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reducing insulin sensitivity.9-15 Thus, SDB may directly con-
tribute to the development of T2DM and exacerbate its clini-
cal manifestations. Several longitudinal studies have provided 
evidence that snoring, a marker of SDB, increases the risk of 
incident T2DM.16,17

Numerous cross-sectional studies also have demonstrated 
associations between SDB with T2DM and/or impaired glu-
cose tolerance.18-20 In contrast, there has been relatively limited 
research addressing the role of SDB treatment in improving in-
sulin sensitivity, and no research on the role of the treatment of 
SDB in the prevention of T2DM.

To date, all studies that have examined the response of ab-
normal glucose metabolism to SDB treatment have been small 
and did not include rigorous control arms (reviewed in Pun-
jabi et al.21). It is not surprising that the results are mixed, with 
some of these studies showing a relationship between treatment 
of SDB and improvement in insulin resistance22-29 and others 
showing no effect.30-35

We performed a randomized, crossover, controlled clinical 
trial comparing 8 weeks of continuous positive airway pressure 
(CPAP) to 8 weeks of sham CPAP in patients with moderate to 
severe SDB and impaired glucose tolerance (IGT). A rigorous 
assessment of metabolic responses to SDB treatment is of great 
clinical significance in this group because of their high risk for 
developing diabetes.36 We hypothesized that 8 weeks of CPAP 
would primarily normalize 2-hour glucose tolerance tests and 
secondarily lead to greater improvement in indices of insulin 
resistance when compared with sham CPAP.

INTRODUCTION
Type 2 diabetes mellitus (T2DM) affects approximately 

11% of U.S. adults.1 Its prevalence has tripled over the last 30 
years,2 and if current trends continue, almost 20% of the adult 
population is projected to be afflicted with this chronic health 
problem over the next two decades.3 The rise in T2DM has been 
attributed to the growing prevalence of obesity and insulin re-
sistance.4-6 Recent estimates indicate that diabetes contributes to 
$174 billion in annual direct and indirect health care costs and to 
almost 250,000 deaths per year,7 underscoring the need to iden-
tify novel targets for reducing diabetes incidence and morbidity.

The recent obesity epidemic also has likely contributed to 
an increase in prevalence of sleep disordered breathing (SDB), 
estimated to occur in approximately 17% of adults.8 SDB ex-
poses affected individuals to recurrent episodes of hypoxemia, 
sleep fragmentation, and arousal. These adverse physiological 
exposures augment sympathetic nervous system activation and 
alter hypothalamic-pituitary-adrenal axis function, potentially 
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in patients with SDB and IGT. A schema of the study design 
is depicted in Figure 2. In brief, if subjects met initial study 
eligibility criteria, they underwent a polysomnography titration 
study. Each subject was then enrolled in a 2-week run-in period 
where they were asked to use CPAP at home for 2 weeks at the 
pressure settings identified by titration to resolve SDB events. 
Those subjects meeting minimal CPAP adherence during the 
2-week run-in period received a one-month washout period and 
were then randomized to receive 8 weeks of CPAP or 8 weeks 
of sham CPAP (Period 1). Following Period 1, patients again 
received a one-month washout period and then crossed over 
to the alternate 8 weeks of therapy (Period 2). Throughout the 
study, each patient attended a series of research visits which in-
cluded 4 overnight examinations: polysomnography with CPAP 
titration prior to the run-in period; polysomnography without 
CPAP therapy before the start of Period 1 (baseline visit); and 
polysomnography at the end of Period 1 and 2 (follow-up vis-
its). Sequence order (Sequence 1: CPAP/sham CPAP; Sequence 
2: sham CPAP/CPAP) was determined by a computerized pro-
gram that generated random numbers.

The sample size was chosen to have 80% power to detect 
differences in glucose tolerance status (impaired/normal) after 
treatment, assuming that between 20% and 35% of the CPAP 
group improved to normal, compared to 0% to 10% of the sham 
group. The study also had more than 80% power to detect effect 
sizes of 0.40 for differences in continuously measured outcomes.

Measurements
A detailed summary of the various measurements, including 

sleep measurements, biochemical outcomes, anthropometry, 
and blood pressure is included in the supplemental material.

Biochemical Outcomes
Following each polysomnography study and a 12-h fast, ve-

nipuncture was performed at a standardized time and again, 2 
h after ingestion of 75 g of anhydrase glucose (the oral glu-
cose tolerance test [OGTT]), measuring glucose and insulin. To 
identify potential early changes in glucose metabolism, fasting 
blood and 2-h OGTT were also obtained 5-7 days after the start 
of Period 1 and 2. Fasting blood and 2-h OGTT were also mea-
sured within 3 days of the baseline visit and at each of the 2 
follow-up visits so that at each time point, duplicate measure-
ments were available to enhance the reliability. All measure-
ments were collected in the same research setting.

Interventions

Sleep hygiene, dietary counseling, and CPAP support
All subjects met with a sleep technician and research nutrition-

ist prior to CPAP titration and received approximately 30 min of 
instruction on sleep hygiene and diet as described in the supple-
mental material.

Active CPAP: CPAP titration was conducted prior to the run-
in period. Each participant was provided a Philips-Respironics 
RemStar Pro CPAP machine, equipped with humidification and 
expiratory pressure relief as needed.

