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Abstract

Elevated coronary artery calcium (CAC) score, as assessed by the Agatston method, is associated
with incident atrial fibrillation (AF). We aimed to evaluate the associations of CAC volume and
density with incident AF. Participants from the Multiethnic Study of Atherosclerosis without
baseline AF and CAC >0 were included. The associations between baseline and progression
(average annual change) of CAC measures and incident AF were evaluated using Cox proportional
hazards models. CAC volume and Agatston scores were natural log (In)-transformed, and hazard
ratios (HRs) were calculated per standard deviation increment. The baseline analysis included
3,332 participants; 2,643 were included in the progression analysis. In multivariable models
adjusted for cardiovascular risk factors, volume (HR 1.24, 95% confidence interval [CI] 1.14 to
1.36), density (HR 1.14, 95% CI 1.05 to 1.25), and Agatston score (HR 1.24, 95% CI 1.14 to
1.35) were associated with increased risk of incident AF. In models including both volume and
density, the magnitude of association between volume and incident AF was unchanged, whereas
the density association was eliminated (HR 0.99, 95% CI 0.89 to 1.11). Median time to follow-up
CAC assessment was 1.9 (interquartile range 1.3, 3.0) years. Similar results were observed for the
association of incident AF with annual change in volume and Agatston score. CAC volume, but
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not density, is associated with risk for incident AF when adjusting for both. In conclusion, our
findings suggest that, although CAC may be a risk marker for AF, the association between CAC
and AF appears to be independent of plaque density.

Introduction

Methods

Atrial fibrillation (AF) is the most common cardiac arrhythmia in clinical practice, affecting
over 30 million people worldwide, 12 leading to poor quality of life, higher health care costs,
and higher mortality rates compared with those without AF.3-5 However, over 40% of risk
for AF remains unexplained after accounting for established risk factors.6 Coronary artery
calcium (CAC) scoring is a well-established clinical tool for cardiovascular disease (CVD)
risk prediction.” The use of CAC volume and density scores is more predictive of CVD
events than the standard Agatston score because the Agatston score is weighted upward

for density, although increased density is associated with reduced CVD events.® AF and
atherosclerosis appear to be closely related.® Higher CAC and CAC progression, using the
Agatston score, are associated with an increased risk for AF in patients without known
clinical CVD.19-12 Although the underlying mechanisms of this association remain unclear,
these findings suggest that subclinical atherosclerosis is predictive of the development of AF,
and CAC may improve our ability to identify patients who are predisposed to AF. Whether
accounting for plaque density modifies this association has not been previously studied. We
aimed to evaluate the association of CAC density and volume with the risk of incident AF.

Data from participants from the Multi-Ethnic Study of Atherosclerosis (MESA) were used
for this study. Details of the design of MESA have been reported previously.13 In brief,
MESA is a prospective cohort study of 6,814 participants who were free of clinical CVD

at baseline. Recruitment occurred at 6 centers across the United States from 2000 to 2002.
The study was approved by the institutional review boards at each center, and all participants
provided written informed consent. For this study, we excluded those without baseline CAC
(because of the need for CAC to calculate a density score), with history of AF, or without
long-term follow-up. For the analysis of progression of CAC, we excluded participants

with AF before follow-up computed tomography (CT) examination (exam), those without a
follow-up CT, and those without CAC on follow-up CT.

All participants in MESA underwent CAC scoring at baseline and at follow-up (half at

exam 2, 2002 to 2004 and half at exam 3, 2004 to 2005) by either electron-beam CT

or multidetector CT, depending on study location. All studies were cardiac-gated, phantom-
adjusted, and read centrally at the MESA CT reading center by 2 trained analysts, yielding
high-quality CAC measurements with high reproducibility and comparability between
scanner types.14-16 Agatston and volume scores were reported.18 The density score was not
calculated as part of the original MESA dataset. Using a previously described method,® the
density score was calculated by dividing the Agatston score by the area score. Progression in
CAC (Agatston, volume, density) was calculated as the average annual change between the
baseline and visit 2/3 exams.
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After the baseline exam, participants were followed up every 9 to 12 months by telephone to
obtain information on hospitalizations and medical records, including discharge diagnoses.
Incident AF, including atrial flutter, through December 2015 was identified from study
electrocardiograms (ECGs) verified for AF at visit 5 (2010 to 2012), International
Classification of Diseases, Ninth Revision hospital discharge diagnoses consistent with AF
(427.31 or 427.32), and, for participants enrolled in fee-for-service Medicare, inpatient and
outpatient AF claims data.l”

