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WITH THE OBESITY EPIDEMIC, THE PREVALENCE OF 
OBSTRUCTIVE SLEEP APNEA (OSA) IS ALMOST CER-
TAINLY ON THE RISE.1 MANY HAVE THEORIZED THAT 
repetitive hypoxemia and sympathetic surges, which charac-
terize OSA, can lead to oxidative stress, systemic inflamma-
tion, endothelial dysfunction, and, ultimately, cardiovascular 
disease.2-4 OSA causes hypertension5,6 and has been associated 
with other cardiovascular sequelae, such as stroke,7 ischemic 
heart disease, heart failure,8 and arrhythmias.9 

Physiologic studies of OSA and cardiovascular disease have 
been of predominantly male populations with comorbid condi-
tions who present to sleep clinics. Often, data from patients with 
OSA from sleep clinics are matched with those obese control sub-
jects from the general population or from primary care clinics. 
Studies that include patients referred to sleep clinics with suspect-
ed OSA, however, may have a referral bias. We sought, therefore, 
to study the effect of OSA on an obese but healthy population 
recruited primarily from the community to assess OSA effects.

Because we wanted to assess subclinical effects of OSA 
in an obese population without comorbidities, we limited our 
study to correlates of cardiovascular endpoints, such as flow-
mediated dilation (FMD), arterial stiffness, and skin micro-
vascular reactivity. FMD is a measure of endothelial function 
derived by comparing arterial vessel dilation before and after 
hyperemic ischemia.10-14 Dysfunctional endothelium results in 
decreased arterial vessel dilation after hyperemic ischemia due 
to reduced endothelial nitric oxide production, likely a harbin-
ger of atherosclerosis.15 Arterial stiffness is likely a composite 
measure of arterial elasticity, endothelial function, and sympa-
thetic tone.16,17 Although important distinctions exist between 
various metrics of arterial stiffness (e.g., augmentation index 
[AIx] and pulse wave velocity),22,23 a number of studies have 
shown increases in OSA and improvements with treatment with 
continuous positive airway pressure.12,18,19,44 Finally, skin micro-
vascular reactivity has been associated with poor wound heal-
ing and increased insulin resistance in diabetes, but the effect of 
OSA is unknown.24-26

We hypothesized that OSA would have an effect in this obese 
population on both macrovascular and microvascular reactivity 
and arterial stiffness (as estimated by the AIx). Furthermore, 
because age is a strong predictor of both endothelial function 
and arterial stiffness, we predefined a subgroup of younger sub-
jects (< 50 years) for further analyses. We theorized that the 
effect of OSA on vascular function may be modulated by age 
and that such influences may be differentially expressed among 
our vascular measurements.27 As a result, we speculated that the 
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effects of OSA on vascular function would be most pronounced 
in younger participants. 

RESEARCH DESIGN AND METHODS

Subjects
Individuals with a body mass index (BMI) of at least 30 kg/

m2 were recruited mainly from the community. Subjects were 
required to be aged 18 to 70 years, obese, nonsmokers, and 
without known cardiopulmonary, endocrine, or sleep disorders 
(other than OSA). Subjects were not eligible if they were tak-
ing any medications that could affect cardiovascular function 
or sleep. Of the 342 subjects who were interviewed by phone 
to determine eligibility, 103 were eligible for participation in 
the study. A licensed physician screened all subjects, including 
measurement of fasting blood glucose concentration, complete 
blood counts, thyroid stimulating hormone concentration, lipid 
panels, and blood pressure. Three patients with treated hyper-
tension were included (2 OSA, 1 control). Out of 103 subjects, 
15 subjects with abnormal findings on physical examination or 
laboratory values were excluded. Fourteen subjects withdrew 
consent or declined follow-up. Two subjects were withdrawn 
due to minor adverse events during testing. Prior to the study 
night, all subjects were asked to keep a 2-week sleep diary to 
exclude sleep deprivation. All subjects provided written in-
formed consent. The study was approved by our ethics panels.

Experimental Protocol
Subjects arrived at the laboratory at 20:00 and underwent 

a standard in-laboratory overnight polysomnogram from 22:00 
to 06:00. Height, weight, and blood pressure were taken upon 
arrival by a clinical research center nurse. At 06:00, the subjects 
were awakened. Subjects remained fasting from 22:00 to 11:00 
the next morning and refrained from any important physical ac-
tivity.

