental
improvement in insulin sensitivity when combined with
CPAP.
CPAP in Patients With Prediabetes

Two studies specifically tested the effects of CPAP on
glucose metabolism in people with prediabetes (Table 2).
Pamidi et al35 compared 2 weeks of nightly CPAP use (8
hours each night under direct supervision in the sleep
laboratory) with oral placebo in 39 participants with
prediabetes.35 The CPAP group had a significant
improvement in insulin sensitivity and overall glucose
response following OGTT compared with the control
group. In another study, 8 weeks of home CPAP use
(average mean adherence of 4.8 h/night) improved
insulin sensitivity and 2-hour insulin levels only in those
with severe OSA.99

These conflicting results in participants without diabetes
could in part be due to different baseline glycemic status,
various degrees of CPAP adherence, and different
methods used to assess glucose metabolism. A meta-
analysis that included four of these studies also found no
differences in fasting glucose levels or homeostatic
model assessment (HOMA), although there was a
significant reduction in fasting insulin levels.100 Given
that two well-designed small studies in individuals with
prediabetes have suggested favorable effects of OSA
resolution on glucose metabolism,35,99 additional longer-
term and larger studies are needed to explore if effective
treatment of OSA can reduce the risk of developing type
2 diabetes. Moreover, studies should explore the role of
various lifestyle interventions, such as weight reduction
1077

http://chestjournal.org


TABLE 2 ] Randomized Controlled Studies Exploring the Effects of CPAP on Glucose Metabolism in Subjects Without Diabetes and Those With Prediabetes

Studies No. Study Design OSA Definition Duration

Adherence
(Hours Per
Night)

Glucose Metabolism
Markers Results

No diabetes

Coughlin et al89/2007 34
17 CPAP/sham
17 sham/CPAP

Crossover AHI > 15 6 wk CPAP, 3.9
Sham, 2.6

Fasting glucose,
insulin, and
HOMA

No difference in all glucose
parameters

Comondore
et al90/2009

13 CPAP/no therapy or
no therapy/CPAP

Crossover AHI > 15 4 wk CPAP, 5.5 Fasting glucose
and insulin,
HOMA, HbA1c

No difference

Lam et al96/2010 61
30 CPAP
31 sham

Parallel group AHI $ 15 1 wk CPAP, 6.2
Sham, 4.5

Insulin sensitivity
(from SITT),
fasting glucose,
insulin, and
HOMA

Significant reduction in
insulin sensitivity from
SITT

No differences in other
parameters

Nguyen et al91/2010 20
10 CPAP
10 sham
(1 subject with

diabetes)

Parallel group RDI $ 15 3 mo CPAP, 5.1
Sham, 4.9

Fasting glucose No difference

Kohler et al92/2011 41
20 CPAP (4 with

diabetes)
21 sham (5 with

diabetes)

Parallel group
CPAP

withdrawal
protocol

4% ODI > 10 2 wk CPAP, 6.4
Sham, 4.7

Fasting glucose,
insulin, and
HOMA

No difference

Hoyos et al93/2012 65
34 CPAP
31 sham

Parallel group AHI $ 20 and
3% ODI $ 15

12 wk CPAP, 3.6
Sham, 2.8

Insulin sensitivity
(minimal
model),

fasting glucose,
insulin, HOMA,
disposition
index

No differences in intention-
to-treat analysis at 12 wk
Improvement in insulin
sensitivity noted at 24 wk
in the nonrandomized
phase when participants
randomized to sham CPAP
were treated with
therapeutic CPAP

Sivam et al94/2012 27
CPAP/sham or sham/

CPAP

Crossover AHI $ 25 8 wk CPAP, 4.6
Sham, 3.4

Fasting glucose No difference

Kritikou et al95/2014 35 CPAP/sham or
sham/CPAP

Crossover AHI > 10 for
female
persons, > 15
for male
persons

2 mo CPAP, 6.1
Sham, 5.3

HOMA No difference
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TABLE 2 ] (Continued)