Standardized questionnaires were used at baseline to obtain demographic information,
highest level of education, physical activity, smoking history, alcohol use, and medication
use, including antihypertensive and antidiabetic use. Physical activity was recorded as
participant-reported number of intentional exercise metabolic equivalent in minutes per
week of moderate or vigorous activity. Cigarette smoking was calculated in pack-years
and also defined as current, former, or never. Body mass index (BMI) was calculated

as weight in kilograms divided by height in meters squared. Systolic and diastolic blood
pressures were taken in seated participants at rest and reported as the average of the last 2
of 3 measurements taken. Total and high-density lipoprotein cholesterol and glucose were
measured from fasting blood samples. Low-density lipoprotein cholesterol was calculated by
the Friedewald equation in those with triglycerides <400 mg/100 ml. Diabetes was defined
as a fasting glucose >125 mg/100 ml or use of antidiabetic medications. Left ventricular
hypertrophy was defined by the Cornell ECG criteria.18

Baseline characteristics were compared across quartiles of baseline volume and density
using analysis of variance testing for continuous variables and chi-square tests for categoric
variables. Median follow-up time was compared using the Kruskal-Wallis test. AF incidence
rates were calculated across quartiles of volume and density. Kaplan—Meier curves for
freedom from AF by quartile of volume and density were created. We performed a time-to-
event analysis using Cox proportional hazards models to compare the association between
CAC measures (Agatston score, volume alone, density alone, and volume + density), per
SD increment, and the risk of incident AF, with time of risk defined as follow-up until

first AF event, death, or last follow-up exam. Volume and Agatston scores were natural

log (In)-transformed because of a previously noted log-linear association between CAC and
cardiovascular events.19 Model 1 adjusted for age, race/ethnicity, gender, and highest level
of education completed. Model 2 adjusted for model 1 and height, BMI, cigarette smoking
status, diabetes mellitus, systolic and diastolic blood pressures, use of antihypertensive
medications, moderate/vigorous physical activity, total cholesterol, high-density lipoprotein
cholesterol, and left ventricular hypertrophy. As a sensitivity analysis to account for the
possibility of interim ischemic events influencing development of AF, we performed an
additional analysis which adjusted for model 2 and coronary heart disease events before the
development of AF or last known follow-up.

A similar time-to-event analysis was performed to evaluate the association between CAC
progression (Agatston change, volume change alone, density change alone, and volume +
density change) and incident AF. For this analysis, time at risk began with the follow-up

CT exam (exam 2 or 3) and continued until first AF event, death, or last follow-up exam.
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Models were adjusted as described previously. A third model was created (model 3) to
additionally adjust for baseline CAC measures.

To assess for potential effect modification, interaction terms for race/ethnicity, gender,
scanner type, age, diabetes mellitus, antihypertensive medication use, and BMI were
evaluated in the previously mentioned models for the baseline CAC analyses only. To
further explore risk of AF in those who newly developed CAC at the follow-up CT exam,
we performed an additional analysis comparing the risk of incident AF according to CAC
Agatston score and CAC volume for these patients with those without evident CAC at
baseline or follow-up exams.

Analyses were performed using R (R Foundation for Statistical Computing, Vienna, Austria)
and SPSS Statistics v26.0 (IBM, Armonk, New York). A 2-tailed p <0.05 was considered
statistically significant.

The MESA cohort contains 6,814 participants, including 3,398 with baseline CAC. There
were 3,332 participants included in the analyses involving baseline CAC measures only and
2,643 participants for analyses involving CAC progression (58 participants were excluded
for AF before follow-up CT; Figure 1). In the entire cohort with available data (n = 5,550),
the incidence of AF was 13.4% (n = 743). The incidence of AF was higher in those with
CAC at baseline (19.8%, n = 524 of 2,645) than in those with no CAC at baseline but

with CAC at follow-up (12.0%, n = 56 of 467) and those without CAC at baseline or
follow-up (6.7%, n = 163 of 2,438, p <0.001). Characteristics of study participants according
to baseline CAC volume and density quartiles are shown in Table 1. Overall, the cohort

was 43.8% White, 24.2% Black, 20.0% Hispanic, and 12.0% Chinese. Participants with
higher volume were older, were less likely to be women, were more likely to be White,

to have hypertension, to have diabetes, and to smoke, and had higher N-terminal brain
natriuretic peptide levels. Similar results were noted across higher density quartiles. Alcohol
use (for volume quartile), diabetes (for density quartile), and cigarette smoking (for both
density and volume), demonstrated significant but nonmonotone relationships. Additionally,
total cholesterol and BMI were lower with higher density quartile, whereas high-density
cholesterol was higher in the highest density quartile than in the lowest quartile.

