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Study Objectives: Evaluate the association between obstructive sleep apnea (OSA), coronary artery calcium (CAC) density, and cardiovascular events in the Multi-
Ethnic Study of Atherosclerosis (MESA).
Methods:We analyzed 1,041 participants with nonzero CAC scores who had polysomnography and CAC density data from the fifth examination of the Multi-Ethnic
Study of Atherosclerosis. OSA was defined as apnea-hypopnea index ≥ 15 events/h. Multivariable linear regression models were used to evaluate the independent
associationbetweenOSAandCACdensity.Additionally,weevaluated the impactofOSAonassociationsofCACmeasureswith incidentcardiovasculardiseaseevents
by testing for interaction in Cox proportional hazard regression models.
Results:Our analytical sample was 45% female with a mean age of 70.6 +/2 9 years. Of this sample, 36.7% (n = 383/1041) had OSA (apnea-hypopnea index ≥ 15
events/h). OSA was inversely and weakly associated with CAC density (b = –0.09; 95% CI, –0.17 to –0.02; P = .014) and remained significantly associated after
controlling for traditional cardiovascular risk factors (b=–0.08; 95%CI,–0.16 to0;P= .043).However, this inverseassociationwasattenuatedafter controlling for body
mass index (b=–0.05; 95%CI,–0.13 to0.02;P= .174). Themean follow-upperiod for cardiovascular diseaseeventswas13.3+/22.8 years.Additionally, exploratory
analysis demonstrated that CAC density was independently and inversely associated with cardiovascular disease events only in the non-OSA subgroup (apnea-
hypopnea index ≤ 15 events/h) (hazard ratio, 0.509; 95% CI, 0.323–0.801); P = .0035).
Conclusions:OSAwas associated with lower CAC density, but this associationwas attenuated by bodymass index. Further, increasedCACdensity was associated
with a reduced risk of cardiovascular disease events only in individuals within the non-OSA group in exploratory analysis.
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BRIEF SUMMARY
Current Knowledge/StudyRationale:Obstructive sleep apnea (OSA) is associatedwith cardiovascular events, but there is limited knowledge regarding the
mechanism bywhichOSA contributes to coronary atherosclerosis. OSA has been found to be associated with coronary artery calcium (CAC) score; however,
the relationship between OSA and the individual components of the CAC score has not been described.
Study Impact:This studyshows that in the relationshipbetweenOSAandCACdensity, bodymass index isan important confounder.Additionally,morestudies
are needed in order to better understand the relationship between CAC density and cardiovascular events.

INTRODUCTION

Obstructive sleep apnea (OSA) is a common condition affect-
ing 34% of men and 17% of women aged 30–70 years in the
United States. Additionally, it also affects younger individuals
with a prevalence of 3% among 30- to 39-year-old women and
10% among 30- to 39-year-old men.1 Its effects include inter-
mittent hypoxemia and sleep fragmentation, which are associ-
ated with increased sympathetic output resulting in
hypertension,2 increased inflammatory mediators,3 endothe-
lial dysfunction,4 and insulin resistance.5 These mechanisms,
among others, are the basis by which OSA may lead to the

acceleration of atherosclerosis and coronary artery disease.
However, there have been mixed results in terms of treatment
of OSA and reduction in cardiovascular events. Findings from
numerous recent clinical trials have failed to demonstrate that
treatment of OSA reduces the risk of cardiovascular (CV)
events.6,7 However, in the SAVE trial, when continuous posi-
tive airway pressure (CPAP) was used for 4 or more hours per
night, therewas a significant improvement in the risk of a cere-
brovascular event.8 As such, there is a need for mechanistic
studies to aid our understanding of the differential effects of
OSA on distinct vascular territories, specifically coronary
atherosclerosis.
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Coronary artery calcium (CAC) is a reliable measure of coro-
nary atherosclerosis.9 The Agatston (CAC) score is a composite
of CAC area and density and is computed as the area of intravas-
cular coronary calcium on computed tomography (CT) multi-
plied by the maximum density of the plaque calcification. A
recent study by Criqui et al10 within the Multi-Ethnic Study of
Atherosclerosis (MESA) found that the CAC area and density
were independentlycorrelatedwith incidentCVevents;however,
CAC density was inversely associated with CV events. In other
words, the higher the CAC density, the lower the risk for CV
events, and this held true for CAC density at any level of CAC
area/volume.11 This is because plaques that are larger and less
dense are more prone to rupture; however, plaques that have sta-
bilized over time are more densely calcified.

