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ABSTRACT  Obstructive sleep apnoea (OSA) is associated with significantly increased risk of
cardiovascular disease. Carotid ultrasonography and retrospective, uncontrolled, coronary imaging studies
have suggested an association of OSA with subclinical atherosclerosis, but there is a lack of prospective,
controlled studies directly evaluating the relationship of OSA with occult coronary artery disease.

We performed coronary computed tomographic angiography and inpatient-attended sleep studies on a
cohort of otherwise healthy males attending our sleep laboratory, and compared coronary artery plaque
volume between subjects with low and high apnoea/hypopnoea index (AHI) scores.

29 subjects participated. The median AHI was 15.5 events-h!, with subjects who scored above this
classified as high AHI. No significant differences were observed in demographic, anthropometric and
clinical variables between the high- and low-AHI groups. Coronary plaque volume was significantly greater
in the high-AHI group (mean plaque volume 2.6+0.7 mm’ versus 0.8+0.2 mm?% p=0.017) and,
furthermore, correlated significantly with AHI (Spearman’s r=0.433; p=0.019). Following adjustment for
dyslipidaemia and fasting plasma glucose levels, AHI remained a significant predictor of plaque volume
(standardised B=0.424; p=0.027).

In this prospective case—control study, we found that severity of OSA may predict occult coronary
atherosclerosis in otherwise healthy overweight or obese male subjects.
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Introduction

Obstructive sleep apnoea (OSA) is a highly prevalent disorder associated with diminished quality of life,
reduced daytime cognitive functioning and increased risk of road traffic accidents. More important from a
public health perspective, however, is its impact on cardiovascular morbidity and mortality [1]. Subjects
with severe OSA are more likely to experience cardiovascular morbidity or die of cardiovascular causes than
those without OSA [2, 3], and successful use of nocturnal continuous positive airway pressure (nCPAP)
therapy is associated with a reduction in this increased risk of cardiovascular disease [4].

OSA and associated intermittent hypoxia are potent drivers of an atherogenic milieu, with evidence from
population, clinical, animal and in vitro studies demonstrating their role in the development of systemic
inflammation [5], oxidative stress [6], endothelial dysfunction [7] and metabolic dysfunction [8].
Furthermore, studies utilising carotid ultrasonography have shown severe OSA to be associated with
increased carotid intima medial thickness (IMT), a validated early marker of coronary atherosclerosis [9].
Meanwhile, direct evidence supporting a deleterious impact of OSA on the coronary circulation comes from
observational studies of clinic patients assessing coronary artery plaque burden using intravascular
ultrasound [10], and coronary artery calcification using coronary computed tomographic angiography
(CTA) [11].

However, the ability to discern a robust independent effect of OSA on cardiovascular outcomes in clinic
population studies is limited by the high prevalence of comorbid confounding factors such as obesity and
metabolic dysfunction. Moreover, it has been suggested that increased carotid IMT in OSA patients may be
enhanced by snoring [12], while the data from studies directly examining the coronary circulation are
compromised by a number of factors, but particularly a selection bias toward subjects with pre-existing
coronary artery disease [10, 11].

Consequently there is a need for prospective data in well-controlled cohorts, free of comorbidities or other
potential confounding factors, to assess the independent impact of sleep disordered breathing on coronary
artery disease. This is facilitated by the validation of current coronary CTA as a measure of coronary
atherosclerosis [13], thus permitting the accurate, noninvasive measurement of coronary artery plaque
volume and composition. We assessed the impact of a diagnosis of OSA on subclinical coronary
atherosclerosis in an otherwise healthy cohort of overweight or obese male subjects.

Methods

Subjects

Male subjects referred to our sleep clinic with symptoms of sleep disordered breathing, including snoring,
witnessed apnoea during sleep and daytime somnolence, who were nonsmokers and free of any other
medical disorder, were considered for enrolment in the study. To expedite subject enrolment, in parallel to
patient recruitment, a small group of four normal male subjects were also recruited from hospital staff using
advertisements placed throughout the hospital. Subjects were considered for participation in the study if
they were aged 35-60 years, with a body mass index (BMI) 25-45 kg-m™. The principal exclusion criteria
were a history of coronary artery or cardiac disease, diabetes mellitus, chronic obstructive pulmonary
disease, known dyslipidaemia or hypertension requiring treatment, smoking in the preceding 5 years or a
>10 pack-years history of smoking. Subjects with known sleep disordered breathing on nCPAP were also
excluded from the study. Research ethics committee approval was obtained before commencement of the
study, and all subjects provided informed consent.