Polysomnogram
Recorded signals included electroencephalogram (C4-A1, 

C3-A2, O2-A1, and O1-A2), left and right electrooculogram, 
submental and bilateral tibial electromyogram, surface elec-
trocardiogram, airflow, chest and abdominal excursion (piezo 
bands), oxyhemoglobin saturation, and body position. Poly-
somnograms were scored by an experienced sleep technologist 
according to standard criteria28; the technologist was not aware 
of the group status of the subjects. An apnea was scored if air-
flow was absent for 10 seconds, and a hypopnea was scored if 
there was at least a 50% reduction in airflow for 10 seconds or 
a detectable decrement in airflow for 10 seconds in association 
with a either an oxyhemoglobin desaturation of at least 3% or 
an arousal. 

Laboratory Measurements
Blood samples were obtained using standard sterile tech-

nique from the antecubital vein. Plasma glucose, total serum 
cholesterol, and triglyceride concentrations were measured 
using the Synchoron CX analyzer (Beckman Systems, Fuller-
ton, CA). High-density lipoprotein and serum cholesterol were 
measured directly (Sigma, St. Louis MO), and low-density li-
poprotein was calculated. Glycated hemoglobin (HbA1c) was 

measured in whole blood with ion-exchange high-performance 
liquid chromatography. Complete blood count, thyroid stimu-
lating hormone, and fasting glucose concentrations were mea-
sured in a core laboratory using standard laboratory techniques.

Vascular Reactivity Measurements
All measurements of vascular reactivity were made during 

the morning fast. All studies were performed in temperature-
controlled rooms (24°-26°C). The vascular reactivity of the 
skin microcirculation was measured using laser Doppler flow-
metry before and after the iontophoresis of acetylcholine (ACh, 
endothelium-dependent vasodilation) and sodium nitroprus-
side (SNp, endothelium-independent vasodilation). All mea-
surements were taken from the ventral surface of the forearm. 
The reproducibility of our technique has been previously de-
scribed.29

Vascular reactivity of the macrocirculation was measured 
in the brachial artery using a high-resolution ultrasound with 
a 10.0-MHz linear array transducer and an HDI Ultramark 9 
system (Advanced Technology Laboratories, Signal Hill, CA). 
To measure endothelial-dependent vasodilation, the brachial-
artery diameter was measured before and after flow-mediated 
dilation (FMD) during reactive hyperemia according to pub-
lished guidelines.30 Reactive hyperemia was accomplished by 
inflating a pneumatic tourniquet distal to the brachial artery 
to 50 mm Hg above systolic blood pressure for 5 minutes fol-
lowed by deflation.

To measure endothelial-independent vasodilation, the bra-
chial-artery width was measured before and after administra-
tion of sublingual nitroglycerin (400 μg). All ultrasound images 
were analyzed by experienced personnel, blinded to other study 
results.

AIx Measurements
After removal of overnight monitoring equipment, the sub-

jects were brought to a quiet temperature-controlled room. 
Blood pressure was measured manually with the subject seated. 
Arterial stiffness was measured in the opposite arm by trained 
investigators using a hand-held tonometer probe (Millar Instru-
ments, Houston, TX) to measure peripheral pulse wave. The 
probe was placed over the radial artery in a nonocclusive man-
ner. The peripheral pulse wave was analyzed using the Sphyg-
moCor system (AtCor Medical, West Ryde, NSW, Australia), 
which generated an average peripheral pulse-wave contour 
over a 10-second period. The quality of the pulse waves were 
assessed visually and with the SphygmoCor system, which has 
a built-in quality index score. The 2 measurements that had a 
quality index of greater than 90% with a signal strength of more 
than 500 units were averaged and included in the analysis. Val-
ues were normalized to a heart rate of 75 beats per minute by 
the SphygmoCor system. 