Studies No. Study Design OSA Definition Duration

Adherence
(Hours Per
Night)

Glucose Metabolism
Markers Results

Chirinos et al98/2014 136
48 CPAP
42 weight loss
62 CPAP plus weight

loss (combined)

Parallel group AHI $ 15 24 wk CPAP, 4
Combined,

4

Insulin sensitivity
from IVGTT

6.8 and 7.0 kg weight loss in
weight loss and combined
group, respectively

Insulin sensitivity improved
in weight loss and
combined groups but not
with CPAP alone

Salord et al97/2016 80
42 CPAP
38 lifestyle

adjustment

Parallel group AHI > 30 12 wk CPAP, 5.4 Fasting and 2-h
glucose after
75-g OGTT,
HOMA,
glycosylated
hemoglobin

Improvement in glucose
tolerance from 75-g OGTT

No differences in fasting
glucose, HOMA, or
glycosylated hemoglobin

Prediabetes

Weinstock et al99/2012 50 participants with
impaired glucose
tolerance (2-h
OGTT $ 140 mg/dL)

25 CPAP/sham
25 sham/CPAP

Crossover AHI > 15 8-wk
crossover
design

CPAP, 4.8
Sham, 3.4

Fasting and 2-h
glucose, fasting,
and 2-h insulin,
insulin
sensitivity (Gutt
index), HOMA

No difference, no reversal of
IGT

Insulin sensitivity and 2-h
insulin level improved only
in severe OSA (AHI $ 30)

Pamidi et al35/2015 39 with prediabetes
(fasting plasma

glucose 100-125 or
2-h glucose 140-
199 mg/dL, or both

26 CPAP
13 oral placebo

Parallel group AHI $ 5 2 wk, in
laboratory
proof of
concept

Parallel
group
design

CPAP, 8 Fasting and 2-h
glucose and
insulin, insulin,
AUC glucose and
insulin (OGTT)

Insulin sensitivity
IVGTT)

Improvement in insulin
sensitivity and AUC
glucose,
no differences in other
parameters

AUC ¼ area under the curve; HbA1c ¼ hemoglobin A1c; HOMA ¼ homeostatic model assessment; IGT ¼ impaired glucose tolerance; IVGTT ¼ IV tolerance test OGTT ¼ oral glucose tolerance; SITT ¼ short IV glucose
tolerance test. See Table 1 legend for expansion of other abbreviations.

ch
estjo

u
rn

al.o
rg

1
0
7
9

http://chestjournal.org


and physical activity, combined with OSA therapy as a
primary prevention strategy for type 2 diabetes.8
CPAP in Patients With Type 2 Diabetes

To date, seven controlled studies, including a total of 498
participants, have specifically explored the effect of
CPAP on glycemic control in patients with type 2
diabetes, with a follow-up duration of 1 week to
6 months (Table 3).38,101-106 The participants varied in
their baseline glycemic status and diabetes medication
use. CPAP use also varied from 2.5 to 7.9 h/night. Of the
four studies with a follow-up duration of 3 to 6 months
that measured HbA1c levels, an indicator of glycemic
control in the preceding 90 days, three did not find any
significant reduction,38,101,102 whereas one study found a
significant reduction of 0.4% after 6 months.104 Another
study found a similar reduction of 0.4% in HbA1c levels
only after excluding dropouts and analyzing those whose
medications had not changed.106 In a proof of concept
study, Mokhlesi et al103 assigned 13 patients with OSA
and type 2 diabetes to either nightly CPAP (n ¼ 13) or
sham CPAP (n ¼ 6) for 1 week under nightly
supervision in the sleep laboratory to ensure full
compliance with the allocated treatment.103 Using a 24-
hour blood sampling technique at 15- to 30-min
intervals, the 24-hour mean plasma glucose level
decreased significantly more after 1 week of active
vs sham CPAP treatment (–13.7 � 3.6 mg/dL vs –2.9 �
1.4 mg/dL; P ¼ .013). This decrease in mean plasma
glucose was associated with a trend toward lower 24-
hour mean insulin levels (–25.8 � 16.5 pmol/L vs 28.4 �
21.6 pmol/L; P ¼ .071). Improvement in glucose levels
was most prominent during the overnight period,
resulting in lower morning fasting glucose levels.
Importantly, the beneficial effect of CPAP was of larger
magnitude in participants with poor glycemic control at
baseline. If maintained, this degree of reduction in
plasma glucose levels would translate to a reduction in
the HbA1c level of 0.4%, an effect size similar to that
found in two other studies.104,106