Procedures

Following enrolment, all study subjects were admitted overnight to the sleep laboratory for inpatient,
attended cardiorespiratory polygraphy. Following the American Academy of Sleep Medicine 2007 rules [14],
an apnoea event was scored if there was a >80% decrease in the amplitude of airflow during sleep, with a
hypopnoea event scored by the combination of a >30% reduction in airflow with a >4% reduction of
oxygen saturation. A minimum event duration of 10 s was required for apnoea or hypopnoea [14].
Following expert-reader interpretation of sleep studies, the study population was dichotomised, according
to apnoea/hypopnoea index (AHI), into low or high AHI groups. Subjects with an AHI above the median
were categorised as high AHI, with the remainder categorised as low AHI.

Self-reported sleepiness was assessed using the Epworth sleepiness scale. Blood pressure was measured in the
sleep laboratory following 10 min in a recumbent position. Fasting blood samples including fasting plasma
glucose, fasting lipids and glycosylated haemoglobin (HbA1c) were drawn the morning after the sleep study.
Framingham risk scores were calculated based on the subjects’ age, lipid profile and systolic blood pressure
measurements.
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Multi-detector computed tomography protocol

Coronary CTA scans were obtained using a 64-slice multi-detector computed tomography (CT) scanner
(Sensation 64; Siemens Medical Solutions, Erlangen, Germany) using image reconstruction with a slice
thickness of 0.6 mm and 0.3 mm increments, and a dedicated cardiac field of view from the carina to the
cardiac apex. A -blocker was administered to patients with a heart rate >60 bpm 1 h before the coronary
CTA examination. Glyceryl trinitrate was administered sublingually just prior to scan acquisition. Following
a timing bolus, images were acquired during a single breath hold mid inspiration and administration of
iodinated contrast. Images were acquired in a craniocaudal direction. Retrospective ECG-gated
reconstructions at 60-70% of the R-R interval were utilised to obtain coronary image sets with no or
minimal motion artefact [15], with additional reconstructions if excessive motion artefact was present. All
images were analysed on a three-dimensional workstation (Leonardo; Siemens Medical Solutions).

Image analysis of coronary plaque

Coronary CTA was analysed by a single expert reader (J.D. Dodd), who was blinded to the subjects’ clinical
characteristics and sleep study results. The following morphological features and techniques for plaque
analysis were derived from previous studies [16—19]: plaque localisation within the coronary tree, plaque
volume, plaque type and mean and minimal CT density. Plaque localisation within the coronary tree was
described by documenting the major coronary artery (left main, left anterior descending, left circumflex and
right coronary artery) and its specific coronary segment using standardised coronary CTA reporting
nomenclature [15].

Plaque volume measurements were performed using a previously described technique [20]. Plaque type was
classified into four categories according to previously published studies [20, 21], ranging from calcified
(type 1) to purely noncalcified (type 4). Mean and minimal CT attenuations of the respective lesions were
assessed in Hounsfield units (HU). Minimal CT attenuation within the plaque was measured using several
circular regions of interest placed in the centre of the plaque at the site of maximal lumen narrowing. The
lowest mean CT density of the regions of interest was defined as minimal CT density. At the same level, the
total plaque area was manually traced and the displayed CT density within the manually assessed area was
defined as mean CT density of the respective plaque.

Outcome measures and statistical analysis

The primary outcome measures were comparison of overall coronary artery plaque burden between subjects
with low and high AHI scores, and the correlation of coronary plaque volume with indices of OSA severity.
Secondary outcome measures included comparison of plaque distribution, number of vessels involved, and
plaque density between the two groups.

Baseline characteristics of the two groups were compared using independent t-tests, the Mann—Whitney
U-test or Chi-squared test as appropriate. Independent samples t-test was used to compare plaque burden
and plaque density between the low and high AHI groups. Relationships between plaque burden and AHI,
subjective sleepiness and demographic and anthropometric factors were assessed using Pearson’s or
Spearman’s correlation coefficient.