Sham CPAP: Sham therapy was delivered using a customized 
Philips-Respironics device and masks with increased expiratory 
ports, configured to deliver a marginal pressure (0.4 ± 0.1 SD cm 

METHODS

Study Sample
Subjects were eligible if they were 18 to 75 years old, had mod-

erate to severe SDB defined by an apnea hypopnea index (AHI) ≥ 
15, and had evidence of impaired glucose tolerance (IGT), defined 
by the mean 2-h oral glucose tolerance test (OGTT) glucose ≥ 140 
mg/dL calculated from the two 2-h OGTTs performed within 3 
days of each other during the screening period. Detailed exclusion 
criteria are provided in supplemental material following the arti-
cle. Participant accrual occurred between April 2004 and October 
2008. Potential subjects were identified through sleep laboratory 
referrals, rosters of individuals from prior research studies, and 
through local advertisements. Eight hundred thirty-four individu-
als were screened for sleep apnea and/or glucose metabolism. Of 
these, 67 were entered into the run-in period and 50 were random-
ized (Figure 1). Post-randomization, one subject was identified to 
have severe sleepiness after Period 1 and so was administratively 
withdrawn from the study prior to starting therapy in Period 2.

Study Design
Details of the protocol are provided in the supplemental ma-

terial. This was a randomized, double-blind, 2×2 crossover trial 

Figure 1—Study schema showing key study design elements.
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CPAP adherence was expressed as average usage and percent-
age of days when therapy was used > 4 hours.

Primary Analyses
Based on an intent-to-treat approach, a generalized estimat-

ing equation (GEE) approach was used to estimate the effect of 
therapy (CPAP or sham CPAP) on the odds of normalization of 
IGT. Such a model provides an estimate of the odds ratio of nor-
malizing the 2-h OGTT with CPAP compared with sham CPAP, 
while controlling for period and baseline 2-h OGTT glucose 
level. Models were also extended to include additional adjust-
ment for baseline BMI, baseline AHI, gender, and race.

Secondary Analyses
Secondary outcomes included continuously measured in-

dices of glucose and insulin resistance that were obtained af-
ter fasting and 2 h after the OGTT, as well as the ISI (0,120), 
HOMA-IR, and HOMA-B. Based on an intent-to-treat ap-
proach, a linear mixed effect model was used to estimate the 
association between therapy and each secondary outcome. 
Models estimated the adjusted geometric mean ratio of the out-
come between CPAP and sham CPAP. Models were extended 
to include baseline BMI, AHI, gender, and race as additional 
covariates. Carryover effect was estimated for each secondary 
outcome by testing an interaction between therapy and period, 
although separate analyses were also conducted for each period.

Post Hoc Analyses
Post hoc stratified analyses were performed to assess wheth-

er differences in the effect of CPAP on outcomes were observed 
according to baseline SDB severity (defined by an AHI ≥ 30), 
gender, race, and baseline weight (dichotomized using the sam-
ple median BMI of 32). An interaction between treatment and 
each baseline factor was incorporated into each model and the 
effect of therapy on each outcome was estimated at each level 
of the baseline factor. Using only the data obtained when sub-
jects received CPAP, we also estimated the association between 
the average hours of use of CPAP and changes in outcomes.

H2O). CPAP use was objectively monitored using data exported 
from the CPAP units, quantifying effective duration of treatment 
(time spent at prescribed pressure).

Statistical Analysis
Because all participants at screening had IGT, the primary 

outcome was identified a priori as “normalization of IGT” 
by the end of each Period. Normalization occurred if the pa-
tient had a 2-h OGTT glucose < 140 mg/dL by the end of 
each Period. To enhance the reliability of this outcome, de-
termination of IGT at each time point (screening, post-CPAP 
follow-up visit, post-sham CPAP follow-up visit) was based 
on the mean value of two 2-h OGTT glucose measurements 
obtained within 3 days of each other. Secondary outcomes 
included continuously measured indices of glucose and in-
sulin resistance from a venous sample obtained after fasting 
(“F”) and 2 h after the OGTT (“OGTT 2h”), with each value 
representing the average of 2 measurements. Similarly, insu-
lin levels were obtained after fasting (“F”) and 2 h after the 
OGTT (“Insulin 2h”). The insulin sensitivity index was calcu-
lated using the Gutt Index,37,38 a clinically applicable method 
of calculating insulin sensitivity, derived from the fasting and 
2-h postprandial plasma glucose and insulin level; the index 
has been validated against the euglycemic hyperinsulinemic 
clamp.37 Insulin resistance was also estimated using the Ho-
meostatic Model Assessment of Insulin Resistance (HOMA-
IR).39 HOMA-B (β-cell function), a measurement used to 
assess pancreatic β-cell function (which we postulated would 
not vary with CPAP treatment) also was calculated.38 The ISI 
(0,120), HOMA-IR, and HOMA-B were log transformed to 
achieve approximate normality.

Preliminary Analyses
Indices of sleep, anthropometry, and CPAP adherence at each 

follow-up visit were summarized for each therapy in each of 
the 2 sequences. A paired 2-sample t-test was used to compare 
these indices between CPAP and sham CPAP. Indices of anthro-
pometry included BMI and CT visceral abdominal tissue fat. 

Figure 2—Consort diagram showing flow of participants from screening through study completion.
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CPAP but not after 8 weeks of sham CPAP. Conversely, 10.6% 
of subjects normalized their IGT after 8 weeks of sham CPAP 
but not after 8 weeks of CPAP. Consequently, there was no evi-
dence of an association between therapy and normalization of 
IGT (odds ratio [OR]: 1.30; 95% CI: [0.52, 3.24]; P = 0.57), 
adjusting for period and baseline 2-h OGTT. Due to the higher 
adherence to CPAP in Period 1 (72% in Period 1 versus 52% in 
Period 2), the analysis was further restricted to Period 1 only. 
However, there remained no evidence of an association be-
tween therapy and normalization of IGT (OR: 1.82; 95% CI: 
[0.47, 7.11]; P = 0.39).

