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Abstract

Background—Abdominal aortic calcium (AAC) and coronary artery calcium (CAC) 

independently and similarly predict cardiovascular disease (CVD) events. The standard AAC and 

CAC score, the Agatston method, up-weights for greater calcium density, thus models higher 

calcium density as a CVD hazard.

Methods and Results—Computed tomography scans were used to measure AAC and CAC 

volume and density in a multi-ethnic cohort of community dwelling individuals, and Cox-

proportional hazard was used to determine their independent association with incident coronary 

heart disease (CHD, defined as myocardial infarction, and resuscitated cardiac arrest, or CHD 

death), cardiovascular disease (CVD, defined as CHD plus stroke and stroke death), and all-cause 

mortality (ACM). In 997 participants with Agatston AAC and CAC scores > 0, mean age was 66 

± 9 years and 58% were men. Over an average follow-up of 9 years, there were 77 CHD, 118 

CVD, and 169 ACM events. In mutually adjusted models, additionally adjusted for CVD risk 

factors, an increase in ln(AAC volume) per standard deviation (SD) was significantly associated 

with increased ACM (HR=1.25, 95% CI 1.38, 1.42, P<0.01), and an increase ln(CAC volume) per 

SD was significantly associated with CHD (HR=1.17, 95% CI 1.04, 1.59, P=0.02) and CVD 

(HR=1.20, 95% CI 1.05, 1.36, P<0.01). In contrast, both AAC and CAC density were not 

significantly associated with CVD events.

Conclusions—The Agatston method of up-weighting calcium scores for greater density may be 

inappropriate for CVD risk prediction in both the abdominal aorta and coronary arteries.
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Research suggests abdominal aortic calcium (AAC) predicts future cardiovascular disease 

(CVD) events similar to, and independent of coronary artery calcium (CAC). In the Multi-

Ethnic Study of Atherosclerosis (MESA), we have previously reported that while CAC was 

a stronger predictor for coronary heart disease (CHD) and CVD than AAC, AAC was a 

stronger predictor for CVD mortality and all-cause mortality (ACM).1 These findings are 

noteworthy because to date, CAC is the most significant subclinical CVD marker in terms of 

CVD risk prediction.2 That is CAC predicts future CVD events and improves CVD risk 

stratification beyond traditional CVD risk factors.3,4

The standard method used to score AAC and CAC, the Agatston, up-weights plaque for 

higher calcium density. Thus, at any given level of CAC volume, a more dense plaque is 

modeled to predict higher risk of CVD. However, the appropriateness of up-weighting CAC 

for density is controversial. Hou et al. reported in 1889 patients with plaque measured from 

coronary computed tomography angiography (CTA) scans, that the incidence of CVD events 

was lower among patients with only calcified plaques (5.5%), compared to those with both 

calcified and non-calcified (37.7%), and those with only non-calcified plaques (22.7%).5 

Similarly, in 1,102 patients with non-obstructive plaque, receiving CTA for evaluation of 

chest pain, Ahmadi et al. reported a higher risk of ACM in those with non-calcified plaques 

(7.4, 95% CI: 2.7, 20.1), and mixed plaques (3.2, 95% CI: 1.3, 8.0), compared to those with 

calcified plaques.6 Finally, we have recently reported that for a given CAC volume, higher 

CAC density was associated with lower, rather than higher, CVD risk.7 The impact of AAC 

volume vs. density in CVD is understudied.

We set out to determine the independent associations of AAC volume and density, compared 

to CAC volume and density for CVD events. We hypothesized that AAC and CAC volume 

would be positively associated with increased CVD risk, but the association for AAC and 

CAC density would be opposite. We also hypothesized that compared to CAC volume and 

density, AAC volume and density would have the strongest associations with CVD events.

Methods

Study sample

The Multi-Ethnic Study of Atherosclerosis (MESA) is a multi-center, prospective cohort 

study designed to investigate prevalence, correlates, and progression of subclinical 

atherosclerosis and their associations with incident clinical events. A detailed description of 

the study design has been published.8 In brief, MESA recruited 6,814 persons age 45–84 of 

European-, Hispanic-, African-, and Chinese-American descent, free from clinical manifest 

CVD at baseline. Participants were recruited between July 2000 and August 2002 at 6 U.S 

field centers; New York, NY; Baltimore, MD; Winston-Salem, NC; St Paul, MN; Chicago 

IL; and Los Angeles, CA. Signed informed consent was obtained for all participants, and 

institutional review board approval was obtained for all participating institutions.
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During follow up visits between August 2002 and September 2005, a randomly selected 

subsample of 2,202 MESA participants were invited to participate in an ancillary study that 

aimed to determine the presence and extent of AAC. Of these, 2,172 agreed to participate. 

