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      Obstructive sleep apnea (OSA) is highly prevalent 
in patients with established coronary artery dis-

ease.  1   We have reported that OSA is also a common 
comorbidity, affecting approximately two-thirds of 
patients who had a recent myocardial infarction (MI).  2   
However, the prognostic implications of OSA after 
an MI remain unknown. 

 Endothelial dysfunction is an early marker of vas-
cular function impairment and is also predictive of 
future cardiovascular events.  3   Measurement of fl ow-
mediated dilation (FMD  ) is recognized as a measure 

of endothelial dysfunction and has been used to deter-
mine risk factors for cardiovascular disease in several 
clinical studies.  4   Moreover, FMD is closely related to 
coronary endothelial function.  5   

 Prior studies have shown diffuse endothelial dys-
function in patients with long-term  6   and short-term   
coronary syndromes.  7   Epidemiologic and experimen-
tal data suggest that patients with OSA have impaired 
endothelial function, a mechanism that may help 
explain the association between OSA and cardiovas-
cular diseases.  8,9   However, to our knowledge, there 

  Background:    Impaired brachial fl ow-mediated dilation (FMD) is associated with risk for subse-
quent cardiovascular events in patients after myocardial infarction (MI). These patients often 
have obstructive sleep apnea (OSA). We tested the hypothesis that patients with OSA post MI will 
exhibit more severe impairment in FMD. 
  Methods:    We studied 64 patients with MI admitted to our hospital. OSA was determined using 
polysomnography. FMD was measured using high-resolution ultrasonography, with researchers 
blind to the OSA diagnosis. 
  Results:    The mean age was 60  �  11 years, and the mean BMI was 29 (26, 32 kg/m 2 ), 84% of 
patients were men, 39% had moderate to severe OSA (apnea-hypopnea index [AHI]  .  15), and 
31% of the patients had mild OSA (5  �  AHI  ,  15  ). FMD was severely impaired in patients with 
moderate to severe OSA (0.8%  �  0.7%) as compared with patients without OSA (4.7%  �  0.8%, 
 P   5  .001) and with mild OSA (3.9%  �  0.8%,  P   5  .015). Linear regression showed that FMD was asso-
ciated with log nocturnal nadir oxygen saturation (minSa O  2 ) ( b   5  31.17,  P   5  .0001), age ( b   5   2 0.11, 
 P   5  .006). MinSa O  2  was an independent predictor of FMD after adjustment for possible confound-
ers ( b   5  26.15,  P   5  .001). 
  Conclusions:    FMD is severely impaired in patients with moderate to severe OSA post MI, which 
may be partially related to nocturnal hypoxemia. Patients with OSA may, therefore, be at higher 
risk for subsequent cardiovascular events after an MI. Identifying and treating OSA may have 
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sary to determine if the presence of OSA would affect the long-term occurrence of cardiovascular 
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tion, was calculated as the percentage of total sleep time associated 
with HbO 2  saturation  �  90% (T90Sa o  2 ). 

 Apneas were defi ned as a  �  90% drop in the peak thermal sen-
sor excursion from baseline for  �  90% of the event duration, 
where the event duration is  �  10 s. Hypopneas were defi ned 
as a  .  30% drop from baseline in nasal pressure signal excur-
sions for  �  90% of the event duration, where the event duration 
is  �  10 s and the event is accompanied by a  �  4% pulse oximetry 
desaturation as measured from the pre-event baseline. Apneas 
unaccompanied by evidence of respiratory effort were scored 
as central, while those accompanied by respiratory effort were 
labeled obstructive. For the purposes of our study, mixed apneas 
were counted as obstructive. Arousals were considered respiratory 
related if associated with apneas, hypopneas, or other indicators 
of airfl ow limitation lasting  �  10 s but not meeting the criteria for 
apneas or hypopneas  .  10   After classifi cation, disordered breathing 
events were quantifi ed using the apnea-hypopnea index (AHI) 
and reported as the mean number of events per hour. Using 
the AHI, groups were defi ned a priori as patients without OSA 
(AHI  ,  5), with mild OSA (5  �  AHI  ,  15), and with moderate 
to severe OSA (AHI  �  15). All PSG data were analyzed by an 
experienced registered PSG technologist (C. v. d. W.). PSG 
montage and scoring were done in accordance with the American 
Academy of Sleep Medicine standards.  10   