Secondary Continuous Outcomes of Glucose Homeostasis
Table 2 shows the adjusted mean differences or geometric 

mean ratio (as well as 95%CI) of each secondary outcome us-
ing data from both periods, Period 1 only, as well as stratified 
by SDB severity. Using the data from both periods, there was no 
evidence of an effect of therapy on any of the outcomes. Restrict-
ing analyses to Period 1 only, the mean of 2-h OGTT at the end of 
therapy was 21.6 mg/dL lower after CPAP than sham CPAP (95% 
CI: [-43.3, 0.1]; P = 0.05), adjusting for baseline BMI, baseline 
AHI, gender, race, and baseline level of each outcome variable.

Post Hoc Analyses
A test of the interaction between therapy and severe sleep 

apnea (defined by a baseline AHI ≥ 30) was significant for 2-h 
insulin level (P = 0.01) and ISI (0,120) (P = 0.002), suggest-
ing that the effect of therapy on each outcome was significantly 
different between those subjects with severe sleep apnea com-
pared to those patients without severe sleep apnea. Specifically, 
among subjects with severe SDB (defined as baseline AHI ≥ 30), 
the geometric mean of 2-h insulin was 28.7% lower (95%CI: 
[-46.5%, -10.9%], P = 0.002) and the geometric mean of ISI 
(0,120) was 13.3% higher (95%CI: [5.2%, 22.1%], P = 0.002) 
with CPAP compared to sham CPAP treatment (Figure 3). In 
contrast, among those without severe SDB, there was no evi-
dence of an association between therapy and each of these in-
dices. We did not identify additional differences in the effect of 
therapy on any of the outcomes when subgroups were defined 
by baseline BMI, race, gender, baseline statin use, and baseline 
percent sleep time with an oxygen saturation < 90%. Additional 
stratification by sleepiness (Epworth Sleepiness Scale score 
≥ 16) suggested that the sleepier patients (n = 10) experience 
greater improvement in ISI (0,120) (12% vs 1.7%), fasting in-
sulin (-4.5 vs -0.7), and 2-h insulin (-32.8 vs -4.5). However, in 
this small sample of sleepy patients, the interaction terms did 
not reach significance.

Table 3 summarizes indices of sleep, anthropometry, and ad-
herence during follow-up for each therapy in each period. As 
expected, AHI, arousal index, and percentage oxygen saturation 
< 90% were significantly lower in CPAP than sham CPAP. No 
significant differences between CPAP and sham CPAP were ob-
served for BMI or %N3 sleep. In sequence 1 only, sleep duration 
was higher during CPAP than sham CPAP, and visceral fat was 
lower during sham CPAP. To further explore potential effects 
of changes in visceral fat or sleep duration (measured by actig-
raphy or PSG) on the study outcomes, additional models were 
fit. Incorporating these variables did not change the observed 
associations between treatment group and ISI (0,120).

This study was reviewed and approved by the institutional 
review boards of University Hospitals Case Medical Center and 
Brigham and Women’s Hospital. Written and informed consent 
was obtained from all subjects.

RESULTS
The baseline characteristics for all subjects by sequence are 

shown in Table 1. The sample consisted of 42% males and 50% 
with severe SDB (AHI ≥ 30); nearly all subjects were obese 
(BMI ≥ 30). Consistent with the presence of moderate-to-se-
vere SDB, the sample had a relatively low percentage of Stage 
N3 sleep and spent a considerable amount of sleep time at low 
oxyhemoglobin saturation levels. Consistent with eligibility 
screening, the sample had, on average, a modest elevation of 
fasting plasma glucose (105 ± 13 mg/dL), abnormal 2-h OGTT 
(187 ± 47 mg/dL), and an average hemoglobin A1C level in the 
upper range of normal (6% ± 1%). The coefficients of variation 
for fasting and OGTT 2-h glucose measurements were 12% 
and 26%; for fasting and OGTT 2-h insulin measurements 
were each 56%. The Spearman correlation coefficient between 
baseline BMI and AHI was 0.26 (P = 0.08).There were no sta-
tistically significant differences in baseline characteristics of 
subjects within each of the 2 sequences.

Primary Binary Outcome: Normalization of IGT
Among 47 participants with non-missing 2-h OGTT in both 

periods, 15% of subjects normalized their IGT after 8 weeks of 

Table 1—Baseline participant characteristics by sequence

Baseline Characteristics

Sequence 1 
(CPAP/Sham 

CPAP)
(N = 25)

Sequence 2 
(Sham CPAP/

CPAP)
(N = 25)

Demographics
Age at visit 54 (10) 53 (8)
Black 9 (36%) 11 (44%)
Male 11 (44%) 10 (40%)
BMI (kg/m²) 39 (8) 38 (8)
Overweight (BMI ≥ 30) 23 (92%) 23 (92%)

Sleep measures
AHI 44 (27) 32 (20)
AHI ≥ 30 16 (64%) 9 (36%)
%N3 Sleep 14 (9) 16 (10)
%sleep time spent at < 90% 
oxygen saturation

16 (18) 10 (15)

Arousal index 25 (13) 25 (15)
Measures of glucose metabolism

Fasting glucose (mg/dL) 104 (12) 106 (14)
OGTT 2-hour glucose (mg/dL) 182 (49) 191 (45)
Fasting insulin (μIU/mL) 14.2 (7.4) 17.1 (10)
OGTT 2-hour insulin (μIU/mL) 110 (57) 124 (71)
ISI (0,120) 11.3 10.7
Hemoglobin A1C 6.0 (0) 6.0 (1.0)
HOMA-IR 4.0 (2.0) 5.0 (3.0)
HOMA-B 0.47 0.56

Expressed as the mean (SD) or frequency (%). Subject characteristics 
were compared between the two sequence groups, and no statistical 
significance was observed (P > 0.05).
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measures of glucose tolerance (although does not result in 
normalization of IGT) in patients with more severe sleep ap-
nea irrespective of elevated BMI. Further, the stability of the 
HOMA-B across treatment periods suggests that the changes 
observed in the measures of glucose metabolism are mainly 
secondary to improvements in peripheral insulin resistance 
rather than pancreatic β-cell function.