Prior studies evaluating the association between OSA and the
Agatston score, including an earlier analysis of the MESA
cohort,12 have demonstrated that OSA is associated with higher
CACprevalence andAgatston score.13,14However, nopublished
studies to our knowledge have assessed the association between
OSAandCACdensity, and howOSA influences the relationship
betweenCACdensity and incident CVevents.We therefore con-
ducted analyses in theMESA cohort to evaluate the independent
association between OSA, CAC density, and cardiovascular
events.

METHODS

Design
The Multi-Ethnic Study of Atherosclerosis is a cohort study
comprising 6,814 men and women, ages 45–84 years at base-
line in 2000–2002. Each participantwas free of clinical cardio-
vascular disease (CVD) at the time of enrollment.15 This is
because one of the main objectives of the MESA cohort was
to evaluate progression of subclinical atherosclerosis and
CVD over time in asymptomatic individuals. Individuals
with prior CVDmay have residual culprit coronary atheroscle-
rosis lesions that serve as a major confounder in evaluating the
progression of subclinical CVD. The participants were
recruited from 6 regions across the United States: Baltimore,
Maryland; Chicago, Illinois; Los Angeles, California; New
York, New York; St. Paul, Minnesota; and Winston-Salem,
North Carolina. A total of 6MESA visits have been completed
to date with the fifthMESA occurring between April 2010 and
January 2012.

A total of 4,716 participants took part in MESA visit 5, repre-
senting 78%of the total livingMESAparticipants. Of this group,
2,500 individuals without clinical CVD (eg, myocardial infarc-
tion, angina, stroke, heart failure) underwent noncontrast coro-
nary CT. Furthermore, 2,261 individuals not using CPAP or
oral/dental appliances (for the treatment of OSA) or oxygen par-
ticipated in the MESA Sleep ancillary study, which consisted of
in-home polysomnography, actigraphy (up to 7 days), and a
detailed sleep questionnaire. Our analytic sample included
1,041 individuals who completed a coronary CT and had a non-
zeroAgatston score, while also having a polysomnographymea-
surement that allowed for calculation of the apnea-hypopnea
index (AHI)12 (Figure 1).

The institutional review board from each participating institu-
tion approved the MESA protocol, and all participants provided
written informed consent. A detailed methodology of the
MESA protocol has been described previously.15

Sleep measurement
In-home polysomnography was conducted using the Compu-
medics Somte System (Compumedics Ltd., Abbotsford, Victo-
ria, Australia) and has been shown to be sufficient in
comparison to in-laboratorypolysomnography.16MESAutilized
the standard protocol for an unattended full polysomnogram,
which has been described previously.16 During polysomnogra-
phy, electroencephalography (central, occipital, and frontal),
bilateral electrooculograms, chin electromyography, and tho-
racic and abdominal respiratory inductance plethysmography
were utilized. Airflow was measured using a nasal-oral thermo-
couple and pressure-recording nasal cannula. In addition to these
modalities, the MESA Sleep study recorded electrocardiograph,
leg movements via piezoelectric sensors, and pulse oximetry.
These recordings were sent to a centralized sleep center at Brig-
hamandWomen’sHospital andwerescoredby trainedprofessio-
nals.These technicians,whowerecentrally trainedandblinded to
the clinical data, scored the sleep studieswith excellent inter- and
intrascorer reliability (r = .95–.99).

OSA, defined as AHI≥ 15 events/h, was calculated by adding
all apneas to all hypopneas.Apneaswere defined as a 90% reduc-
tion in the thermocouple signal lasting for 10 seconds or longer
and were further distinguished as central or obstructive based
onrespiratoryeffortdetectedusing inductanceplethysmography.

Figure 1—Flowchart of study participant inclusion and
exclusion.

MESA = Multi-Ethnic Study of Atherosclerosis.
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Hypopneasweredefinedasa30%ormore reduction in amplitude
of nasal pressure flow signal for 10 seconds or longer in associa-
tionwithat least a4%desaturation.Bothapneaandhypopneaepi-
sodes were divided by the total sleep duration. Arousals were
defined as waking within 10 seconds from an apneic/hypopneic
event as defined by the American Academy of Sleep Medicine
(AASM).17 Sleep stages were defined during each 30-second
epoch by AASM criteria.18 Other measures of sleep-disordered
breathing collected were: average oxygen saturation, minimum
oxygen saturation, percent time with < 90% saturation, percent
timewithapnea/hypopnea,percent time inslow-wave(N3) sleep,
percent time in rapid eye movement sleep, sleep duration, and
arousal index in rapid eye movement and non-rapid eye move-
ment sleep.