Factors with a significant relationship with plaque volume in univariate regression analysis were
incorporated into an exploratory stepwise multivariate regression model using plaque volume as the
dependent variable. Non-normally distributed values were log-transformed for incorporation into this
model. Coronary artery plaque distribution and the number of coronary vessels involved were assessed by
Chi-squared tests.

Based on previous studies, a sample size of 12 subjects per group was estimated to provide 80% power to
detect a 60-mm® difference in mean plaque volume between groups, with a two-sided 2=0.05 [10].

Results

Patient characteristics

29 overweight or obese male subjects were studied; 25 recruited from our sleep clinic and four healthy
hospital staff members. Subject characteristics are summarised in table 1. The mean+sp age was
449+7.5 years and mean+sp BMI 32.7+4.8 kg'm'z, with 69% of the cohort being obese (BMI
>30 kg~m'2). 31% of subjects had no OSA (AHI <5 events-h™), 27.6% mild-to-moderate OSA
(AHI 5-30 events-h™') and 41.4% severe OSA (AHI >30 events-h™'). The cohort was considered to be
at low risk of cardiovascular disease by conventional measures, with a mean +sp 10-year Framingham risk
score of 3.4 +3.2%. 31% were former smokers. The median AHI was 15.5 events-h™!, with subjects scored at
or below this classified as low AHI, and above this as high AHI. 60% of the low-AHI group had no OSA,
while 85.7% of the high-AHI group were classified as having severe OSA. Compared with the low-AHI
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TABLE 1 Patient characteristics

Overall Low AHI High AHI p-value
Subjects n 29 15 14
Age years 449475 45.14+8.6 Lh 6464 0.842
BMI kg-m™2 32.7+4.8 32.2+4.1 33.3+5.6 0.529
Obese 69 66.7 7.4 0.781
ESS score 10.6+5.6 7.7+4.8 13.24+5.1 0.007
AHI events-h™’ 25.0+25.0 5.545.5 45.8420.1 <0.001
0Dl events-h™’ 22.3+23.4 L2+41 41.64+22.0 <0.001
Ex-smoker 31 26.7 35.7 0.91
Systolic BP mmHg 130.74+13.2 130.7+13.9 130.6+13.2 0.996
Diastolic BP mmHg 83.449.6 83.2+10.2 83.64+9.3 0.919
Fasting plasma glucose mmol-L™’ 5.52+1.09 5.58+1.11 5.48+1.11 0.833
HbA1c % 5.82+0.57 5.76 +0.53 5.87+0.62 0.626
Total cholesterol mmol-L™" 4.98+0.77 5.27+0.77 4.7140.69 0.061
HDL-cholesterol mmol-L™’ 1.0440.22 1.1240.22 0.97+0.21 0.09
Framingham risk score 3.4+3.2 3.4+3.1 3.4+3.4 0.972

Data are presented as mean +sb or %, unless otherwise stated. AHI: apnoea/hypopnoea index; BMI: body mass
index; ESS: Epworth sleepiness scale; ODI: oxyhaemoglobin desaturation index; BP: blood pressure; HbAlc:
glycosylated haemoglobin; HDL: high-density lipoprotein.

group, subjects in the high-AHI group were sleepier, but no significant differences in age, BMI, smoking
history, systolic or diastolic blood pressure, fasting plasma glucose, HbAlc levels, fasting lipids or 10-year
Framingham risk scores were observed between the two groups (table 1).

Coronary artery plaque volume

Subjects in the high-AHI group had a significantly higher coronary artery plaque burden than those in the
low-AHI group (mean+sp plaque volume 2.640.7 mm’ versus 0.8+0.2 mm’; p=0.017) (fig. 1). Plaque
volume correlated significantly with AHI (Spearman’s r=0.433; p=0.019), oxyhaemoglobin desaturation
index (Spearman’s r=0.387; p=0.038), 10-year Framingham risk score (Spearman’s r=0.402; p=0.037),
fasting plasma glucose (Spearman’s r=0.407; p=0.035) and high-density lipoprotein (HDL)-cholesterol
(Spearman’s r=-0.481; p=0.013). No significant correlations with plaque volume were seen for BMI, age,
daytime sleepiness, systolic or diastolic blood pressure measurements, or HbAlc levels (table 2). Stepwise
multivariate regression analysis revealed an independent relationship between coronary artery plaque
volume and AHI following adjustment for fasting plasma glucose and HDL-cholesterol (model R*=0.21,
standardised $=0.424; p=0.027) (table 3). Representative coronary CTA images from study subjects are
demonstrated in figure 2.