The biological plausibility of our findings showing improved 
insulin sensitivity among individuals with moderate to severe 
SDB treated with active CPAP is consistent with prior research 
implicating SDB-induced physiological stresses, notably hy-
poxia and oxidative stress, in the release of a number of cy-
tokines, adhesion factors, and other hormones as contributors 

Using data obtained when all patients were on CPAP, 
we found no association between changes in AHI and 
changes in HOMA-IR from baseline (2.04%; 95% CI: 
[-1.83%, 6.07%]; P = 0.30), changes in HOMA-B from 
baseline (2.72%; 95% CI: [-3.96%; 9.86%]; P = 0.43), 
or changes in ISI (0,120) from baseline (0.89%; 95% CI: 
[-2.63%, 4.52%]; P = 0.62).

Adherence to Treatment
The mean (interquartile range) time on CPAP was sig-

nificantly higher than that on sham CPAP by 1.4 h per 
day (4.8 h/day on CPAP versus 3.4 h/day on sham CPAP; 
P < 0.001; Table 3). Subjects who received CPAP in Peri-
od 1 spent significantly more time on CPAP than on sham 
CPAP in Period 2 (P < 0.01). Differences in adherence to 
CPAP and sham CPAP were less for subjects who were 
assigned CPAP in Period 2 (P = 0.11). Using data obtained 
when all patients were on CPAP indicated that for each 
hour of CPAP use, mean change in ISI (0, 120) from base-
line increased by 4.2% (95%CI: [0.4%, 8%]; P = 0.03). 
There was no evidence of an association between CPAP 
use and change in fasting glucose from baseline (-1.3 mg/
dL; 95% CI: [-2.7, 0.2]; P = 0.09). Adherence was not as-
sociated with AHI level or sleepiness.

Three-Month Follow-Up Studies
Among 25 subjects who were assigned to CPAP treat-

ment in Period 2, 17 elected to continue in the trial on 
CPAP for an additional 4 weeks after the primary study 
end date. There was no evidence of a significant differ-
ence in subject characteristics between those who contin-
ued on and those who stopped. At the end of the additional 
4 weeks, there were no additional significant changes in 
measures of glucose or ISI (0,120) with CPAP compared 
to levels on sham CPAP.

DISCUSSION
To our knowledge, this study provides the first data 

from a controlled evaluation of the effect of CPAP therapy 
on direct measures of glucose metabolism as compared 
with a CPAP placebo in patients with sleep apnea and 
impaired glucose tolerance, but not overt T2DM. Across 
the entire sample, the majority of whom were obese, 
there was no evidence of a significant improvement in 
any index of glucose/insulin homeostasis observed af-
ter 8 weeks of CPAP therapy compared with 8 weeks of 
sham CPAP. However, among subjects with more severe sleep 
apnea (AHI ≥ 30), there was evidence of a large decrease in 
the 2-hour insulin levels (29%) as well as an improvement in 
a measure of insulin resistance, the ISI (0,120) (13%). Fur-
thermore, we showed that each hour of active CPAP use was 
associated with a significant improvement in ISI (0,120) from 
baseline. The exploratory analysis also suggested greater im-
provement in the sleepier participants, who may be good tar-
gets for early intervention.

These results suggest that on a background of obesity and 
only mild-to-moderate SDB, intervening with CPAP for 8 
weeks is inadequate for improving indices of glucose metabo-
lism. In contrast, our data suggest that CPAP therapy improves 

Table 2—Mean change1 in metabolic indices between CPAP and sham CPAP for 
the entire sample, Period 1 only, and stratified by sleep apnea severity

Metabolic Indices

Mean difference 
between CPAP and 

sham CPAP (95% CI) P-value
Fasting glucose (mg/dL)

All 0.9 (-1.2,3.0) 0.38
Period 1 only -0.3 (-5.3,4.8) 0.92
Treatment Effect|AHI ≥ 30 (N = 25) -0.3 (-3.3,2.7) 0.86
Treatment Effect|AHI < 30 (N = 24) 2.1 (-0.9,5.1) 0.16

2-hour OGTTglucose (mg/dL)
All -7.3 (-16.3,1.7) 0.11
Period 1 only -21.6 (-43.3,0.1) 0.05
Treatment Effect|AHI ≥ 30 (N = 25) -11.6 (-24.6,1.3) 0.08
Treatment Effect|AHI < 30 (N = 25) -2.9 (-15.8,10.1) 0.66

Fasting insulin (μIU/mL)
All -1.4 (-3.4,0.5) 0.14
Period 1 only -1.8 (-6.5,2.8) 0.43
Treatment Effect|AHI ≥ 30 (N = 23) -2.4 (-5.2,0.5) 0.10
Treatment Effect|AHI < 30 (N = 24) -0.6 (-3.3,2.1) 0.67

2-hourOGTT insulin (μIU/mL)
All -10.7 (-23.3,2.8) 0.12
Period 1 only -0.7 (-31.0,29.6) 0.96
Treatment Effect|AHI ≥ 30 (N = 23)2 -28.7 (-46.5,-10.9) 0.002
Treatment Effect|AHI < 30 (N = 25)2 6.5 (-10.3,23.3) 0.44

ISI (0,120)
All 3.7% (-2.0%,9.8%) 0.20
Period 1 only 10.2% (-2.3%,24%) 0.11
Treatment Effect|AHI ≥ 30 (N = 23)2 13.3% (5.2%,22.1%) 0.002
Treatment Effect|AHI < 30 (N = 24)2 -4.4% (-11.0%,2.6%) 0.21