 Brachial Artery Vascular Reactivity 

 All measures were obtained in the morning, between 6:30  am 
 and 7:30  am , just after the sleep studies. Patients were fasting and 
abstinent from caffeine and tobacco for 24 h prior to the proce-
dure. We followed expert guidelines to assess FMD as measured 
by the percentage increase of diastolic diameter of the brachial 
artery before and after forearm cuff infl ation to induce ischemia 
in the ipsilateral hand (reactive hyperemia).  11   A continuous three-
lead ECG was recorded and used to identify the time of diastole. 
A BP cuff was placed on the right distal forearm. The right bra-
chial artery images were obtained above the antecubital fossa 
using B-mode imaging in the longitudinal plane of the artery 
using a 6-MHz linear transducer (Acuson Sequoia C512; Siemens 
Medical Solutions, Inc; Issaquah, Washington). 

 FMD was induced by infl ating the forearm cuff to 50 mm Hg 
over the systolic BP or to 200 mm Hg, whichever was greater, for 
5 min and then releasing it. The diameter of the brachial artery 
was assessed for 60 to 90 s after defl ation of the cuff, was mea-
sured at the onset of the R wave, and was averaged from three 
measurements. All images were stored digitally for later analysis. 

have been no previous studies examining endothelial 
function in patients with OSA post MI. This would 
be important information in establishing progno-
ses in this patient population. We, therefore, tested 
the hypothesis that patients with OSA post MI will 
exhibit severe impairment in FMD. 

 Materials and Methods 

 Study Population 

 We conducted a cross-sectional study of 74 patients who had 
a recent MI (1-3 months). The diagnosis of MI was made by the 
patient’s attending physician. While consecutive patients were 
eligible, recruitment was based on the availability of research 
personnel and patients consenting to participate. The exclusion 
criteria included a previous diagnosis of OSA under treatment 
with continuous positive airway pressure and  �  50% of disor-
dered breathing events classifi ed as central apnea and/or a 
Cheyne-Stokes pattern of respiration. The study was approved 
by the Mayo Clinic Institutional Review Board   (IRB 2156-03), 
and all patients gave written informed consent. 

 Polysomnography 

 The subjects underwent comprehensive (overnight) polysom-
nography (PSG) to identify the presence and severity of OSA. 
PSG was performed using an attended system (Compumedics 
Siesta802 Wireless digital PSG recorder; Compumedics; 
Abbotsford, Victoria, Australia) that included EEG, electrooc-
ulography, electromyography, pulse oximetry, thermistor and 
transduced nasal pressure measurements of airfl ow, and respiratory-
inductance plethysmography. 

 Hypoxic exposure during sleep was quantifi ed using two dif-
ferent variables. Nocturnal nadir oxygen saturation (minSa o  2 ), a 
measure of maximal severity of hypoxemia, was obtained by aver-
aging the nadir oxyhemoglobin (HbO 2 ) saturations associated 
with the severest desaturations during sleep. Second, the time 
with oxygen saturation (Sa o  2 )  ,  90%, a measure of hypoxemia dura-

 THE BOTTOM LINE 
 How does this work advance the fi eld? 
 This study reveals a correlation between the severity of 
obstructive sleep apnea and endothelial dysfunction that may 
be, in part, related to the severity of nocturnal oxygen desat-
urations. These fi ndings are important in that they highlight 
a potential area for treatment. 