Several important points need to be considered when
interpreting the results of studies involving patients with
type 2 diabetes. A sustained reduction of HbA1c levels
by 1% can translate to a clinically meaningful reduction
in microvascular complications.107 If effective treatment
of OSA across the entire sleep cycle can lead to a
reduction in HbA1c levels of 0.4%,39,44,103,104,106 this
would translate to a significant reduction in
microvascular complications. Moreover, effective CPAP
therapy may have an effect size similar to that achieved
1080 Contemporary Reviews in Sleep Medicine
by some oral pharmacologic agents. Baseline glycemic
characteristics and disease severity in patients in each
study may also play a role in the outcomes. In the largest
study by Shaw et al101, which demonstrated no glycemic
benefits with CPAP therapy, the severity of diabetes may
have been mild, since the baseline HbA1c level was 7.3%,
and one-half of the patients were not taking any
medications for diabetes. In contrast, in the study by
Martinez-Ceron et al,104 which demonstrated glycemic
benefit with CPAP therapy, the baseline HbA1c level
was 7.6%, and all subjects were taking oral medications,
with 42%% requiring insulin.104 It is known that the
glucose-lowering effect of diabetes medications is greater
in patients with a higher baseline HbA1c level.
Therefore, similar to pharmacologic agents, it may be
that CPAP is more effective in patients with poorer
glycemic control at baseline. In addition, other factors
such as concomitant medication use (particularly
insulin) and a long-standing duration of type 2 diabetes
may attenuate the effect of CPAP on glycemic control.

Although the effects of CPAP therapy on overall
glycemic control remain contradictory, it is important to
entertain other potential benefits of CPAP. A few studies
have reported a beneficial effect of CPAP on
postprandial/nocturnal glycemia as well as glycemic
variability in patients with type 2 diabetes using
continuous interstitial glucose monitoring108-110 or by
frequent venous blood sampling during sleep.39 Several
studies have demonstrated a significant reduction in
blood pressure38,101,106,111,112 likely due to a reduction in
sympathetic activity.113 Decreased inflammatory
markers,104 reduced sleepiness,102 improved quality of
life,101 and reduced health-care resource use are other
favorable effects.111 With a rapidly expanding list of
diabetes medications that have become available in the
last 10 to 15 years, the role of CPAP use may only be
adjunctive in improving glycemic control in this patient
group.
Impact of Weight Loss in Patients With OSA and
Type 2 Diabetes

Beyond CPAP, weight loss through lifestyle
intervention, pharmacotherapy, or bariatric
interventions have proved effective in reducing OSA
severity and glycemic status in obese patients with type
2 diabetes. In the Sleep AHEAD study, weight reduction
from intensive lifestyle modification (10.8 kg) was
associated with an adjusted mean reduction in AHI of
9.7 events/h and a greater reduction in HbA1c levels
compared with standard diabetes support and education
[ 1 5 2 # 5 CHES T NO V EM B E R 2 0 1 7 ]



TABLE 3 ] Clinical Trials Exploring the Effects of CPAP on Glucose Metabolism in Type 2 Diabetes

Studies No.
Study
Design OSA Definition

Baseline Glycemic
Characteristics Duration

Adherence
(Hours per
Night)