Individuals were excluded if they were pre-menopausal, or had a recent (within 6 months) 

abdominal computed tomography (CT) scan. This left 1,970 participants who underwent 

abdominal CT scans to measure AAC, and at the same time received cardiac scans to 

measure CAC. For these analyses the study population was limited to 997 participants with 

both AAC and CAC prevalent (Agatston scores > 0), since a density score only has meaning 

in those with non-zero calcium volume.

Calcium measurement

The methodology for acquisition and interpretation for AAC has previously been described.9 

Abdominal images were obtained using multi-detector CT scanners at Columbia University, 

Wake Forest University, and University of Minnesota field centers (Sensation 64 [Siemens, 

Malvern, Pennsylvania] and GE Lightspeed [GE Healthcare, Waukesha, Wisconsin], 

Siemens S4 Volume Zoom, and Siemens Sensation 16, respectively). Electron-beam CT 

scanners were utilized at Northwestern University and University of California, Los Angeles 

(Imatron C-150, Imatron Inc., South San Francisco, California). Images were reconstructed 

in a 35cm field of view with a slice thickness of 3mm (EBCT scanners) or 2.5mm (multi-

detector scanners). An 8cm segment proximal to the aortic bifurcation was used to quantify 

AAC. At the same exam, each participant was scanned twice for CAC using the same site-

specific scanners. The methodology for acquisition and interpretation of the scans as well as 

reproducibility of the readings, has been previously reported.10

Agatston11 scores were calculated for both AAC and CAC. Abdominal and cardiac CT 

slices were used to identify an area of plaque defined by density Hounsfield Units (HU) 

greater than 130.11 The plaque area (mm2) was then multiplied by 1, 2, 3, or 4, depending on 

the plaque’s maximum density. Plaques with maximum density of 130 to 199 HU were 

multiplied by 1, those with 200 to 299 HU were multiplied by 2, those with 300 to 399 HU 

were multiplied by 3 and those with 400 HU or greater were multiplied by 4. Both the AAC 

and the CAC scores for all CT slices were then summed to produce the total plaque-specific 

scores for the abdominal aorta and coronary arteries. The AAC volume (mm3) and CAC 

volume (mm3) scores were the sum of all plaque areas multiplied by the CT slice thickness. 

The AAC density and CAC density scores were calculated as: density = [Agatston] / [Area, 

in mm2]. Where Area, mm2 = [Volume mm3] / [CT scan slice thickness, in mm]. Thus 

density from these calculations represents a participant’s average multiplicative density 

factor (1–4 scale) derived from their original Agatston score.

Risk factor assessments

Participants were given standardized questionnaires at baseline, which were used to obtain 

information on demographics, medical history, and smoking history. A medication inventory 

was also performed, and medications were grouped based on use to treat high blood 

pressure, or elevated blood glucose. Blood pressure was measured 3 times in the seated 

position with a Dinamap model Pro 100 automated oscillometric sphygmomanometer after 

at least 5 minutes of rest. The average of the last 2 measurements was used. Blood samples 
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were obtained after a 12h fast for measurements of total cholesterol, high-density lipoprotein 

(HDL) cholesterol, and glucose. Diabetes was defined as fasting plasma glucose ≥ 126 

mg/dL, or use of hypoglycemic medications.

CVD events and mortality follow-up

A detailed description of the adjudication process has been previously published.12 Briefly, 

participants and their next of kin (if participants were unavailable) were contacted at 

intervals of 9–12 months by telephone, and trained interviewers inquired about interim 

hospital admissions, cardiovascular outpatient diagnoses, and death. Medical records and 

death certificates were requested for verification. Two physicians blinded to participants’ 

risk factors reviewed, classified CVD events, and assigned incidence dates. If disagreements 

persisted after adjudication, a full mortality and morbidity review committee made the final 

classification. For this current study, CVD events will include: 1) CHD (defined as 

myocardial infarction, resuscitated cardiac arrest, or CHD death); 2) CVD (defined as CHD 

plus non-fatal or fatal stroke); and 3) ACM.

Statistical Analysis

Descriptive statistics for the study cohort were presented as means (SD) and medians (25-th, 

75-th percentiles) for continuous variables that were normally distributed and skewed 

(respectively), and frequencies for categorical variables across AAC density quartiles. 