HOMA-IR
All -7.5% (-17.6%,3.8%) 0.18
Period 1 only -10.1% (-33.9%,22.3%) 0.49
Treatment Effect|AHI ≥ 30(N = 23) -14.1% (-27.5%,1.8%) 0.08
Treatment Effect|AHI < 30(N = 24) -1.2% (-15.8%,16%) 0.88

HOMA-B
All -8.5%(-17.7%,1.7%) 0.10
Period 1 only -10.2% (-31.0%,17.6%) 0.43
Treatment Effect|AHI ≥ 30(N = 23) -11.5% (-24.4%,3.5%) 0.12
Treatment Effect|AHI < 30(N = 24) -5.7% (-18.7%,9.3%) 0.43

All analyses are adjusted for period, baseline level of the outcome variable, BMI, 
AHI, gender, and race. Significant difference (P < 0.05) was observed between the 
effect of therapy on the outcome in patients with AHI ≥ 30 and the effect of therapy 
on the outcome in patients with AHI < 30.
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or short periods of CPAP use improve levels of inflammatory or 
oxidative stress markers52-55—effects that may parallel changes 
in insulin. One small study did not demonstrate improved glu-
cose control after about 5 months of nCPAP in patients with 
moderate to severe sleep apnea with an average baseline fasting 
glucose of 110 mg/dL, including 3 subjects on hypoglycemic 
agents, implying significant variability in the range of existing 
insulin resistance in this study population.30 Intervention results 
also have reported variable responses according to the underly-
ing levels of obesity or comorbidities of the samples studied. 
Four uncontrolled studies of patients with diabetes and SDB 
suggested improved metabolic control after CPAP therapy. One 
study of 10 subjects with both T2DM and SDB showed im-
proved insulin resistance following CPAP treatment.18 Another 
uncontrolled study of diabetic patients demonstrated improved 
glucose control after long-term CPAP use,56 and a third study 
showed improved glucose control during sleep.57 Another un-
controlled study demonstrated a correlation between HbA1c 
levels and degree of hypoxemia and reported that the latter im-
proved after 3-5 months of CPAP.22

Two studies have examined insulin sensitivity after CPAP in 
patients without diabetes. The earlier study of predominantly 
men (only a small proportion of whom had IGT), reported an 

to insulin resistance.19,40-43 Hypoxia and arousal also stimulate 
sympathetic overactivity, leading to a cascade of inflammatory 
and hormonal responses, which may augment baseline sympa-
thetic tone, leading to insulin resistance. Animal studies also 
have shown that insulin resistance may be induced or exac-
erbated by overnight sympathoexcitation and/or hypoxemia.9 
Several clinic-based studies have demonstrated a relationship 
between SDB and insulin resistance.15,22,44-48 In one case-con-
trol study, HOMA-IR was significantly higher in a sleep apnea 
sample than a BMI-matched control group.49 The Sleep Heart 
Health Study demonstrated that AHI and average oxygen satu-
ration were independently associated with higher fasting glu-
cose and OGTT 2 h results, with stratified analyses showing 
associations persisted even in normal weight participants.50,51 
In the current study, active CPAP was, as expected, associated 
with improved nocturnal oxygenation and reduced arousals, 
which may reflect a reduction in sympathetic activity.

In contrast to the studies demonstrating cross-sectional asso-
ciations between SDB and glucose metabolism, there are a pau-
city of intervention studies evaluating the impact of CPAP on 
metabolic control. Several small studies have shown that acute 

Table 3—Indices of sleep, body fat, and adherence by sequence and 
period

Indices Period 1 Period 2 P-value1

AHI
Sequence 1 (CPAP/Sham) 3 (3) 31 (25) < 0.0001
Sequence 2(Sham/CPAP) 32 (24) 2 (3)

Arousal Index
Sequence 1 (CPAP/Sham) 12.9 (4.5) 22.9 (15.2) < 0.0001
Sequence 2(Sham/CPAP) 23.3 (15.3) 12.7 (5.2)

%O2 saturation < 90%
Sequence 1 (CPAP/Sham) 0 (0,0) 6 (1,14) < 0.0001
Sequence 2 (Sham/CPAP) 3 (1,11) 0 (0,0)

%N3 sleep
Sequence 1 (CPAP/Sham) 15 (9.6) 15.3 (10.9) 0.23
Sequence 2(Sham/CPAP) 14.6 (12.2) 18.2 (10.6)

Sleep duration (min/day)
Sequence 1 (CPAP/Sham) 377 (88) 324 (96) 0.02
Sequence 2 (Sham/CPAP) 373 (122) 379 (100)

BMI(kg/m²)
Sequence 1 (CPAP/Sham) 39 (8) 39 (8) 0.85
Sequence 2 (Sham/CPAP) 37 (8) 38 (8)

CT- Visceral fat (cm3)
Sequence 1 (CPAP/Sham) 141 (50) 123 (57) 0.04
Sequence 2 (Sham/CPAP) 145 (71) 158 (90)

Average PAP usage (h/day)
Sequence 1 (CPAP/Sham) 5.3 (1.7) 3.1 (2.1) < 0.0001
Sequence 2 (Sham/CPAP) 3.7 (2.3) 4.3 (2.1)

PAP Adherence (Percent/day usage > 4 h or > 70%sleep time)
Sequence 1 (CPAP/Sham) 18 (72%) 4 (17%) < 0.0001
Sequence 2 (Sham/CPAP) 7 (28%) 13 (52%)

A paired t-test is used to compare each variable between CPAP and 
sham CPAP. All values are expressed as the mean (SD), except for %O2 
saturation < 90%, which is expressed as the median (interquartile range).