CAC measurement
Electron-beam CT was used in 3 locations (Chicago, Los Ange-
les, and New York), and multidetector CT was used at the other
3 locations (Baltimore, St. Paul, and Winston-Salem). Electron-
beam CT slices were 3.0-mm thick, and multidetector CT slices
were 2.5-mm thick. All CT scans were cardiac-gated, phantom-
adjusted, and read centrally by 2 trained analysts. CACmeasure-
ments were obtained by the standardized MESA protocol as
described previously19 and utilized the Agatston method.20

More specifically, a CAC lesion was defined as an intracoronary
plaque of at least 4 contiguous pixels (area > 1 mm2) with a min-
imumHounsfield unit attenuation > 130HU.The total number of
lesions within a plaque were then summed to obtain the plaque
area. The area was then multiplied by a density weighting factor
definedas themaximumHUattenuationwithinan individual pla-
que (1–4: 1 = 130–199, 2 = 200–299, 3 = 300–399, 4 = 400 or
greater). The sum of the plaque areas, upweighted for the maxi-
mumdensitywithin each plaque, represented theAgatston score.
The CAC volume was calculated by multiplying the sum of the
plaque areas by the CT slice thickness. The CAC density was
then calculated by dividing the Agatston score by the total area
score.11

CVD events
CVD events were defined as myocardial infarction, resuscitated
cardiac arrest, coronary heart disease death, transient ischemic
attack, stroke, or stroke death. The follow-up period for CVD
events began at the time of the baseline examination and contin-
ueduntil the firstCVDevent, death, loss to follow-up, or calendar
year 2015. Details on the MESA study’s follow-up methods and
event adjudication are available on the MESAwebsite at https://
www.mesa-nhlbi.org.

Other variables
The detailed questionnaires and clinic examination methods for
the MESA exams have been described previously.12 Briefly,
sex (male or female), age (as continuous variable), cigarette
smoking (current, former < 1 year since cessation, former ≥ 1
year since cessation, never), use of cholesterol-loweringmedica-
tion (yes/no), use of antihypertensive medication (yes/no), alco-
hol (yes/no), and race (categorized into non-Hispanic White,
Black, Hispanic, and Chinese American) were self-reported.

Anthropometricmeasurementswere obtained in the clinic and
used to calculate bodymass index (BMI), defined as weight (kg)
over height (m) squared (kg/m2). Resting blood pressure was
measured 3 times using a Dinamap model Pro 100 automated
oscillometric sphygmomanometer (Critikon, Tampa, Florida),
and the average of the last 2 measurements was used for blood
pressure calculation. The presence of hypertension was defined
as a dichotomous yes/no variable based on the sixth report of
the JointNational Committee guidelines (systolic blood pressure
>140ordiastolic bloodpressure>90mmHg),21 or byuseof anti-
hypertensive medications. The presence of chronic kidney dis-
ease (CKD) was defined as a dichotomous yes/no variable
using the CKD-EPI eGFR equation with a cutoff value of < 60
mL/min/1.73 m2.22

Participantswere required to fast for 8 hours prior to their visit.
High-density lipoprotein (mg/dL) was assessed in ethylenedi-
amine tetraacetic acid (EDTA) plasma using the cholesterol oxi-
dase method (Roche Diagnostics, Basel, Switzerland). Next,
precipitated non–high-density lipoprotein was assessed with
magnesium/dextran. Low-density lipoprotein cholesterol (mg/
dL) was calculated among those having triglycerides < 400 mg/
dL using the Friedewald formula. We defined dyslipidemia as a
dichotomous yes/no variable based on a low-density lipoprotein
level≥ 160mg/dL, high-density lipoprotein level < 40 mg/dL in
menand<50mg/dL inwomen, triglycerides≥150mg/dL, or use
of statins. We defined glucose dysregulation according to the
2003AmericanDiabetesAssociation fasting criteria, which con-
tains 4 categories: normal (fasting plasma glucose [FPG] < 100
mg/dL), impaired FPG levels (100mg/dL to 125mg/dL), treated
DM (FPG < 100 mg/dL with prior diagnosis of DM), and
untreated DM (FPG ≥ 126 mg/dL) as measured by reflectance
spectrophotometry using thin film adaptation of the glucose oxi-
dasemethod on theVITROS analyzer (Johnson& Johnson Clin-
ical Diagnostics, Inc., Rochester, NY).23

Statistical analysis
Based on a clinically relevant cutoff for OSA that has been pre-
viously linked to CVD risk,24 the study population consisted of
individuals with nonzero Agatston scores and was stratified by
none-to-mild OSA (AHI < 15 events/h) or OSA (AHI ≥ 15
events/h). Individuals with Agatston scores of zero were
excluded because CAC density can only be derived from non-
zero CAC values. We present descriptive characteristics using
means and standard deviations for continuousvariables andper-
centages for categorical variables. The 2AHI groupswere com-
pared using t tests (continuous variables) orx2 tests (categorical
variables). We then utilized analysis of covariance–adjusted
means and Tukey’s posthoc test for adjusted means.