 What are the clinical implications? 
 The presence of severe obstructive sleep apnea in patients 
after a myocardial infarction is associated with impaired fl ow-
mediated dilation, which may confer increased long-term 
risk. The identifi cation and appropriate treatment of obstruc-
tive sleep apnea might have important implications for the 
prognosis of patients after a myocardial infarction. 
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 Results 

 Patient Characteristics 

 We recruited 74 patients, of whom 10 had  �  50% of 
disordered breathing events classifi ed as of central 
origin and/or Cheyne-Stokes pattern of respiration, 
and were excluded from our data analysis. Our fi nal 
sample included 64 patients, who were divided into 
three groups: those with no OSA (AHI  ,  5 events/h), 
mild OSA (5  �  AHI  ,  15 events/h), and moderate to 
severe OSA (AHI  �  15 events/h). These cutoffs were 
used to allow a representative sample size in each 
group, with 20, 19, and 25 patients, respectively. 
Eighty-four percent of the patients were men, with 
a mean age of 60  �  11 years and a mean BMI 
of 29 (IQR 26, 32 kg/m 2 ). Six patients (10%) had a 
history of peripheral vascular disease, seven (11%) had 
a history of diabetes, 33 (52%) had a history of hyper-
tension, 42 (66%) had dyslipidemia, six (10%) had a 
previous MI, 47 (74%) had an ST-elevation MI, and 
percutaneous coronary intervention was the treat-
ment used in the majority (95%) of patients. A com-
parison of the characteristics of patients is shown 
in  Table 1  . The groups had similar prevalences of 
comorbidities, except for the fact that patients with 
OSA had a higher BMI in comparison with patients 
without OSA. There was no difference between groups 
regarding medications being taken at the time of the 
study ( Table 2  ). 

All images were acquired by experienced investigators, and mea-
surements were made manually off-line on a workstation with the 
researchers blinded to the OSA diagnosis and the patients’ clinical 
characteristics, including BMI. The magnitude of FMD was 
obtained by determining the percentage of change in the brachial 
artery diameter relative to the baseline diameter before occlusion. 
The intraobserver reproducibility and the interobserver repro-
ducibility in our laboratory are 93% and 91%, respectively. 

 Statistical Analysis 

 Data are summarized as frequencies for categorical variables 
and means with SD (mean  �  SD) for continuous variables or 
median with interquartile range (IQR) for skewed data. First, the 
three groups were compared using a Kruskal-Wallis test. When 
the overall  F  statistics were signifi cant, pairwise Wilcoxon rank-
sum tests were applied. Differences in proportions were tested 
using the  x  2  test or Fisher exact test (when expected frequencies 
below 5 h   occurred). 

 Covariates of interest as predictors of FMD were AHI, minSa o  2   , 
T90Sa o  2 , age, gender, BMI, mean arterial BP (MAP), total cho-
lesterol, glucose, and presence of peripheral vascular disease. The 
covariates were fi rst investigated as univariate predictors of change 
in brachial artery FMD using simple linear regression analysis. 
Multiple regression models (least squares regression) were used 
to assess whether the variables associated with OSA severity, 
namely AHI, minSa o  2 , and T90Sa o  2 , were independent predic-
tors of FMD. Log-transformation of the data was used for the 
 variables that had a skewed distribution, and residual distribu-
tions of the regression models were examined to assess the validity 
of model assumptions. Bonferroni correction was used to adjust 
for multiple comparisons, and two-tail  P  values  ,  0.016 were 
considered signifi cant. Analyses were performed using JMP, 
version 7 (SAS Institute; Cary, North Carolina). 