Pearson’s correlation coefficients were used to determine the univariate associations of the 

AAC and CAC Agatston, volume, and density scores, and we plotted a scatter plot of AAC 

volume and density. Multivariable Cox proportional hazards were used to determine the 

independent associations of AAC and CAC volume and density scores for incident CHD, 

CVD, and ACM. Model 1 represents the associations of AAC volume and AAC density, 

adjusted for each other, but not for CVD risk factors. Model 2 represents the associations of 

AAC volume, AAC density, CAC volume, and CAC density, all mutually adjusted for each 

other, but not for CVD risk factors. Model 3 is Model 2 but now additionally adjusted for 

Global Framingham Risk Score13 (GFRS, a composite of age, sex, smoking status, diabetes 

status, total and HDL cholesterol, systolic blood pressure and hypertension treatment), 

ethnicity, and statin therapy. Separate sensitivity analysis were conducted for participants 

with AAC and CAC > 0. As AAC and CAC Agatston and volume scores were skewed, 

natural logs (ln) were used. All analyses were conducted using PSAW Statistics 20 (IBM, 

Corp., 2011 Amronk, NY). P-value ≤ 0.05 (two-sided) was considered significant for all 

analyses.

Results

Among 997 participants, the mean age was 66 ± 9 years, the mean AAC density was 3.10 

± 0.58 and the mean CAC density was 2.75 ± 0.72 (out of a density range between 1 to 4). 

The median (25–75th percentiles) AAC volume was 1,021 (288–2,641 mm3), and median 

(25–75th percentiles) CAC volume was 116 (34–356 mm3). Over an average follow-up of 9 

years, there were 77 CHD, 118 CVD, and 169 ACM events. Compared to the first quartile, 

participants in the fourth AAC density quartile were less likely to be male, less likely to have 

European, Hispanic, and African Ancestry, but more likely to have Chinese ancestry. 
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Participants in the fourth AAC density quartile also had more prevalent CVD risk factors, 

and higher calcium scores (Table 1). AAC density was positively correlated with ln(AAC 

volume), ln(Agatston AAC score), CAC density, ln(CAC volume), and ln(Agatston CAC 

score) (Table 2). Participants with higher ln(AAC volume), also had higher AAC density 

scores (Figure).

In models adjusted for ln(AAC volume), a SD higher in AAC density was not significantly 

associated with CHD [0.70; 95% CI 0.26, 1.86), or CVD [0.41; 95% CI 0.16, 1.04), but was 

associated with lower risk of ACM [0.43; 95% CI 0.19, 0.95) (Table 3 – model 1). In 

contrast, a SD higher in ln(AAC volume) was associated with higher risk of CHD [1.27; 

95% CI 1.10, 1.45), CVD [1.34; 95% CI 1.17, 1.53), and ACM [1.33; 95% CI 1.19, 1.49) 

after adjustment for AAC density. After inclusion of both CAC density and ln(CAC 

volume), mutually adjusted, ln(AAC volume) remained significantly associated with higher 

risk for CHD, CVD and ACM, while AAC density trended towards reduced risk (Table 3 – 

model 2). After further adjustments for GFRS, ethnicity, and statin therapy, no significant 

associations were observed for AAC or CAC density with incident CHD, CVD, and ACM 

(Table 3 – model 3), although inspection of point estimates demonstrated that in general, 

they were consistently below 1. In contrast, after adjusting for AAC density, CAC density, 

and CVD risk factors, greater ln(AAC volume) remained strongly associated with ACM 

[1.25; 95% CI 1.36, 1.42) and greater ln(CAC volume) remained strongly associated with 

CHD [1.17; 95% CI 1.04, 1.59) and CVD [1.20; 95% CI 1.05, 1.36). Separate sensitivity 

analysis conducted for participants with AAC and CAC > 0 yielded similar associations of 

volume and density of AAC and CAC (respectively) with CVD events (not shown).

Discussion

In individuals with calcified plaque, in mutually adjusted models, we observed that AAC 

and CAC density scores were not significantly associated with CVD events after accounting 

for AAC and CAC volume, and other CVD risk factors. In contrast, both higher AAC and 

CAC volume scores were associated with CVD risk independent of AAC and CAC density.