Coronary artery plaque distribution
44.8% of subjects had plaque identified in the proximal segments of the left anterior descending or right
coronary arteries, 26.7% of the low-AHI group and 64.3% of the high-AHI group (Chi-squared p=0.042).
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TABLE 2 Correlations with plaque volume

Correlation coefficient p-value
AHI 0.433 0.019
oDI 0.387 0.038
BMI 0.133 0.493
Age 0.321 0.089
ESS score 0.119 0.553
Fasting plasma glucose 0.407 0.035
Total cholesterol 0.017 0.934
HDL-cholesterol -0.434 0.024
Systolic BP 0.216 0.261
Diastolic BP 0.304 0.109
Framingham risk score 0.402 0.037

AHI: apnoea/hypopnoea index; ODI: oxyhaemoglobin desaturation index; BMI: body mass index; ESS: Epworth
sleepiness scale; HDL: high-density lipoprotein; BP: blood pressure.

In subjects with coronary artery plaque, the mean+ sp number of vessels affected was 1.3 +0.9, with no
difference identified between the low- and high-AHI groups (1.54 1.2 versus 1.2+0.6; p=0.525).

Coronary artery plaque density

In the overall cohort, 48.3% of the subjects with coronary artery plaque had low-density plaques. There was
a slight trend towards a greater number of soft plaques in the high-AHI compared to the low-AHI group
(50% versus 33.3%; p=0.696).

No significant difference was observed between the two groups in mean plaque density (331.6+229.3 HU
versus 245.4+219.7 HU; p=0.467) or lowest plaque density (369+247 HU versus 287+ 255 HU;
p=0.536).

Discussion

In this first prospective study directly examining the independent effects of sleep disordered breathing on
the coronary circulation in otherwise healthy males, we found a significant relationship between OSA
severity and the presence and volume of subclinical coronary atherosclerosis. Moreover, subjects with severe
OSA were more likely to have measurable lesions in more proximal coronary segments. There was no
significant difference between the high- and low-AHI groups with regard to BMI, the proportion of obese
individuals, or 10-year Framingham risk scores, so these findings appear to be independent of conventional
cardiovascular risk markers.

A growing body of evidence suggests an independent role for sleep disordered breathing in driving
atherosclerosis and subsequent clinically overt cardiovascular disease. A diagnosis of OSA is independently
associated with both prevalent and incident hypertension [22], as well as incident coronary artery disease
[23] and stroke risk [24]. Moreover, patients with severe OSA are significantly more likely to die of
cardiovascular causes than those without OSA [2], and while the absolute risk increase attributable to sleep
disordered breathing may be relatively small at an individual level, its high prevalence makes it an important
contributor to cardiovascular morbidity and mortality at a population level [25]. Previous reports have
suggested that sleep disordered breathing may substantially contribute to coronary atherogenesis [26] and
worse outcomes in subjects with established coronary artery disease [27].

TABLE 3 Multivariate regression model of predictors of coronary artery plaque volume

Standardised B B (95% CI) p-value
AHI 0.424 0.036 (0.004-0.07) 0.027
Fasting plasma glucose 0.120 0.128 (-0.68-0.93) 0.745
HDL-cholesterol -0.144 -1.40 (-5.67-2.87) 0.505

Dependent variable: plagque volume. Model R% 0.21. AHI: apnoea/hypopnoea index; HDL: high-density
lipoprotein.
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FIGURE 2 Coronary computed tomographic angiography images from study subjects. a) left anterior descending (LAD) healthy control; b) right coronary
artery healthy control; ¢) LAD of obstructive sleep apnoea patient with distal calcified plaque (arrow); d) 1-mm cross-sectional slice through the distal LAD
plaque, showing a patent lumen (straight arrow) and the plaque (curved arrow); e) calculation of the plaque volume; f) invasive coronary angiogram of the

same patient confirming an obstructive distal LAD stenosis (arrow).