Table 1—Patient Characteristics

Characteristics AHI , 5 events/h (n 5 20) 5 � AHI , 15 events/h (n 5 19) AHI � 15 events/h (n 5 25) P Value

Age, y 59 � 11 57 � 9 64 � 13 .13
Male 16 (80) 15 (78) 23 (92) .37
MinSao2, mm Hg 89.5 � 3.3 86.4 � 3.0a 81.6 � 4.6b , .01
T90Sao2 0.8 � 0.4 1.3 � 0.4 18.6 � 5.5b , .01
BMI, kg/m2 27 (25, 29) 31 (29, 33)a 30 (27, 33)b , .01
ST-elevation MI 15 (75) 13 (68) 19 (76) .84
PCI 20 (100) 17 (89) 23 (92) .36
LVEF, % 53 (45, 61) 57 (45, 61) 54 (44, 58) .78
Prior MI 2 (10) 1 (5) 3 (12) .77
Hypertension 9 (45) 11 (58) 13 (52) .61
Systolic BP, mm Hg 118 (104, 130) 115 (104, 130) 116 (106, 135) .85
Diastolic BP, mm Hg 66 (60, 73) 64 (57, 69) 66 (60, 76) .54
Hypercholesterolemia 11 (55) 14 (74) 17 (68) .32
Cholesterol, mg/dL 168 � 37 171 � 35 178 � 53 .59
HDL cholesterol, mg/dL 40 (35, 44) 37 (34, 45) 37 (33, 45) .92
LDL cholesterol, mg/dL 103 (73, 123) 92 (78, 133) 107 (79, 159) .77
Triglycerides, mg/dL 111 (68, 160) 129 (93, 194) 144 (103, 195) .31
Diabetes mellitus 1 (5) 2 (11) 4 (16) .51
Fasting glucose, mg/dL 109 (100, 115) 108 (94, 118) 108 (101, 126) .79
Peripheral vascular disease 3 (15) 1 (5) 2 (8) .58

Values are given as the mean � SD, No. (%), or median (IQR). AHI 5 apnea-hypopnea index; HDL 5 high-density lipoprotein; IQR 5 interquartile range; 
LDL 5 low-density lipoprotein; LVEF 5 left-ventricular ejection fraction measured within 1 wk after myocardial infarction; MI 5 myocardial infarction; 
minSao2 5 nocturnal nadir oxygen saturation; OSA 5 obstructive sleep apnea; PCI 5 percutaneous coronary intervention; T90Sao2 5 percentage of 
total sleep time associated with oxyhemoglobin saturation � 90%.
aP , .016, no OSA vs mild OSA.
bP , .016, no OSA vs moderate to severe OSA.
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signifi cantly associated with FMD after adjustment 
for possible confounders ( Table 4 ). 

 Discussion 

 Our main fi nding is that, after MI, patients with 
moderate to severe OSA have severely impaired 
endothelial function and that nocturnal hypoxemia 
may contribute to endothelial dysfunction in this 
patient population. Cardiovascular events post MI 
remain common despite signifi cant advances in sec-
ondary prevention.  12,13   OSA is a common comorbidity 
in patients with MI; however, there is no information 
about the implications of OSA for the long-term 
prognosis of patients post MI. Brachial artery FMD 
is strongly associated with coronary artery endothelial 
function  5   and has been used in clinical practice as a 
measure of endothelial function. Among men who 
had an acute coronary syndrome without ST eleva-
tion, those who had FMD  ,  1.9% were more likely to 
have cardiovascular events.  14   Our study patients with 
moderate to severe OSA had a mean FMD of 0.8%, 
suggesting higher risk of future cardiovascular events 
after an MI when compared with patients with mild 
OSA and with those without OSA. Our fi ndings sug-
gest that the presence of severe OSA may worsen 
the prognosis in patients after an MI. 

 Our fi ndings are consistent with studies that 
have shown the presence of endothelial dysfunction 
in patients with OSA and without coronary artery 

Figure 1. Comparison of fl ow-mediated dilation of the bra-
chial artery in patients without obstructive sleep apnea (OSA)
(AHI , 5 events/h), with mild OSA (5 � AHI , 15), and with moder-
ate to severe OSA (AHI � 15), showing a signifi cant impairment 
in patients with moderate to severe OSA. AHI 5 apnea-hypopnea 
index.