We developed 3 multivariable linear regression models. These
were used to compare OSA (dichotomous) or AHI (continuous)
to CAC density. Defining OSA as a dichotomous variable (AHI
< 15 or ≥ 15 events/h) allows for differentiation between mild
OSA andmoderate-to-severe OSA, whereas AHI as a continuous
variable allows formore finely assessing a dose-response relation-
ship.Model 1 was adjusted for age, sex, and race/ethnicity; model
2, adjusted for model 1 plus hypertension, dyslipidemia, glucose
dysregulation/diabetes, and smoking status; model 3 controlled
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formodel 2 plusBMI. Formal testing formultiplicative interaction
in separate models (interaction between OSA and sex (SA*sex),
obesity,andstatinuse)wasconductedtoevaluatewhether the inde-
pendentassociationbetweenOSA/AHIandCACdensityvariedby
sex, obesity, or statin use with a predefined P value of < .1.

Coxproportional hazard regressionmodelswere used to esti-
mate hazard ratios for time to CVD events for Agatston CAC
score, density score, andvolume score, adjusting for atheroscle-
rotic cardiovascular disease risk score in individuals who had
polysomnography.25 The Agatston and volume scores were
log-transformed since previous MESA analyses have demon-
strated log linear relationships between CAC and CVD risk.26

Since CAC volume and density are strongly positively corre-
lated, we mutually adjusted for these variables in our statistical
models. Resultswere stratified by none-to-mildOSA (AHI<15
events/h) or moderate-to-severe OSA (AHI ≥ 15 events/h).
Additionally, we also tested for multiplicative interaction for
OSA*CAC density, Agatston score, and volume to evaluate
whetherCVDevents varied byOSAstatus.Analyses for regres-
sion models were conducted at the .05 2-sided significance
level. Statistical significance for multiplicative interaction
was predefined at aPvalue< .1.Analyseswere performedusing
SAS version 9.4 (SAS Institute, Cary, NC).

RESULTS

Baseline characteristics
Baseline characteristics are shown in Table 1. The overall prev-
alence of moderate-to-severe OSA (AHI ≥ 15 events/h) in our
sample was 36.7% (n = 383). The mean age was 70.7 ± 9.1 years
in none-to-mild OSA and 70.4 ± 9.0 years in moderate-severe
OSA individuals.As expected,male sex, higherBMI, higher dia-
stolic blood pressure, impaired FPG, lower high-density lipopro-
tein, and higher triglycerides (P < .01) were more common in
individuals with OSA. The average Agatston score (P = .92),
CAC density (P = .14), and CAC volume (P = .87) were not sta-
tistically different between the OSA severity groups. When
adjusting these means for age, sex, and race using analysis of
covariance, and performing a comparison utilizingTukey’s post-
hoc test, we did not find significant differences in any of theCAC
measures by OSA status.

The associations between OSA/AHI and Agatston score after
multivariable regression analysis can be found inTable 2. There
were no statistically significant associations between OSA
(dichotomous) and AHI (continuous) and Agatston score in any
of the models. These associations did not vary significantly by
sex, obesity, or statin use.

OSA and CAC density
Multivariable regression models for the association between
OSA and CAC density are shown inTable 3. Measured as a con-
tinuous variable, AHI was modestly inversely associated with
CAC density in model 1 (b = –0.04; 95% CI, –0.08 to –0.01;
P = .02). This association became nonsignificant in model 2
(b = –0.04; 95%CI, –0.08 to 0; P = .07) and further attenuated
in model 3 (b = –0.02; 95% CI, –0.06 to 0.02; P = .34).

Similarly, OSA measured as a dichotomous variable (AHI
< 15 or≥ 15 events/h) was inversely associatedwith CACden-
sity in models 1 (b = –0.09; 95% CI, –0.17 to –0.02; P = .01),
and 2 (b = –0.08; 95% CI, –0.16 to 0.00; P = .04). However,
this association was attenuated in model 3 after adjusting for
BMI (b = –0.05; 95% CI, –0.13 to 0.02; P = .17). Therefore,
compared to those with none-to-mild OSA (AHI < 15 events/h),
individuals with OSA (AHI ≥ 15 events/h) would on average
have an 8% lower CACdensitywhen controlling for cardiovascu-
lar risk factors, excluding BMI.