Statistical Analysis
Data are represented as means ± SD for normally distributed 

data (based on Shapiro-Wilk test) or medians with interquartile 
ranges for nonnormally distributed data. For univariate analy-
sis, we used the t test for comparison of continuous variables 
and the Pearson χ² test for categorical variables. The Wilcoxon 
rank sum test was used for nonparametrically distributed data. 
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To determine predictors of outcome measures (per-
centage of FMD and AIx), a step-forward multiple linear 
regression model with a stay criterion of 0.10 was built. 
Initially, variables associated with cardiovascular morbidi-
ty such as sex, age, and BMI, were included into the model. 
Subsequently, an AHI of 10 or more events per hour was 
forced into the model. To assess the association between 
an AHI of 10 or more events per hour in the subgroup of 
subjects who had a low risk of having cardiovascular mor-
bidity, a predefined subgroup analysis in patients younger 
than 50 years was performed. 

All reported P values are 2 sided, and a P value of less 
than 0.05 was considered significant.

RESULTS

Characteristics of Study Participants
The AHI ranged from 0 to 122.3 per hour across all 

study participants. OSA was defined as having an AHI of 
at least 10 per hour. Of the 53% subjects with OSA who 
met this criterion (38 subjects), the median AHI was 23.3 
per hour, indicative of moderate disease severity. Baseline 
characteristics of OSA and control subjects (Table 1) were 
similar for most parameters, although subjects with OSA 
tended to be men, be older, have a higher waist-to-hip ra-
tio, and have a somewhat higher blood pressure, compared 
with the non-OSA group. 

Flow-mediated Dilatation
Table 2 describes the differences in vascular reactivity 

and the AIx between the OSA and control groups. FMD was 
measured in 71 subjects. One subject did not complete the 
study protocol. Mean baseline arterial diameter was slightly 
higher in the OSA group. In response to ischemic hyperemia, 
FMD was impaired in the OSA group, compared with the 
control group. In a step-forward linear regression model in-
cluding an AHI of 10 or more events per hour, age, and BMI, 
age was the only predictor of percentage of change in FMD 
(P = 0.013). 

In analyses of subjects younger than 50 years of age (n = 59), 
the percentage of change in FMD remained impaired in the OSA 
group, compared with the control group (Figure 1, P = 0.009). 
In a step-forward linear regression model including OSA sta-
tus, age, and BMI, only OSA status predicted the percentage 
of change in FMD (P = 0.04). For both multivariate analyses 
(entire group and age < 50 y), we reran these regressions in-
cluding HbA1c, cholesterol, and systolic blood pressure as 
potential independent variables and found essentially identical 
results. There was no difference in FMD between control and 
OSA subjects older than 50 years of age (n = 13, 3.8% ± 7.0% 
vs 3.6% ± 4.6%; P = 0.96).

There was no difference between the OSA and control groups 
in percentage of change of arterial diameter after systemic ni-
troglycerin otherwise known as nitroglycerin-induced dilation 
(Table 2). 

There was also no difference in percentage of change in arte-
rial diameter after FMD or after nitroglycerin-induced dilation 
between men and women with OSA (Table 3). There was no 
difference in percentage of change in FMD between the pre-

menopausal and postmenopausal (n = 7) women (8.05% [ 5.2, 
10.3] vs 7.39% [0.8, 9.4]; P = 0.55).

Endothelial Function in the Skin Microcirculation
Endothelial function of the skin microcirculation was mea-

sured with laser Doppler flowmetry before and after iontopho-

Table 1—Characteristics of participant

Control Subjects 
without OSA

(n = 34)

Patients 
with OSA
(n = 38)

P 
Value

Men, no (%) 9 (26) 20 (53) 0.02
AHI, events/h 2.71 (1.29, 5.90) 23.27 (15.81, 39.97)  < 0.001
Age, y 32.2 ± 11.6 44.1 ± 10.2  < 0.001
BMI, kg/m2 37.5 (33.4, 42.9) 37.3 (32.6 45.3) 0.6
Waist:hip ratio 0.85 ± 0.09 0.94 ± 0.09 0.0007
Total cholesterol, mg/dL 187 ± 33 197 ± 35 0.2
LDL, mg/dL 110.2 ± 28.5 115.5 ± 27.8 0.4
HDL, mg/dL 56.2 ± 14.9 51,41 ± 12.4 0.1
Fasting glucose, mg/dL 79 ± 12 83 ± 15 0.2
HbA1c, % 5.4 ± 0.4 5.7 ± 0.4 0.02
ESS Score 6 (3, 10) 6 ± (4,14) 0.6
TST on night of study, min 355 ± 68 337 ± 73 0.7
Blood pressure, mm Hg