Glucose Metabolism
Markers Results

West
et al102/2007

42
20 CPAP
22 sham

Parallel
group

4% ODI
> 10

CPAP, HbA1c 8.5%
Sham, HbA1c 8.4%

3 mo CPAP, 3.3
Sham, 3.5

HbA1c,
insulin sensitivity by

HOMA and
euglycemic
hyperinsulinemic
clamp

No difference:
improved sleepiness

Myhill
et al38/2012

44
Early (1 wk)

or late (1-2
mo) CPAP
start

Parallel
group

AHI > 15 HbA1c,
6.9% (9.3% diet
controlled,
62.8% OHA,
27.9% insulin and
OHA)

3 mo 5.4 HbA1c No difference:
significant reduction in systolic
and diastolic BP (9 and
7 mm Hg, respectively)

Lam
et al106/2017

64
32 CPAP
32 no

treatment

Parallel
group

AHI $ 15 CPAP: HbA1c,
8.1% (78% OHA,
22% OHA and
insulin)

No treatment:
HbA1c,
8.4% (62% OHA,
38% OHA and
insulin)

3 mo CPAP, 2.5 HbA1c, fasting
glucose

No difference:
after excluding dropouts and
those with medication
changes, CPAP resulted in a
reduction in HbA1c of 0.4%

Significant reduction in systolic
and diastolic BP (10 and
6 mm Hg, respectively)

Martinez-
Ceron
et al104/2016

50
26 CPAP
24 no

treatment

Parallel
group

AHI $ 5 CPAP: HbA1c, 7.6%
No treatment:

HbA1c, 7.6%
(58% OHA,

36% insulin,
6% OHA and
insulin)

6 mo CPAP, 5.2 HbA1c, fasting
glucose and
insulin, insulin
sensitivity (HOMA
and QUICKI)

Decreased HbA1c levels, mean
difference, 0.4%

Decreased fasting insulin levels
Improved insulin sensitivity
decreased IL-1b, IL-6, and
adiponectin

Mokhlesi
et al103/2016

19
13 assigned

to
therapeutic
CPAP

6 assigned to
sham CPAP

Parallel
group

AHI $ 5 CPAP: HbA1c,
7.3% (46% diet
controlled,
54% OHA)

Sham: HbA1c,
7.0% (33% diet
controlled,
66% OHA)

1 wk in
laboratory
proof of
concept

CPAP, 7.9
Sham, 7.9

Plasma glucose
measured by 24-h
blood sampling

Decreased plasma glucose,
predominantly at night and
morning fasting, reduced
serum insulin (nonsignificant
trend)

(Continued)
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(adjusted mean, –0.7% vs –0.2%),114 although the
changes in HbA1c levels were not related to the changes
in AHI. Since overweight/obesity is a significant
problem in patients with type 2 diabetes, some of the
newer diabetes medications have focused on weight
neutral or weight loss effects, along with improving
glycemic control. The glucagon-like peptide 1 (GLP-1)
receptor agonist liraglutide has been approved for
diabetes as well as weight reduction. Compared with
placebo, liraglutide 3.0 mg daily administered
subcutaneously for 32 weeks in obese participants
without diabetes and moderate to severe OSA resulted
in a greater reduction in weight (mean difference,
–4.2%), OSA severity (mean difference in AHI, –6.1
events/h), and HbA1c levels.115 Finally, bariatric surgery
(or metabolic surgery) is an effective treatment for both
diabetes and OSA. It is now a recommended treatment
for patients with diabetes and BMI $ 40 kg/m2 or 35.0
to 35.9 kg/m2 with inadequate glycemic control despite
lifestyle changes and optimal medical therapy.88