The associations between OSA and CAC density did not vary
by sex (OSA continuous [P = .22], OSA dichotomous [P = .79]),
or obesity/BMI level (OSA continuous [P = .36], OSA dichoto-
mous [P = .41]). However, there was an interaction between
OSAandstatinuse(OSAcontinuous[P=.09],OSAdichotomous
[P= .09]).When stratifiedby statin use,OSA(dichotomous,AHI
≥15events/h)was inverselyassociatedwithCACdensity in indi-
viduals not on statins even after adjusting for confounders (b =
–0.14; 95%CI, –0.26 to–0.03;P= .013), although further adjust-
ment forBMIresulted inattenuationof thissignal (b=–0.11;95%
CI, –0.22 to 0.01;P= .07) (Table 4). In comparison, therewas no
evidence of an association among those taking statinmedications
(b=0.01;95%CI,–0.09 to0.12;P= .78).Therefore, compared to
individualswithOSAon statins, individualswithOSAnotonsta-
tins had aCACdensity thatwas 0.11 lower on average, even after
controlling for cardiovascular risk factors.

CAC density and CVD events
Among thosewhohadpolysomnographydata, therewasa totalof
160CVDevents.Themean follow-upperiod forCVDeventswas
13.3 +/2 2.8 years. P interaction values for OSAwith CAC den-
sity,Agatston score, andvolume toevaluatewhetherCVDevents
varied byOSAstatuswere not significant (P> .10).However,we
conducted an exploratory analysis to further stratify CVD events
by OSA severity. Adjusted hazard ratios for CAC density, Agat-
ston score, CAC volume, and CVD events are shown inTable 5.
In patientswith none-to-mildOSA, increasingCACdensity con-
ferred almost a 50% reduced risk of CVD events (hazard ratio,
0.509;95%CI,0.323–0.801;P=.0035)afteradjustingforathero-
sclerotic cardiovascular disease score. While this relationship
held true in participants with moderate-to-severe OSA, it was
attenuated and did not reach statistical significance for CVD
events (hazard ratio, 0.783; 95% CI, 0.434–1.410; P = .4146).
On the other hand, both increasing Agatston score and CAC vol-
umewereassociatedwithan increasedriskofCVDevents regard-
less of OSA severity.

DISCUSSION

In this large, racially diverse community-based sample,we found
an inverseassociationbetweenOSAandCACdensity,whichwas
partially attenuatedafter adjusting for cardiovascular risk factors,
especiallyBMI.When stratified by statin use, therewas an appar-
ent influence of statins on the associationbetweenOSAandCAC
density such thatOSAappeared to be associatedwith lowerCAC
density only in statin nonusers. These results indicate that obesity
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Table 1—Characteristics of the study participants with or without sleep apnea (apnea-hypopnea index < 15 or ≥ 15 events/h).

AHI < 15 events/h (n = 658) AHI ≥ 15 events/h (n = 383) Comparison Tests

Age (y) 70.7 (9.1) 70.4 (9) 0.58

Sex, n (%) < 0.01

Female 347 (52.7) 125 (32.6)

Male 311 (47.3) 258 (67.4)

Race/ethnicity, n (%) < 0.01

White/Caucasian 265 (40.3) 138 (36)

Chinese American 64 (9.7) 50 (13.1)

Black/African American 183 (27.8) 81 (21.1)

Hispanic 146 (22.2) 114 (29.8)

Education, n (%) 0.34

Less than high school 91 (13.9) 59 (15.4)

High school 316 (48.1) 194 (50.7)

College 108 (16.4) 65 (17)

Graduate school 142 (21.6) 65 (17)

Body mass index (kg/m2) 27.9 (4.8) 30.4 (5.5) < 0.01

Systolic blood pressure (mm Hg) 124.2 (20.7) 125.3 (19.7) 0.38

Diastolic blood pressure (mm Hg) 67.8 (10.1) 69.4 (9.6) < 0.01

Hypertension (yes), n (%)* 413 (62.7) 252 (65.8) 0.36

eGFR < 60 (yes), n (%) 99 (15.1) 49 (12.9) 0.33

Dyslipidemia (yes), n (%)† 406 (61.7) 259 (67.2) 0.06

LDL (mg/dL) 104 (31.5) 102.2 (31.8) 0.36

HDL (mg/dL) 56.6 (16.8) 50.7 (13.2) < 0.01

Triglycerides (mg/dL) 107.1 (64.2) 120.1 (64.8) < 0.01

Statin use (yes), n (%) 275 (41.8) 176 (46.0) 0.21

Diabetes, n (%) < 0.01

Normal 386 (58.8) 175 (46.1)

Impaired fasting glucose 139 (21.2 99 (26.1)

Treated diabetes 118 (18) 101 (26.6)

Untreated diabetes 13 (2) 5 (1.3)