Figure 3—Scatter plot demonstrating the percent change in ISI (0,120) 
after CPAP and after sham CPAP in the overall sample and the sample 
stratified by sleep apnea severity (AHI > 30). The smaller sample size 
reflects the number of subjects with complete data for the ISI assessments.
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This study’s strengths include rigorous features designed to 
reduce misclassification of the outcome variables, minimize bi-
ases, and evaluate potential confounding. A run-in period was 
used to exclude those patients who would be noncompliant with 
CPAP treatment to optimize assessment of treatment efficacy. 
We also used a 2×2 crossover design to account for the expected 
small sample due to the very strict eligibility criteria. Although 
use of a run-in period and crossover design could bias individu-
als to correctly guess which CPAP arm they received in either 
period, a washout period was used to mitigate this effect. Indeed, 
the average sham CPAP use was comparable to that reported 
by the APPLES study, which used sham CPAP in a parallel de-
sign.61 CPAP adherence was objectively measured and its impact 
considered in secondary analyses. We also minimized variability 
in our outcome measures of glucose metabolism by performing 
fasting and OGTT in duplicate within 3 days of each other and 
averaging levels of glucose and insulin. Thus, each participant 
underwent 9-10 glucose tolerance tests over the length of the 
trial, in order to address the variability in OGTT and still permit-
ting the use of this clinically relevant measure to assess insulin 
resistance. On the other hand, we did not use an intravenous 
glucose tolerance test or glucose clamp measurements, which 
more accurately measure insulin resistance. The ISI (0,120), 
calculated from the baseline and 120-minute insulin and glu-
cose measurements (the measured values in this study), has been 
shown to a sensitive measure of insulin sensitivity in clinical 
application and epidemiologic studies37,38 as compared with 
other measures, such as those obtained from the invasive and 
costly euglycemic hyperinsulinemic clamp method. Additional 
strengths included the objective measurements of sleep duration 
and visceral fat, as well as high study retention, despite a rigor-
ous protocol that lasted approximately 9 months.

A limitation of this study was its modest sample size. How-
ever, the crossover design enhanced study efficiency, and over-
all, was larger compared to other studies reported to date. We 
powered the study to demonstrate moderate improvements in 
glucose metabolism (normalization of impaired glucose toler-
ance) in a sample of 50 individuals. Perhaps because of the high 
levels of obesity in a sample with IGT, significant improve-
ments were observed in only the 50% of the sample with severe 
SDB. Furthermore, we were unable to demonstrate normaliza-
tion of IGT, our primary outcome. Although significant changes 
in several indices of insulin sensitivity were observed in the 
more severe SDB group, these observations were part of sec-
ondary analyses unadjusted for multiple comparisons and thus 
require replication.

In summary, this rigorous controlled trial shows that 8 weeks 
of CPAP is unlikely to improve glucose metabolism in indi-
viduals who are both obese and have only moderate levels of 
SDB. However, we show for the first time that moderately large 
improvements in insulin resistance may occur in obese patients 
with severe SDB and that changes are likely associated with 
improved peripheral insulin sensitivity. This group is at high 
risk for developing T2DM and cardiovascular disease and for 
increased mortality, and thus may particularly benefit from 
SDB treatment. Further research is needed to assess whether 
earlier diagnosis of SDB in the prediabetic and diabetic popula-
tions and dual-disease management may help reduce morbidity 
in this growing segment of the population.

early improvement in measures of insulin sensitivity with CPAP 
therapy in the group as a whole, with the largest improvements 
occurring in the patients with BMI < 30. However, no improve-
ment in insulin resistance could be demonstrated in those pa-
tients with BMI > 30.24 The later study conducted in a Chinese 
population examined the effect of nasal CPAP in 61 non-dia-
betic subjects with BMI ≤ 35 kg/m2 with moderate-to-severe 
SDB who were randomized to either CPAP or sham CPAP for 
1 week, with continued observation over 12 weeks in the active 
CPAP group.29 Insulin sensitivity, measured by the short insulin 
tolerance test (SITT), was shown to be significantly improved 
after 1 week of CPAP, and the effect was sustained at 12 weeks 
in only a subgroup of obese patients. It is unclear from that 
report if the more obese subjects had more severe sleep apnea. 
In our controlled study of predominantly obese patients with 
impaired glucose tolerance, we did not observe differences in 
responses to therapy by BMI level, but rather by SDB sever-
ity. Our sample was selected explicitly to address changes in 
insulin levels in a sample with IGT and was thus mostly obese, 
limiting our ability to address changes in a non-obese subgroup. 
Secondary analyses did suggest that even in a setting of obesity 
and IGT, CPAP therapy may improve insulin resistance in pa-
tients with severe SDB.

A limitation of prior research on SDB and glucose metabo-
lism has been the lack of data on factors that may confound po-
tential treatment effects, including changes in visceral fat and 
sleep duration. Recent studies, however, have suggested that the 
amount of intra-abdominal fat, or visceral fat, is more tightly as-
sociated with metabolism and may not be adequately measured 
by BMI. As careful consideration of obesity and adiposity is 
particularly important in the setting of investigating parameters 
of metabolic syndrome, we assessed visceral fat after each treat-
ment period using CT imaging. Similarly, because extreme sleep 
durations have been linked to insulin resistance,58,59 we obtained 
objective measurements of sleep duration using actigraphy prior 
to each re-assessment. We did not observe consistent differences 
in visceral fat or sleep duration across treatment arms and se-
quences, suggesting that changes in these factors were unlikely 
to have biased our assessments of treatment effects.

Prior literature has not consistently considered CPAP ad-
herence on treatment outcomes. We objectively measured ad-
herence to both CPAP and sham CPAP. Although our primary 
analyses were “intention to treat,” we explored the effect of 
CPAP adherence on outcomes and demonstrated incremental 
improvements in the change in ISI from baseline with each ad-
ditional hour of CPAP use. This finding underscores the im-
portance of efforts to maximize CPAP adherence in patients 
at risk for sleep apnea-related morbidities, such as those with 
moderate-severe sleep apnea and diabetes.