Bariatric surgery can significantly improve type 2
diabetes and reverse it in a significant proportion of
patients.116 In a randomized controlled trial of gastric
banding vs a conventional weight loss program in which
one-third of participants had type 2 diabetes, those
randomized to gastric banding lost, on average, 27.8 kg
(95% CI, 20.9-34.7 kg) over 2 years. This degree of
weight loss led to a reduction in AHI of 25.5 events/h
(95% CI, 14.2-36.7 events/h).117 In a meta-analysis of 12
studies that included 342 patients, Greenburg et al118

reported that bariatric surgery led to significant weight
loss, with a mean reduction in BMI from 55.3 kg/m2 to
37.7 kg/m2. This robust weight loss was accompanied by
a 71% reduction in the AHI from a baseline value of 55
events/h (95% CI, 49-60) to 16 events/h (95% CI, 13-
19). However, only 38% achieved cure defined as an
AHI < 5 events/h. In contrast, 62% of patients had
residual OSA, with a mean AHI of 16 events/h.118

Taken together, bariatric surgery can lead to significant
improvement in OSA and type 2 diabetes, although
patients need to be followed clinically to assess the
impact of weight loss on the severity of OSA.

In summary, the results of studies on the effect of CPAP
on glycemic control remain conflicting. However, other
favorable effects of CPAP support its use in patients with
diabetes and OSA, particularly in symptomatic patients.
Increasing evidence suggests that patients with type 2
diabetes and severe OSA who are highly adherent to
CPAP therapy may have a greater likelihood of deriving
metabolic benefit.44,103,104,119 Although such a high level
[ 1 5 2 # 5 CHES T NO V EM B E R 2 0 1 7 ]



of CPAP adherence may be difficult to attain for many
patients, novel and better-tolerated therapeutic
approaches may eventually allow us to effectively treat
OSA during the entire sleep period. It is imperative that
clinicians caring for these patients emphasize
interventions designed to achieve weight loss and
increase in physical activity. Undoubtedly, the ongoing
clinical trials (e- Table 1) will shed more light on the
impact of CPAP therapy on glycemic control and
diabetic complications in patients with OSA.

Type 1 Diabetes

Type 1 diabetes accounts for 5% to 10% of all diabetes
and differs from type 2 diabetes in its pathogenesis.
Although disease onset can occur at any age, the peak
incidence is typically around ages 10 to 14 years.120 Thus
far, OSA has not been reported to be a risk factor for
incident type 1 diabetes. However, in patients with type
1 diabetes, the prevalence of OSA is significantly higher
than in the general population. In a meta-analysis of
four studies (N ¼ 186, mean BMI, 22.9-25.8 kg/m2), the
prevalence of OSA (AHI $ 5 events/h or pathologic
oximetry recordings) was found in 52% of the cases.56

This is consistent with a recent large study that found
OSA in 46% of the 200 participants with type 1 diabetes
(mean BMI, 24.4-26.4 kg/m2).53 Therefore, obesity is
unlikely to explain these findings. Studies have suggested
that the presence of neuropathy, especially autonomic
neuropathy, is a risk factor for OSA in type 1
diabetes.53,55,121 Neuropathy may compromise upper
airway reflexes and control of the pharyngeal dilator
muscles, predisposing patients to obstructive events.122

Patients with type 1 diabetes and OSA have significantly
higher rates of autonomic neuropathy (37% vs 21%) as
well as peripheral neuropathy (58% vs 26%) compared
with those without OSA.53 The current limited data do
not reveal an association between OSA and glycemic
control in patients with type 1 diabetes, although a trend
was observed in those with moderate to severe OSA.56

Future Directions
Growing evidence suggests a strong link between OSA
and markers of glucose metabolism. Future studies
should explore novel interventions or include strategies
to maximize adherence with current treatment
modalities (ie, CPAP) to treat OSA during the entire
sleep period. This will allow an accurate evaluation of
the effect of OSA therapy on glucose metabolism and
diabetic complications in prediabetes and type 2
diabetes. Epidemiology of OSA in type 1 diabetes, its
relation to glycemic control, and the effects of CPAP
chestjournal.org
treatment remain to be explored. We review the
association between OSA and complications of type 2
diabetes, and gestational diabetes in e-Appendix 1.
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