Increasing quartile of volume and density were associated with higher incidence of AF
(Figure 2). In the multivariable adjusted analyses, baseline In volume (hazard ratio [HR]

per SD increment 1.25, 95% confidence interval [CI] 1.14 to 1.36) and density (HR per SD
increment 1.14, 95% CI 1.05 to 1.24) were each associated with increased risk for AF (Table
2). However, when volume and density were assessed together, the association with volume
was similar, whereas the association with density was eliminated (HR per SD increment
0.99, 95% C1 0.89 to 1.11). The lack of association of density with incident AF was also
seen across quartiles of volume (Supplementary Table 1). The Agatston score was associated
with increased risk for AF with a similar magnitude of association as volume (Table 2).

No significant interactions were detected between baseline CAC measurements and age,
gender, race/ethnicity, or scanner type for model 1 or between baseline CAC measurements
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and BMI, diabetes, or hypertensive medication use for model 2. Results were similar with
additional adjustment for interim coronary heart disease events (HR per In volume SD
increment 1.26, 95% CI 1.13 to 1.41; HR per density SD increment 0.98, 95% 0.88 to 1.10).

Median time to follow-up CT was 1.9 (interquartile range 1.3 to 3.0) years. An increase in
volume was positively associated with incident AF risk (HR per SD increment 1.19, 95%

Cl 1.11 to 1.28), whereas increased density was not (HR per SD increment 0.98, 95% CI:
0.89 to 1.08; Table 3). Similar results were seen when volume and density were assessed
separately. Increase in Agatston score was associated with increased risk for AF (HR per SD
increment 1.19, 95% CI 1.11 to 1.27). There was slight attenuation of the HRs for volume
change and Agatston change when baseline volume and density or baseline Agatston,
respectively, were included (model 3). When change in density was stratified by quartile

of volume score at baseline, no association was noted with incident AF (Supplementary
Table 2).

There were 2,438 participants (43.9%) with CAC of 0 at baseline and follow-up, 467 with
CAC of 0 at baseline and CAC >0 at follow-up (8.4%), and 2,645 with CAC>0 at both
exams (47.7%), using either CAC Agatston score or CAC volume score. In a multivariable
Cox model (adjusting for similar covariates to Model 2 as previously mentioned), having
CAC at both exams was associated with increased risk for incident AF (HR 1.52, 95% ClI
1.24 to 1.85) with a nonsignificant trend toward increased risk among those with CAC at
follow-up but not at baseline (HR 1.28, 95% CI 0.94 to 1.74).

Discussion

In a multi-ethnic cohort of participants with CAC and without baseline CVD or AF,

greater CAC volume was associated with increased risk for incident AF that was similar

in magnitude to the Agatston score. Greater CAC density, however, was not associated

with incident AF when simultaneously adjusting for volume. Similar results were observed
when measures of CAC progression were assessed. Our findings redemonstrate that CAC is
associated with risk for incident AF and that the association appears to be related to total
atherosclerotic burden, independent of plaque density.

Previous studies have suggested an association between AF and atherosclerosis. Endothelial
dysfunction may be associated with the development of AF, and AF may be associated with
systemic inflammation affecting plaque stability.® CAC, measured by the Agatston score,

is associated with risk for AF. Patients with CAC often have multiple underlying AF risk
factors. Additionally, calcified coronary arteries are associated with enlarged pulmonary
veins and left atria, which are both associated with AF,20 and CAC is highly prevalent in
patients with AF.21:22 |n a previous study of MESA participants, higher CAC score was
associated with increased risk of incident AF, with Agatston score >300 associated with a
more than twofold increase compared with CAC of 0.19 Similarly, a study of CAC, using
the Western Denmark Heart Registry, demonstrated increased risk of developing AF with
higher CAC scores, with a 67% increased relative risk with CAC =1,000 compared with

no CAC.12 A follow-up MESA study demonstrated that annual progression of the CAC
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score was also associated with increased risk of AF (HR 3.23 for >300 per year increase in
Agatston score).11

Previous CAC and AF studies used the Agatston method. However, recent studies have
shown that the volume/density method provides improved predictive value for CVD events
because the Agatston score is weighed upward for density, although increased density is
inversely associated with risk.8 Our study adds to this existing knowledge by demonstrating
that the volume score provides similar value for predicting AF risk, and that plaque
density is not associated with AF risk when also adjusting for volume. Given that both
volume and density represent different measures of atherosclerosis, both were expected

to be associated with AF risk. In contrast, the association of volume with AF, without

an additional association with density, may suggest that the association between AF and
atherosclerosis reflects shared risk factors rather than the direct impact of atherosclerosis
on AF risk. Further study is needed to clarify the underlying mechanisms that explain the
association between CAC volume, but not density, and AF.