A unique feature of this study is its focus on a sample which 
had not yet developed overt T2DM, but rather had impaired 
glucose tolerance. Since this group is at high risk of develop-
ing T2DM,60 screening for and treatment of SDB could have 
significant clinical impact. Our findings suggest that more 
rigorous efforts to treat SDB, especially severe levels, may 
improve IGT. Future work is needed to address whether early 
treatment with CPAP may forestall or prevent the development 
of T2DM in vulnerable subgroups such as those with severe 
SDB and obesity.
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masks, educating participants on CPAP use and for providing 
ongoing troubleshooting of problems with mask fit, pressure 
sensations, leak, nasal congestion, and behavioral resistance to 
use of CPAP. The assistant met with each participant at the time 
of titration and then periodically in person or by phone through-
out the 8-month study period.

Active CPAP: Prior to the run-in period, a trained research 
technician titrated the pressure during an overnight sleep study 
with the goals of eliminating obstructive apneas and reducing 
hypopneas to an AHI < 5, reducing respiratory-related arousals, 
maintaining oxygen saturation > 90%, and eliminating snoring. 
Each participant was provided a Philips-Respironics RemStar 
Pro CPAP machine, equipped with humidification and expira-
tory relief as needed.

Sham-CPAP: Sham therapy was delivered using a customized 
Philips-Respironics device and masks with increased expiratory 
ports, configured to deliver a marginal pressure (0.4 ± 0.1 SD cm 
H2O). CPAP use was objectively monitored using data exported 
from the CPAP units, quantifying effective duration of treatment 
(time spent at prescribed pressure). Data were exported at the end 
of the run-in period and Period 1 and 2.

Detailed description of sleep measurements, biochemical 
outcomes, anthropometry and blood pressure measurements.

Biochemical outcomes: Following each polysomnography 
study and a 12-h fast, venipuncture was performed and again 
after ingestion of 75 grams of anhydrase glucose (OGTT). To 
identify potential early changes in glucose metabolism, fast-
ing blood and 2-h OGTT were also obtained 5-7 days after 
the start of Period 1 and 2. Fasting blood and 2-h OGTT were 
also measured within 3 days of the baseline visit and at each 
of the 2 follow-up visits so that at each time point, duplicate 
measurements were available to enhance the reliability. Whole 
blood was assayed for hemoglobin A1C using a BioRad VARI-
ANT instrument based on ion-exchange high performance 
liquid chromatography. Insulin was determined using Coat-A-
Count radioimmunoassay kits (Siemens Healthcare Diagnos-
tics, Deerfield, IL). Glucose was determined using a Beckman 
Glucose Analyzer 2 (Beckman Instruments, Fullerton, CA) 
or a YSI 2300 StatPlus analyzer (YSI Life Sciences, Yellow 
Springs, OH). Lipids were measured by enzymatic methods.33

The insulin sensitivity index was calculated using the Gutt 
Index (ISI (0,120) ([75 000 mg + (fasting glucose – 2 h glucose) 
× 0.19 × body weight] / 120 min35). Insulin resistance was also 
estimated using the Homeostatic Model Assessment of Insulin 
Resistance (HOMA-IR: Ins0 (μU/mL) × Glc0 (mmol/L)) / 22.5; 
“0” represents the fasting value).HOMA-B (β-cell function), a 
measurement used to assess pancreatic β-cell function (which 
we postulated would not vary with CPAP treatment) was calcu-
lated as: (fasting insulin in µU/mL) × 3.33 / (fasting glucose in 
mg/dL - 3.5). The ISI (0,120), HOMA-IR, and HOMA-B were 
log transformed to achieve approximate normality.

Anthropometry: The following were measured in duplicate 
at the baseline visit and at the 2 follow-up visits by staff blinded 
to the interventions: height; weight; neck, waist, and hip cir-
cumferences; and skin-fold thickness. At the 2 follow-up visits, 
abdominal computed tomography (CT) was obtained to quan-

SUPPLEMENTAL MATERIAL

Detailed Summary of Exclusion Criteria
The exclusion criteria included: current use of oral hypogly-

cemic medications or insulin; overt diabetes defined by a mean 
fasting plasma glucose (FPG) level ≥ 126; a mean 2-h OGTT 
glucose ≥ 250 mg/dL; a single abnormal FPG or 2-h OGTT glu-
cose with diabetes symptoms or marked metabolic derangement 
(e.g., acidosis); use of supplemental oxygen; a primary sleep 
disorder other than SDB; severe chronic insomnia or circadian 
rhythm disorder with < 4 h of sleep per night; unstable medi-
cal conditions (e.g., new onset or changing angina, myocardial 
infarction, or congestive heart failure exacerbation documented 
within the previous 3 months, uncontrolled hypertension, etc.); 
daytime sleepiness with reports of sleepiness while driving or 
otherwise in situations which would present a risk for the sub-
ject or public (e.g., operating heavy equipment); alcohol abuse; 
or pregnancy.