Systolic 123 ± 11 131 ± 13 0.008
Diastolic 70 ± 8 77 ± 10 0.002

TSH, mIU/L 1.9 ± 0.8 1.9 ± 0.9 0.98

For normally distributed data, mean ± SD are shown; for nonparametric 
distributed data, medians (25th, 75th percentiles) are represented.
OSA refers to obstructive sleep apnea; AHI, apnea hypopnea index; BMI, body 
mass index; LDL, low-density lipoprotein; HDL, high-density lipoprotein; HbA1c, 
glycosylated hemoglobin, type A1c; ESS, Epworth Sleepiness Scale; TST, total 
sleep time; TSH, thyroid stimulating hormone.

Figure 1—Endothelial function, as measured by flow-mediated dilation of 
the brachial artery, is impaired in subjects with obstructive sleep apnea 
(OSA), as compared with control subjects, in a subgroup of subjects 
younger than 50 years of age (n = 59). The box encompasses the 25%-
75% quartiles, and the median is represented by the horizontal line within 
the box. The whiskers extend to the highest and lowest values within the 
higher and lower limits, respectively. 
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Augmentation Index
Arterial stiffness, as measured by AIx, was similar between 

the OSA and control groups (Table 2). However, there was 
a large difference in AIx between men and women when all 
subjects were analyzed (10.7 ± 9.0 vs. 23.7 ± 8.6, respectively 
P < 0.001) and when only subjects with OSA were analyzed 
(Table 3). Because women had higher baseline AIx values than 
men, we proceeded with a subgroup analysis by sex. When men 
were analyzed, there was a difference in AIx between subjects 
with OSA and without OSA (Figure 2a, P < 0.001). In a step-
forward regression analysis that included OSA status, age, and 
BMI, OSA status (P < 0.001) and BMI (P < 0.039) predicted 
AIx. In a subset analysis of men aged 50 years and younger 
(n  =  23), step-forward regression analysis showed that OSA 
status was the only predictor of AIx (P  =  0.001). When data 
from only women were analyzed, there was no difference in 
AIx between women with OSA and without OSA (Figure 2b, 
P = 0.03). In a step-forward regression analysis that included 
OSA status, age, and BMI, age was the only predictor of AIx 
(P = 0.001). In a subset analysis of women aged 50 years and 
younger (n = 35), age still remained the only predictor of AIx 
(P = 0.001). 

DISCUSSION 
The present study had several findings. First, OSA is preva-

lent in a sample of obese, healthy, community-dwelling adults. 
Fifty-three percent of the subjects studied were diagnosed with 
OSA (AHI ≥ 10/h) during the course of the study, albeit they 
had mild disease. Second, within this obese but healthy cohort, 
aging predicted impaired FMD and increased arterial stiffness 
(the latter in men only) but OSA did not. Finally, the negative 
effect of OSA on vascular health is most prominent in younger 
(≤ 50 years) subjects. OSA, therefore, may theoretically have a 
premature aging effect on the vasculature in obesity.

Patients with OSA have a high prevalence of cardiovascu-
lar disease.31 However, many patients with OSA are obese, and 
whether obesity itself totally explains the increased prevalence 
is unknown.32 We sought to clarify the relationships among 
OSA, obesity, and vascular function by studying an obese but 
healthy cohort of individuals, recruited mainly from the com-
munity. Despite minimal symptoms (Epworth Sleepiness Scale 
score = 6/24), the prevalence of OSA was high. Fifty-three per-
cent of our subjects, without a history of cardiovascular disease, 
had OSA. Given the obesity epidemic, the high prevalence of 
OSA in our obese but healthy cohort suggests that OSA may 
still be largely undiagnosed in the community.

One common way to assess cardiovascular risk in subjects 
with OSA has been to measure brachial artery dilation after 
FMD. OSA has been associated with impaired FMD in some but 
not all previous studies.33-35 Although our OSA group showed 
impaired FMD, compared �����������������������������������     with�������������������������������      the control subjects, this as-
sociation was influenced by older age. Multivariate modeling 
demonstrated that only age and not BMI or OSA status was 
an independent predictor of FMD. However, among younger 
participants (age ≤ 50 y), we found that FMD was predicted 
by OSA and not age or BMI. With increased age, all subjects 
have impaired endothelial function regardless of OSA status. 
OSA, therefore, may be associated with functional impairment 
(“a premature aging effect”) of the endothelium. 

resis with acetylcholine and sodium nitroprusside. There was 
no difference in percentage of change of laser Doppler flowm-
etry after acetylcholine or sodium nitroprusside in the skin mi-
crocirculation between the OSA and control groups (Table 2). 
In a multiple linear regression model that included OSA status, 
age, sex, and BMI, no covariate predicted percentage of change 
in laser Doppler flowmetry after iontophoresis of acetylcholine 
or sodium nitroprusside. 