Further study is needed to understand the clinical implications of this study. CAC is a
predictor for the development of AF and may provide an opportunity for identifying people
at risk for AF. Plaque density is not protective against AF risk, as it is for CVD events, and
total atherosclerotic burden is a more important predictor. Taken together, the CAC volume
or Agatston score can likely be used interchangeably for the purpose of AF risk. Many
traditional cardiovascular risk factors, such as age, male gender, hypertension, diabetes,
BMI, and family history, are associated with risk for both incidence and progression of
CAC.23 Modification of risk factors, such as low-density lipoprotein cholesterol with statin
use, is associated with stabilization or even reduction in CAC.24 Statin use has also been
associated with reduced incident AF.2% Further investigation is needed to determine whether
modification of risk factors for the incidence and progression of CAC is also associated with
reduced incidence of AF.

Our study has some limitations. Density was not reported in the MESA data and was
calculated for this study; thus, it is treated categorically and not continuously, which may
decrease power. Data regarding alcohol consumption were not available for the whole study
cohort. Given that AF may not be associated with symptoms and is often paroxysmal,

it is likely that many cases of AF were not captured through hospitalization and billing
codes. Additionally, reliance on billing codes without objective evidence of AF is subject
to errors in diagnosis. Finally, as an observational study, our results are subject to residual
confounding.

In conclusion, baseline CAC volume and progression of volume are associated with incident
AF to a similar degree as Agatston scoring. CAC density, when adjusting for volume, is not
associated with risk for incident AF. Our findings suggest that, although CAC may be a risk
marker for AF, the association between CAC and AF appears to be independent of plaque
density. Further study is needed to address the therapeutic implications of these findings.
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Figure 2.

Freedom from incident atrial fibrillation by Q of (A) CAC volume and (B) CAC density p
<0.001 for comparison of incident AF among both volume and density Qs. Q = quartile.
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Association between baseline CAC measures and incident atrial fibrillation

HR 95% ClI p
Model 1 (n = 3324)
Involume, per SD 131 1.17,1.45 <0.001
Density, per SD 0.98 0.87,1.09 0.640
Involume alone, per SD 129 118,140 <0.001
Density alone, per SD 1.15 1.06,1.26 <0.001
In Agatston alone, per SD  1.28 1.18,1.40 <0.001
Model 2 (n = 3284)
Involume, per SD 1.25 1.12,1.40 <0.001
Density, per SD 0.99 0.89,1.11 0.868
Involume alone, per SD 124 114,136 <0.001
Density alone, per SD 1.14 1.05,1.24 0.002
In Agatston alone, per SD  1.24 1.14,1.35 <0.001

Table 2

Page 13

Results of Cox Proportional Hazards models are shown. Volume and Agatston scores were natural log(In)-transformed. All hazard ratios are
presented per SD increment. Model 1 = age + race + sex + education + CAC measurement (volume and density, volume or density alone, Agatston
alone); model 2 = model 1 + height + body mass index + smoking + alcohol use + diabetes + systolic blood pressure + diastolic blood pressure +

medications for hypertension + physical activity + total cholesterol + high density lipoprotein + left ventricular hypertrophy + NT-proBNP.

Abbreviations as per Table 1.
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HR 95% ClI P
Model 1 (n = 2638)
Volume change, per SD 1.23 1.15,1.32 <0.001
Density change, per SD 0.97 0.88,1.07 0.579
Volume change alone, per SD 123 115,132 <0.001
Density change alone, per SD 0.98 0.89,1.07 0.602
Agatston change alone, per SO 1.23 1.15,1.31 <0.001
Model 2 (n = 2606)
Volume change, per SD 1.19 111,128 <0.001
Density change, per SD 0.98 0.89,1.08 0.709
Volume change alone, per SD 119 111,128 <0.001
Density change alone, per SD 0.98 0.89,1.08 0.751
Agatston change alone, per SO 1.19 1.11,1.27 <0.001
Model 3 (n = 2606)
Volume change, per SD 1.14 1.04,1.23 0.003
Density change, per SD 1.00 0.88,1.13 0.974
Volume change alone, per SD 114 1.05,1.23 0.002
Density change alone, per SD 1.06 0.94,1.19 0.339
Agatston change alone, per SO 1.14  1.05,1.23 0.002

Table 3

Association between measures of CAC progression and incident atrial fibrillation

Page 14

Results of Cox Proportional Hazards models are shown. All hazard ratios are presented per SD increment. Model 1 = age + race + sex + education
+ CAC measurement change (volume and density, volume or density alone, Agatston alone); model 2 = model 1 + height + body mass index +
smoking + alcohol use + diabetes + systolic blood pressure + diastolic blood pressure + medications for hypertension + physical activity + total
cholesterol + high density lipoprotein + left ventricular hypertrophy + NT-proBNP; model 3 = model 2 + baseline CAC measurements (volume and
density, volume or density alone, Agatston alone).

Abbreviations as per Table 1.
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