CAC Agatston score‡ 410.5 (737.3) 457.9 (766.4) 0.92

CAC density§ 3.13 (0.73) 3.06 (0.75) 0.14

CAC volume (mm3) 313.6 (522.9) 357.8 (561.7) 0.87

Smoking status, n (%)jj 0.11

Current smoker 51 (7.8) 17 (4.5)

Former 260 (40) 156 (41.3)

Never smoked 339 (52.2) 205 (54.2)

Smoking pack y 12.1 (22) 10.5 (19.1) 0.24

Alcohol consumption (yes), n (%) 288 (44) 178 (46.7) 0.43

All values are mean (standard deviation) or counts (percentage). The 2 AHI groups were compared using t tests (continuous variables) or x2 tests (categorical
variables). The comparisons forCACvariableswere adjusted for age, sex, and race. The numberswere updated onOctober 27, 2017asweonlywanted to include
participantswhohadAHI and validCACdensity scores. *Hypertensionwasdefinedas adichotomous yes/no variable basedon the sixth report of the JointNational
Committeeguidelines (systolicbloodpressure>140ordiastolic bloodpressure>90mmHg).21†Dyslipidemiawasdefinedasadichotomousyes/novariablebased
ona low-density lipoprotein level≥160mg/dL,high-density lipoprotein level<40mg/dL inmenand<50mg/dL inwomen, triglycerides≥150mg/dL,oruseofstatins.
‡The score was adjusted for the participants whose CACmeasurement was done onmachines with a slice thickness of 2.5 mm. §CAC density was calculated by
dividing Agatston score by CAC area; for a slice thickness of 2.5 mm, CAC area = CAC volume/2.5; for 3 mm, CAC area = CAC volume/3. jjIncludes 2 former
categories (< and≥1 year since cessation). AHI =apnea-hypopnea index,CAC=coronary artery calcium, eGFR=estimatedglomerular filtration rate,HDL=high-
density lipoprotein, LDL = low-density lipoprotein.
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Table 2—Multivariable association between Agatston score and AHI (continuous) or sleep apnea (binary; AHI < 15 or ≥ 15 events/h).

Predictor
Model 1 Model 2 Model 3

b (95% CI) P b (95% CI) P b (95% CI) P

Agatston score Continuous AHI 0.02 (–0.02 to 0.06) .268 0.01 (–0.03 to 0.05) .754 0.00 (–0.05 to 0.04) .821

OSA (yes vs no) 0.02 (–0.06 to 0.1) .663 0.00 (–0.08 to 0.08) .97 –0.02 (–0.1 to 0.07) .71

The following variableswere standardized: AHI (log-transformed first), CAC volume (log-transformed first), age,HDL,NREMsleeparousal index.Model 1 =Agatston
score (and density)� AHI (or OSA) (+ CAC volume if outcome = density) + age + sex + race/ethnicity. Model 2 = Agatston score (and density)�model 1 + HTN +
dyslipidemia+diabetes+ smoking status.Model 3=Agatston score (anddensity)�model 2+bodymass index.AHI=apnea-hypopnea index,CAC=coronaryartery
calcium, CI = confidence interval, HDL = high-density lipoprotein, HTN = hypertension, NREM = nonrapid eye movement, OSA = obstructive sleep apnea.

Table 3—Multivariable association between CAC density and AHI (continuous) or sleep apnea (binary; AHI < 15 or ≥ 15 events/h).

Predictor
Model 1 Model 2 Model 3

b (95% CI) P b (95% CI) P b (95% CI) P

Continuous AHI –0.04 (–0.08 to –0.01) .023 –0.04 (–0.08 to 0.00) .068 –0.02 (–0.06 to 0.02) .348

OSA (yes vs no) –0.09 (–0.17 to –0.02) .014 –0.08 (–0.16 to 0.00) .043 –0.05 (–0.13 to 0.02) .174

The following variableswere standardized: AHI (log-transformed first), CAC volume (log-transformed first), age,HDL,NREMsleeparousal index.Model 1 =Agatston
score (and density)� AHI (or OSA) (+ CAC volume if outcome = density) + age + sex + race/ethnicity. Model 2 = Agatston score (and density)�model 1 + HTN +
dyslipidemia+diabetes+ smoking status.Model 3=Agatston score (anddensity)�model 2+bodymass index.AHI=apnea-hypopnea index,CAC=coronaryartery
calcium, CI = confidence interval, HDL = high-density lipoprotein, HTN = hypertension, NREM = nonrapid eye movement, OSA = obstructive sleep apnea.

Table 4—Multivariable association between CAC density and AHI (continuous) or sleep apnea (binary; AHI ≥ or < 15 events/h), stratified by
statin use.