Table 2—Differences in vascular reactivity between the OSA and control 
groups 

Control Subjects 
without OSA

(n = 34)

Patients 
with OSA
(n = 38)

P 
Value

Baseline brachial 
artery diameter, 
mm

3.13 ± 0.63 3.49 ± 0.78 0.038

% FMD 8.3 ± 4.1 5.7 ± 3.8 0.005
% NID 17.79 ± 7.05 18.51 ± 6.73 0.66
% Ach 70.73 (46.03,107.07) 59.77 (38.21,86.19) 0.19
% SNp 65.75 (45.46, 88.03) 57.14 (27.24,78.14) 0.27
AIx 20.4 ± 10.1 16.2 ± 11.4 0.1

For normally distributed data, mean ± SD are shown; for nonparametric 
distributed data, medians (25th, 75th percentiles) are represented.
OSA refers to obstructive sleep apnea; %FMD, percentage change in 
brachial artery diameter after flow-mediated dilation; %NID, percentage 
change in brachial artery diameter after nitroglycerin-induced dilation; 
%Ach, percentage change in laser Doppler flowmetry of the skin 
microcirculation after iontophoresis of acetylcholine; %SNp, percentage 
change in laser Doppler flowmetry of the skin microcirculation after 
iontophoresis of sodium nitroprusside; AIx, augmentation index.

Table 3—Differences in characteristics and vascular reactivity between 
men and women with OSAa 

Men (n = 20) Women (n = 18) P Value
AHI, events/h 25.0 (15.1, 44.5) 21.5 (15.8, 122.3) 0.75
Age, y 43.5 ± 10.5 44.7 ± 10.2 0.73
BMI, kg/m2 33.3 (31.0, 37.6) 41.7 (37.4, 47.3) 0.003
Waist-to-hip ratio 0.99 ± 0.07 0.88 ± 0.07  < 0.001
%FMD 5.7 ± 3.9 5.8 ± 3.7 0.91
%NID 17.4 ± 5.4 19.8 ± 8.0 0.27
%Ach 50.0 (33.3, 81.9) 71.3 (38.8, 89.8) 0.22
%SNp 39.3 (21.1, 77.3) 69.7 (43.7, 90.2) 0.035
AIx (%) 14.4 ± 8.2 27.1 ± 7.5  < 0.001

aObstructive sleep apnea (OSA) was defined as an apnea-hypopnea 
index (AHI) ≥ 10 events/h.
For normally distributed data, mean ± SD are shown; for nonparametric 
distributed data, medians (25th, 75th percentiles) are represented. The 
augmentation index (AIx) is corrected to 75 bpm. 
%FMD refers to the percentage change in brachial artery diameter after 
flow-mediated dilation; %NID, percentage change in brachial artery 
diameter after nitroglycerin-induced dilation; %Ach, percentage change 
in laser Doppler flowmetry of the skin microcirculation after iontophoresis 
of acetylcholine; %SNp, percentage change in laser Doppler flowmetry 
of the skin microcirculation after iontophoresis of sodium nitroprusside.
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survivor effects, reductions in catecholamine receptor density, 
and ceiling effects of vascular risk factors.

We also assessed endothelial function in the skin microcircu-
lation, which, to our knowledge, has not been attempted before 
in OSA. We did not find a significant effect of OSA on the skin 
microcirculation. Despite using a fairly large sample size for a 
physiologic study, we may have missed minor effects based on 
a nonsignificant trend toward decreased endothelial-dependent 
vasodilation of the skin microcirculation in OSA (P  =  0.19). 
There was a difference in endothelial-independent vasodilation 
between men and women with OSA; however, it is not clear 
what clinical relevance this finding has. Thus, further research 
on the microcirculation in OSA is required.