That OSA should be associated with increased coronary artery plaque burden should not be surprising,
given its ability to generate a pro-atherogenic molecular milieu. Robust evidence supports a key role for
OSA and associated intermittent hypoxia in driving systemic inflammation [5], oxidative stress [6] and
endothelial dysfunction [7], all upstream precursors to atherosclerosis. Furthermore, there is increasing
evidence to suggest that OSA and intermittent hypoxia are independently associated with metabolic
dysfunction [8]. Meanwhile, compelling recent data demonstrates the ability of a model of intermittent
hypoxia to cause hypertension even in healthy subjects [28].

To date, however, there has been a relative lack of prospective data directly examining the effects of OSA on
the coronary circulation and previous reports on this topic have been compromised by a number of factors.
For example, a large retrospective study of subjects undergoing coronary CTA and polysomnography (PSG)
in close temporal proximity found that OSA severity was a strong independent predictor of coronary artery
calcification [11]. However, subjects assessed in this study had underlying clinical indications for
examination of the coronary vasculature, and had a substantial burden of cardiometabolic comorbidity.
Similarly, an intravascular ultrasound study of subjects with stable coronary artery disease also suggested a
significant relationship between AHI and coronary atherosclerotic plaque volume [10]. Again, these data
were limited by the focus on subjects with known coronary artery disease.

Perhaps the best prospective evidence in this field, to date, comes from indirect assessment of coronary
atherosclerosis obtained by measurement of carotid IMT. Carotid IMT is a validated surrogate of coronary
artery disease in general populations, and has been assessed prospectively in otherwise healthy OSA subjects.
Both MINOGUCHI et al. [29] and DRAGER ef al. [9] found increased carotid IMT was predicted by increasing
severity of sleep disordered breathing, with the latter group further demonstrating that successful initiation
of nCPAP therapy lead to partial abrogation of this increase [30]. Conversely, evidence from population
studies such as the Sleep Heart Health study and data from animal models suggest that any increase
in carotid IMT in OSA patients may be attributable to traditional cardiovascular risk factors, or to
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snoring-related acoustic vibrations, rather than to sleep disordered breathing per se [12, 31]. Consequently,
confirmatory data from direct examination of the coronary circulation remains highly desirable.

We utilised coronary CTA as the primary imaging method for assessing plaque volume. Several studies have
shown a robust agreement between plaque detection and quantification with coronary CTA and invasive
gold-standards such as intravascular ultrasound [16, 32]. That almost half our cohort demonstrated
noncalcified plaques highlights an important advantage of coronary CTA over calcium scoring alone,
suggesting that asymptomatic OSA patients undergoing cardiovascular evaluation should have coronary
CTA rather than calcium scoring if true plaque burden is to be assessed. Other studies have also found
substantial plaque burden and a negative coronary calcium score in at-risk groups [33]. Although
conjectural, our finding of a substantially higher prevalence of plaques in proximal coronary segments in
high-AHI patients may have outcome implications, such proximal plaques are strongly associated in other
high-risk groups with subsequent adverse cardiac events [34].

The principal limitation of our study is the small cohort size; however, this is significantly offset by the
prospective nature of the study, and the exclusion of subjects with known cardiometabolic comorbidities
and smokers. Furthermore, although not powered to detect differences in our secondary outcome
parameters, the study was adequately powered to demonstrate a significant difference in subclinical
coronary artery plaque burden. Another potential limitation was the use of cardiorespiratory polygraphy
over PSG, thereby underestimating true AHI. However, previous authors have demonstrated that subjects
with an AHI in the normal range in a polygraphic study are unlikely to be diagnosed with clinically
significant OSA on PSG [35]. Our patients were in many ways characteristic of the typical sleep clinic
patient, male, middle-aged and overweight, but the absence of the usual comorbidities seen in a clinic
population enhances the relevance of these findings outside of this context. Nonetheless, further studies are
required to assess if our findings hold true for larger, less selected populations.

In summary, in a pilot study of otherwise healthy male sleep clinic patients and obese male controls, we
found that coronary artery plaque volume as measured by coronary CTA correlated significantly with the
degree of sleep disordered breathing, with higher plaque burden seen in subjects with more severe OSA.
Future studies should explore the generalisability of these findings to larger, sleep clinic and community-
based populations, and to examine the reversibility of coronary atherosclerosis with nCPAP therapy.
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