Statin Use Predictor
Model 1 Model 2 Model 3

b (95% CI) P b (95% CI) P b (95% CI) P

Yes AHI –0.01 (–0.07 to 0.05) .739 0.01 (–0.05 to 0.06) .743 0.02 (–0.04 to 0.08) .598

OSA (yes) –0.04 (–0.14 to 0.07) .488 0.01 (–0.1 to 0.11) .894 0.01 (–0.09 to 0.12) .782

No AHI –0.07 (–0.12 to –0.02) .01 –0.07 (–0.12 to –0.01) .02 –0.04 (–0.1 to 0.02) .157

OSA (yes) –0.13 (–0.24 to –0.03) .016 –0.14 (–0.26 to –0.03) .013 –0.11 (–0.22 to 0.01) .069

The following variableswere standardized: AHI (log-transformed first), CAC volume (log-transformed first), age,HDL,NREMsleeparousal index.Model 1 =Agatston
score (and density)� AHI (or OSA) (+ CAC volume if outcome = density) + age + sex + race/ethnicity. Model 2 = Agatston score (and density)�model 1 + HTN +
dyslipidemia+diabetes+ smoking status.Model 3=Agatston score (anddensity)�model 2+bodymass index.AHI=apnea-hypopnea index,CAC=coronaryartery
calcium, CI = confidence interval, HDL = high-density lipoprotein, HTN = hypertension, NREM = nonrapid eye movement, OSA = obstructive sleep apnea.

Table 5—Adjusted hazard ratios for CAC scores and cardiovascular disease events stratified by sleep apnea severity (binary; AHI ≥ or < 15
events/h).

CVD

AHI < 15 events/h (n = 92) AHI ≥ 15 events/h (n = 68)

HR* (95% CI) P HR* (95% CI) P

CAC density 0.509 (0.323–0.801) .0035 0.783 (0.434–1.410) .4146

Agatston score 1.427 (1.238–1.644) < .01 1.447 (1.221–1.715) < .01

CAC volume 1.786 (1.478–2.158) < .01 1.617 (1.270–2.058) < .01

Adjusted for atherosclerotic cardiovascular disease (ASCVD) risk score. *Agatstonandvolumescoreswere log-transformed.AHI=apnea-hypopnea index,CAC=
coronary artery calcium, CI = confidence interval, CVD = cardiovascular disease, HR = hazard ratio, OSA = obstructive sleep apnea.
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is an important and key confounder in the relationship between
OSAandCACdensity, and that statinsmay serve as effectmodi-
fiers in the relationship between OSA and CAC density. Addi-
tionally, in an exploratory analysis we found that increasing
CAC density showed an inverse association with CVD
events—but only in those with no or mild OSA. This is
hypothesis-generating and potentially suggests thatCACdensity
maybe less protective forCVDevents in thosewithmoderate-to-
severe OSA.

Prior studies have demonstrated that OSA is associated with
subclinical atherosclerosis.27However, its associationwith coro-
nary artery disease is equivocal, with data from the largest trial
revealing higher coronary revascularization rates among those
randomized to OSA treatment with continuous positive airway
pressure.8 As such, there is a need for mechanistic studies to aid
our understanding of the effect ofOSAon coronary atherosclero-
sis. To address this gap in knowledge, several studies have exam-
ined theeffectofOSAonAgatstonscore.OnestudybyWeinreich
et al14 found that OSA was associated with a higher Agatston
score, but this was only significant in women, as well as men
age < 65. More recently, another publication also utilizing the
MESA cohort found that severe OSA (AHI ≥ 30 events/h) was
associated with a higher prevalence of CAC (CAC > 0).12 How-
ever, the association between OSA and CAC density was not
analyzed.

Ours is the first study to analyze the association betweenOSA
and the individual components of the Agatston score. While the
Agatston score is widely used as a reliable predictor for future
CV risk, this score assumes that both CAC density and CAC
area/volume are positively correlated with future CVD risk.
This seemingly contradicts the pathophysiology of coronary ath-
eroma progression. That is, as atheromas stabilize, histological
evidence has shown a greater deposition of dense sheets of calci-
fication,28whichmayincreaseplaquedensityandstability. In this
regard, and as demonstrated by Criqui et al,10 greater CAC den-
sity was associated with a lower CVD risk, implying plaque sta-
bilization. They also found that utilizing CAC density
significantly increased the accuracy of CVD risk prediction,11

suggesting that measuring CAC density separately when study-
ing subclinical coronary artery diseasemay provide amore accu-
rate CV risk profile in patients with OSA.