Table 2—Medications According to the Presence or Absence of OSA

Characteristics AHI , 5 events/h (n 5 20) 5 � AHI , 15 events/h (n 5 19) AHI � 15 events/h (n 5 25) P Value

Aspirin 18 (90) 18 (95) 25 (100) .11
b-Blockers 19 (95) 18 (95) 22 (96) .33
ACE inhibitors 14 (70) 11 (58) 17 (68) .83
Statins 20 (100) 18 (95) 24 (96) .46

Data are given as No. (%). ACE 5 angiotensin converting enzyme. See Table 1 for expansion of other abbreviations.

Table 3—Predictors of FMD by Univariate Linear 
Regression Analysis

Predictors R2 b (95% CI) P Value

Log minSao2 0.23 31.17 (16.42, 45.90) .0001
Log AHI 0.17 21.21 (21.89, 20.52) .0008
Age, y 0.11 20.11 (20.19, 20.03) .006
Log T90Sao2 0.10 20.66 (21.22, 20.11) .02
Peripheral vascular disease 0.06 23.19 (26.46, 0.07) .05
Male sex 0.04 22.14 (24.79, 0.50) .11
Log glucose 0.03 24.43 (210.85, 1.98) .17
Total cholesterol, mg/dL 0.03 0.005 (20.02, 0.03) .62
Log MAP 0.01 23.71 (212.06, 4.63) .38
Log BMI 0.002 21.17 (27.59, 5.24) .71
Ejection fraction , 0.01 , 0.01 (20.10, 0.10) .98

FMD 5 fl ow-mediated dilation; MAP 5 mean arterial BP. See Table 1 
for expansion of other abbreviations.

 Vascular Reactivity Study 

 There were signifi cant differences in FMD 
between the three groups. Patients with moderate 
to severe OSA had severely impaired endothelial 
function when compared with patients without OSA 
(0.8%  �  0.7% vs 4.7%  �  0.7%,  P   5  .001) and with 
mild OSA (0.8%  �  0.7% vs 3.9%  �  0.8%,  P   5  .015). 
However, there was no difference in FMD between 
the patients without OSA and those with mild OSA 
(4.7%  �  0.7% vs 3.9%  �  0.8%,  P   5  .9) ( Fig 1  ). 

 Linear regression showed that FMD was positively 
associated with log minSa o  2  ( R  2   5  0.23,  P   5  .0001) 
and negatively associated with log AHI ( R  2   5   2 0.17, 
 P   5  .0008). Age was also signifi cantly associated with 
FMD ( R  2   5  0.11,  P   5  .006), and there was a trend for 
log T90Sa o  2  and the presence of peripheral vascular 
disease ( Table 3  ). These variables, plus sex and BMI, 
because of their known clinical importance, were 
retained for inclusion in the multiple linear regres-
sion models. Results from this analysis are summa-
rized in  Table 4  . Because of the strong correlations 
( r   .  0.60) between AHI, minSa o  2 , and T90Sa o  2 , only 
the one that explained the greater amount of variabil-
ity in FMD (minSa o  2 ,  R  2   5  0.23) was used in the mul-
tivariate models to avoid colinearity. We noted that in 
each of the four models, minSa o  2  and age remained 
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in the development of endothelial dysfunction in this 
patient population. 

 The strengths of our study include the use of com-
prehensive, attended, overnight PSG to detect the 
presence and the severity of OSA. Moreover, the PSG 
data were analyzed by researchers who were blind to 
the FMD data. We used standard methods to assess 
and measure brachial artery FMD; these measure-
ments were also made by researchers who were blind 
to the OSA diagnosis. A limitation of our study is the 
possibility of participation bias; however, we do not 
believe that this interfered with our primary results. 
Another possible limitation is the lack of BMI match-
ing. However, minSa o  2  was still a signifi cant predic-
tor, even after adjustment for BMI in our multiple 
variable model. Chung and colleagues  26   have shown 
that BMI was associated with FMD in patients who 
were middle-aged and had OSA, but not in patients 
who were elderly and had OSA. 