Detailed Description of Study Design
This is a randomized, double-blind, 2×2 crossover trial in 

patients with sleep apnea and IGT. A schema of the study de-
sign is depicted in Figure 1. In brief, if subjects met initial study 
eligibility criteria, they underwent a polysomnography titration 
study. Each subject was then enrolled in a 2-week run-in period 
where they were asked to use CPAP at home for 2 weeks at the 
pressure settings identified by titration to resolve sleep apnea 
events. Those subjects meeting minimal CPAP adherence (5 h 
of use or 70% of sleep time) during the 2-week run-in period re-
ceived a one-month washout period and were then randomized 
to receive 8 weeks of CPAP or 8 weeks of sham CPAP (Period 
1). Following Period 1, patients again received a one-month 
washout period and then crossed over to the alternate 8 weeks of 
therapy (Period 2). Throughout the study, each patient attended 
a series of research visits at the Dahms Clinical Research Unit 
of University Hospitals Case Medical Center. These research 
visits included 4 overnight examinations: polysomnography 
with CPAP titration prior to the run-in period; polysomnogra-
phy without CPAP therapy before the start of Period 1 (base-
line visit); and polysomnography at the end of Period 1 and 
2 (follow-up visits). The details of the measurements, which 
included anthropometry, venipuncture, actigraphy and abdomi-
nal CT imaging made in conjunction with each visit are sum-
marized below. Sequence order (Sequence 1: CPAP/sham CPAP; 
Sequence 2: sham CPAP/CPAP) was determined by a computer-
ized program that generated random numbers.

Detailed Description of Diet, Nutrition and CPAP Education and 
CPAP Interventions

Sleep hygiene, dietary counseling, and CPAP support: All 
subjects met with a sleep technician and research nutritionist prior 
to CPAP titration and received approximately 30 min of instruc-
tion on sleep hygiene (including written materials) and diet. The 
nutritionist used a standardized instrument to guide a problem-
specific approach to dietary counseling. A designated, unblinded 
research assistant oversaw the research titration studies and 
provided participant support for CPAP use across the duration 
of each intervention. The assistant was responsible for fitting 
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tify abdominal total, visceral, and subcutaneous fat with 2 slices 
taken at lumbar 4-5 level (Siemens Sensation 16 scanner).

Blood pressure: At each of the overnight examinations, 
blood pressure was measured supine at approximately 22:00 
and then at 07:00 in triplicate.

Detailed Description of Statistical Analysis
Preliminary analyses: Baseline characteristics were sum-

marized by randomized sequence group (Sequence 1: CPAP 
then sham CPAP; Sequence 2: sham CPAP then CPAP) using 
the mean and standard deviation (SD) for quantitative variables 
and a frequency and percentage for categorical variables. A 
Wilcoxon-Mann-Whitney test, 2-sample t-test, or Fisher exact 
test was used as appropriate to compare baseline characteristics 
between the 2 sequence groups.

Indices of sleep, anthropometry, and CPAP adherence at each 
follow-up visit were summarized for each therapy in each of 
the 2 sequences. A paired 2-sample t-test was used to compare 
these indices between CPAP and sham CPAP. Indices of sleep 
included AHI, arousal index, oxygen saturation, %N3 (slow 
wave) sleep, and sleep duration. Indices of anthropometry in-
cluded BMI and CT visceral abdominal tissue fat. Indices of 
adherence included average usage and percentage of days when 
therapy was used for > 4 hours.

Primary analyses: Based on an intent-to-treat approach, 
a generalized estimating equation (GEE) approach was used 
to estimate the effect of therapy (CPAP or sham-CPAP) on 
the odds of normalization of IGT. The model treated subjects 
as clusters and included fixed effects for period, therapy, and 
baseline 2-h OGTT. Such a model provides an estimate of the 
odds ratio of normalizing the 2-h OGTT with CPAP compared 
with sham-CPAP, while controlling for period and baseline 2-h 
OGTT glucose level. Models were also extended to include ad-
ditional adjustment for baseline BMI, baseline AHI, gender, 
and race.

The effect of carryover on normalization of IGT was also 
estimated. In this context of this 2×2 crossover study, carryover 
effects refer to when the effect of therapy in Period 1 persists 
into Period 2 and distorts the effect of the therapy in Period 2 
on normalization of IGT. To assess this, we tested the interac-
tion between therapy and period. Separate analyses were also 

conducted for each period to estimate the effect of therapy on 
normalization of IGT via a parallel group design. In this case, 
we adjusted for the baseline 2-h OGTT glucose, baseline BMI, 
baseline AHI, gender, and race.

Secondary analyses: Secondary outcomes included con-
tinuously measured indices of glucose and insulin resistance 
that were obtained after fasting and 2 h after the OGTT, as 
well as the ISI (0,120), HOMA-IR, and HOMA-B. Based on 
an intent-to-treat approach, a linear mixed effect model was 
used to estimate the association between therapy and each sec-
ondary outcome. Each model included a random intercept to 
account for within subject correlation as well as fixed effects 
for period, therapy, and the baseline measure of each outcome. 
For normally distributed outcomes, these models estimated the 
adjusted mean difference in the outcome between CPAP and 
sham CPAP, while for log-normally distributed outcomes (such 
as ISI), these models estimated the adjusted geometric mean 
ratio of the outcome between CPAP and sham CPAP. Models 
were also extended to include baseline BMI, AHI, gender and 
race as additional covariates. As with the primary analyses, the 
carryover effect was estimated for each secondary outcome by 
testing an interaction between therapy and period although sep-
arate analyses were conducted for each period as well.

Post hoc analyses: Post hoc stratified analyses were also 
performed to assess whether differences in the effect of CPAP 
on outcomes were observed according to baseline sleep apnea 
severity (defined by an AHI > 30), gender, race, and baseline 
weight (dichotomized using the sample median BMI 32). In this 
case, an interaction between treatment and each baseline factor 
was incorporated into each model and the effect of therapy on 
each outcome was estimated at each level of the baseline factor. 
Using only the data obtained when subjects received CPAP, we 
also estimated the association between the average hours of use 
of CPAP and changes in outcomes.

A priori, for 80% power and an α level of 0.05, assuming 
a within-subject correlation of 0.5, we estimated that a final 
sample of 37 subjects would be needed to detect a treatment 
response of 25% if the CPAP group improved while 5% of the 
sham group improved. For analyses of group differences in lev-
els of metabolic or vascular parameters, we estimated that an 
n = 50 provides > 90% power to detect effect sizes of > 0.50.