Arterial stiffness (as estimated by AIx) is likely a composite 
measure of arterial elasticity, endothelial function, and sympa-
thetic tone. In theory, the AIx is an estimate of arterial elasticity 
in the central aorta, but the results correlate poorly with other 
metrics of vessel stiffness, such as pulse wave velocity.22,23 AIx is 
influenced not only by the compliance of the less muscular aorta 
(which influences the velocity of reflected waves from the lower 
body), but likely also by changes in the tone of smaller more 
muscular peripheral arteries (which influences the amplitude of 
reflected waves). These latter changes in tone may, in turn, be in-
fluenced by sympathetic tone and endothelial function. AIx has 
been shown to be an independent predictor of cardiovascular 
events in people with hypertension, people with diabetes, and 
in the general population.17,21,39,40 Furthermore, the results of the 
AIx have been negatively correlated with endothelial function 
as measured by FMD.41 Whether arterial stiffness is a modifi-
able risk factor is debated. Aspects of arterial stiffness, such as 
changes in arterial wall elastic lamina, are irreversible with age. 
However, smooth muscle function as mediated by the endotheli-
um may be reversible with improved cardiovascular health. For 
instance, in a study of end-stage renal disease, patients on he-
modialysis showed a decrease in AIx after hemodialysis, which 
was associated with a decrease in endogenous asymmetric di-
methylarginine levels, a known inhibitor of endothelial nitric 
oxide synthase.42 Although arterial stiffness has been shown to 

Differences between our finding—that FMD was predicted 
by age and not OSA status—and the findings of other studies 
may be due to multiple factors. First, previous studies rarely 
included many women, which may explain differences in our 
study results. Our female subjects with OSA had a higher BMI 
but lower waist-to-hip ratio than did male subjects with OSA. 
Women, in general, have been shown to be less susceptible to 
OSA36 and may have to be more obese to overcome the “protec-
tive” effect of being female. Second, the BMI for our cohort by 
design is higher than that used in previous studies. Obesity may 
blunt the effect of OSA on the endothelium because obesity 
alone can contribute to endothelial dysfunction.37 Prior studies 
examining obesity effects on the vasculature have largely over-
looked OSA, making the independent effect of obesity on FMD 
unclear based on the prior literature. Finally, the exclusion of 
known cardiovascular comorbidities resulted in an obese “su-
per-healthy” cohort, which may have decreased the effect of 
OSA on endothelial function. Previous studies have included 
other comorbid conditions, such as cigarette smoking and hy-
pertension, making our findings an important advance.12,34

Our findings of FMD impairment in younger patients with 
OSA are consistent with the findings of Chung et al.,38 who 
showed that lowest O2 saturation predicted FMD impairment 
in young but not older (age > 60 y) subjects with OSA. In other 
words, the effect of OSA on the endothelium appears to be most 
apparent in younger populations. Older populations may also 
be adversely affected by OSA, but larger samples may be re-
quired to see such effects. For instance, the Sleep Health Heart 
Study of 1037 subjects older than 68 years of age showed wors-
ening FMD with increasing severity of AHI.34 The differences 
between groups were small, however, with an absolute differ-
ence in the means of 0.3% between FMD of the lowest and 
highest AHI quintiles. In our analyses of younger subjects, the 
difference in median of percentage of change in FMD between 
the OSA and control groups was 1.82%. This finding supports 
the concept that younger subjects may be more susceptible to 
the effect of OSA on the endothelium. The mechanisms under-
lying this aging effect require further study but might include 

Figure 2—Arterial stiffness, as measured by augmentation index (AIx), was higher in patients with obstructive sleep apnea (OSA), compared with control 
subjects, among men (Figure 2a, n = 29) and women (Figure 2b, n = 43). Differences between men with OSA and male control subjects were greater (Figure 
2a) than the differences between women with OSA versus female control subjects (Figure 2b). The AIx was correct to a heart rate of 75 bpm for all subjects. 
The box encompasses the 25%-75% quartiles, and the median is represented by the horizontal line within the box. The whiskers extend to the highest and 
lowest values within the higher and lower limits respectively. 
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ABBREVIATIONS
AHI, apnea hypopnea index
BMI, body mass index
FMD, flow-mediated dilation
OSA, obstructive sleep apnea
RDI, respiratory disturbance index
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