 In summary, in patients post MI, the presence of 
severe OSA is associated with impaired FMD, related, 
at least in part, to the nocturnal hypoxemia. Identifi -
cation and appropriate treatment of OSA might have 
important implications for the prognosis of patients 
after an MI. 

 Conclusions 

 Endothelial dysfunction in patients with MI and 
coexisting OSA suggests a poor long-term prognosis. 
Whether the presence and severity of OSA can signifi -
cantly infl uence subsequent cardiovascular events and 
whether OSA treatment can improve long-term out-
comes of patients post MI remain to be determined. 
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disease.  8,15-17   There is also evidence of an association 
between OSA and other markers of endothelial dys-
function, such as circulating levels of adhesion mole-
cules  18   and vascular endothelial growth factor.  19   Previous 
studies in patients with OSA have also suggested that 
endothelial dysfunction is improved after treatment 
with nasal continuous positive airway pressure.  9,20,21   

 The association between OSA and FMD could be 
confounded by the presence of hypertension, obesity, 
diabetes, smoking, and dyslipidemia.  22   In our study, 
the patients’ characteristics, including comorbidi-
ties, cardiac function, and left-ventricular ejection 
fraction, were very similar in the three groups, with 
the exception of BMI, which was higher in patients 
with OSA in comparison with patients without OSA. 
However, univariate analyses showed that BMI, along 
with MAP, left-ventricular ejection fraction, and glu-
cose and cholesterol levels, was not associated with 
FMD in our patient population. Moreover, minSa o  2  
remained associated with FMD after adjustment 
for possible confounders and was the strongest vari-
able predicting FMD in patients with OSA post MI. 
This fi nding is consistent with the fi nding of a prior 
study.  23   The causal association between minSa o  2  and 
FMD is biologically plausible since endothelium-
dependent vasodilation is mediated by nitric oxide, 
and its biosynthesis is an oxygen-dependent process. 
In fact, previous studies suggest that chronic sleep-
related intermittent hypoxia might have effects on 
vascular nitric oxide synthesis or availability.  16,19,24   It 
has also been shown that patients with OSA exhibit 
reductions in available nitric oxide and increases 
in reactive oxygen species.  19,24   In addition to the 
severe endothelial dysfunction seen in subjects with 
moderate to severe OSA, recurrent hypoxemia might 
result in increased systemic infl ammation and a pro-
thrombotic state,  25   which would further heighten the 
risk of future cardiovascular events. 

 Interestingly, our data also showed that patients 
with mild OSA exhibit similar FMD when compared 
with patients without OSA. A possible explanation 
is the higher T90Sa o  2  observed in patients with 
moderate to severe OSA post MI. Therefore, both 
minSa o  2  and hypoxemia duration might play a role 

Table 4—Predictors of FMD by Multiple Variable Linear Regression

Predictors

Model 1 Adjusted 
(R2 5 0.31)

Model 2 Adjusted 
(R2 5 0.34)

Model 3 Adjusted 
(R2 5 0.36)

Model 4 Adjusted 
(R2 5 0.36)

b P Value b P Value b P Value b P Value

Log minSao2 28.39 .0006 27.68 .0006 26.01 .0006 26.15 .001
Age, y 20.10 .012 20.09 .02 20.09 .017 20.09 .03
Peripheral vascular disease . . . . . . 22.08 .15 22.10 .14 22.11 .15
Male sex . . . . . . . . . . . . 21.59 .17 21.60 .17
Log BMI . . . . . . . . . . . . . . . . . . 0.15 .96

See Tables 1 and 3 for expansion of abbreviations.
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