Our results demonstrated an inverse relationship between
OSA andCACdensity that was attenuated after adjusting for tra-
ditionalcardiovascular risk factors, includingBMI.Similar toour
results, prior studies examining theassociationbetweenOSAand
Agatston score have also identified BMI as an important con-
founder.12For instance,Kimetal29 found thatAHIwaspositively
correlated with Agatston score (odds ratio, 2.2; 95% CI,
1.01–4.86), but this association was no longer significant when
controlling for BMI (odds ratio, 1.16; 95% CI, 0.49–2.74). The
relationship between OSA and BMI is indeed complex. This is
because obesity is a well-established risk factor for many of the
cardiovascular outcomes of interest, including intermediate out-
comes such as CAC density. Therefore, BMI has typically been
regarded as a potential confounder in the relationship between
OSA and CVD.

Statins, once thought to promote plaque retrogression, may in
fact stabilize coronary plaques by increasing coronary plaque

density.30 This concept is further supported by histopathological
studies of coronary atheromas, in which plaques with diffuse
sheets of dense calcium deposits are stable and more likely to
be seen in healing coronary plaques.28 Budoff et al31 demon-
strated that statin use was unexpectedly associated with a higher
Agatston score. The authors speculated that use of statins leads to
reduced lipid content in plaques, resulting in a higher CAC den-
sity and Agatston score. Therefore, our results may suggest that
the adverse effects of OSA on CAC density may be attenuated
by statin use, though further investigations are warranted to con-
firm these findings.

Last, we replicated the findings from Criqui et al11 in our
exploratory analyses, which show that increased CAC density
is protective against CVD events in individuals with none-to-
mild OSA, although the hazard ratio is attenuated and not statis-
tically significant in individuals with moderate-to-severe OSA.
These results are hypothesis-generating, and potentially suggest
that moderate-to-severe OSA may confer an alternate effect on
thecoronaryatheroscleroticcascade, resulting in lowerCACden-
sity in thosewithOSA.Alternatively, the lackof statistical signif-
icance in the OSA subgroupmay be secondary to limited sample
size. In contrast to CAC density, increased Agatston score and
CAC volume conferred an increased risk of CVD events regard-
less of OSA severity,11 in the same sample size. Therefore, it is
possible thatOSAmayhavemodulating effects on theprognostic
implications of CAC density.

Our study has several limitations. First, the OSA and CAC
measurement components of our study provided a cross-
sectional analysis, and therefore causal inference cannot be
made. Second, as with any cross-sectional studies, our analy-
sis may have been subject to temporal and survival bias.
Third, we excluded individuals without CAC (CAC = 0);
therefore, the associations of OSA with noncalcified plaques
(early calcification) were not assessed in this study. Fourth,
our study excluded individuals with prior CVD by default,
as the MESA cohort only recruited those individuals free of
clinical CVD at baseline. This may potentially limit the gen-
eralizability of our results to individuals with prior CV
events. Moreover, the mean age of the sample was signifi-
cantly higher than prior studies, rendering our results less
generalizable to middle-aged individuals. Given that the asso-
ciation between OSA and CAC density and/or CVD events
may be altered as other comorbidities become more prevalent
in older populations, we adjusted for age in all of our analy-
ses to account for potential confounding. Further, survivor-
ship bias may have affected our study as our cross-
sectional analysis inherently applies only to survivors. We
also did not account for CPAP use during the CVD event
follow-up period. This is because the MESA cohort database
does not include prospective CPAP adherence data. This may
influence the rate of CVD events, and future studies should
assess the association between CAC density and CVD events
in OSA stratified by CPAP use. Last, multiplicative interac-
tions with OSA and CVD events were not significant, there-
fore the results of our exploratory analysis investigating the
association between CVD events stratified by OSA severity
are hypothesis-generating and require further investigation
in future studies.
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In conclusion, we found that there is an inverse association
between OSA and CAC density that is attenuated by BMI. This
highlights that BMI—a prognostic indicator of CV health—is
an important confounder in studies examining the link between
OSA and CAC. Moreover, there is possible effect modification
by statins. Further, we demonstrate in an exploratory analysis
that while CACdensity independently confers protection against
CVD events in the none-to-mild OSA subgroup, it may not offer
the sameprotection in individualswithmore severeOSA.Further
investigation in larger samples isnecessary todetermine the inde-
pendent influence of mild, moderate, and severe OSA on coro-
nary plaque calcification and density, the role of statin therapy
as an effect modifier, and their implications for cardiovascular
outcomes.

ABBREVIATIONS

AHI, apnea-hypopnea index
BMI, body mass index
CAC, coronary artery calcium
CPAP, continuous positive airway pressure
CT, computed tomography
CV, cardiovascular
CVD, cardiovascular disease
FPG, fasting plasma glucose
MESA, Multi-Ethnic Study of Atherosclerosis
OSA, obstructive sleep apnea
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