To date, few studies have investigated the impact for calcified plaque composition (calcium 

density) independently from plaque burden (calcium volume) on CVD risk. Most studies 

measuring calcified plaque have used the Agatston score, which models calcium density as 

though it were associated with higher risk of CVD, independent of and multiplicative to 

plaque area (also measure of plaque burden). However, in MESA, at any level of CAC 

volume, CAC density was associated with lower CVD risk.7 These results were supported 

by prior research with studies using CTA showing lower rates of adverse CVD in persons 

with primarily calcified plaque, compared to those with non-calcified plaque, and mixed 

(calcified and non-calcified) plaque.5,14 In contrast to prior studies, Bellasi et al recently 

reported that both higher CAC density and volume were associated with increased hazard for 

ACM.15 However, this study was conducted in hemodialysis patients with advanced chronic 

kidney disease (CKD). Calcification in patients without advanced CKD is thought to occur 

primarily in the intimal layer and lead to vascular obstruction, while advanced CKD is 

associated with increased calcification of the medial artery layer an important risk factor for 

vascular stiffness.16 In our study, and in unadjusted models, for a given AAC volume, AAC 
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density was also inversely associated with ACM. Our current study along with prior research 

calls into question the Agatston method of modeling higher calcium content in 

atherosclerotic plaque as a CVD risk independent of, and multiplicative to plaque burden. 

Though not significant we generally observed HR of AAC and CAC density for CVD events 

below 1. More significant findings may be observed with use of the full range of density 

values (130 – 3000+ HU) which were unavailable in our cohort. To our knowledge, this 

study is the first to investigate the impact of plaque composition, independent of plaque 

burden in a non-coronary vascular bed, by evaluating AAC.

The mechanism by which higher calcium density in atherosclerotic plaques may be 

associated with reduced CVD risk is unclear. Studies investigating plaque “vulnerability” 

most frequently identify thin-cap fibroatheroma (TCFA), characterized by a large lipid or 

necrotic core separated from the coronary arterial lumen by a thin membrane cap.17 TCFA 

may rupture and undergo thrombosis, which can lead to arterial occlusive crisis. It is likely 

that plaque with thicker membrane cap, smaller lipid or necrotic core and higher calcium 

content may be less vulnerable to rupture. It is also uncertain whether the same mechanism 

is responsible for the accumulation of calcified plaque in the aorta and coronaries. The 

modest correlations observed in our study between AAC density and volume with CAC 

density and volume suggest differential accumulation of AAC and CAC over time.

Compared to CAC, AAC forms denser plaque, accumulates at a younger age, and is more 

easily measured. AAC is associated with adverse CVD outcomes similar to CAC.18,19 These 

calcified plaques are associated with deleterious changes in the anatomy of the aorta 

including increasing abdominal aortic diameter, which can lead to ruptured aortic 

aneurysms.20 Furthermore the presence of AAC predicts greater CAC levels, as well as 

atherosclerosis in other vascular beds like the carotids and lower extremities.21 Thus, AAC 

may provide an opportunity to measure the extent of atherosclerosis in other vascular beds 

including in the coronary arteries.

The strengths of our study include a community-living, ethnically-diverse sample including 

both sexes, and an average of 9 years follow-up with adjudicated CVD events. Also, 

prevalent CVD was excluded at baseline. Our study, however, also has important limitations. 

First, for unbiased comparisons among participants with anatomical differences, AAC was 

measured using an 8 cm segment superior to the aorto-iliac bifurcation. Since most AAC 

accumulates at or near the bifurcation, an 8 cm segment proximal to the bifurcation is a good 

representation of a person’s total AAC burden. Also our study sample was limited to 

participants with both prevalent AAC and CAC, which may have reduced power. Several 

associations of AAC and CAC density with CHD, CVD, and ACM had strongly inverse 

hazard ratios but failed to reach statistical significance in fully adjusted models. Whether 

this represents a chance finding or limited statistical power is uncertain and will require 

larger studies with longer-term follow-up in the future. Second, calcium density was 

assessed using 4-point scale rather than a continuous HU scale (130 – 3000), with the 

highest score on the 4-point scale (4) representing densities on the HU scale greater than 

400. Studying the full density range may have provided stronger associations. Additionally, 

for each plaque, the maximum density was used to characterize the entire plaque. Thus 

plaques that were primarily high risk (mostly low calcium density) may have been 
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misclassified as low risk due to relatively few high calcium densities within the plaque. This 

misclassification would bias our results towards the null, limiting the strength of the 

associations for AAC and CAC density.

Conclusion

In mutually adjusted models, additionally adjusted for CVD risk factors, AAC density and 

CAC density were not associated with higher risk for CVD events, and their trend was 

protective. Thus the Agatston method of modeling calcium density as a CVD hazard by up-

weighting plaque area for higher calcium density may be inappropriate for the abdominal 

aorta and coronary arteries. Further studies are needed to assess the impact of calcium 

density in CVD, and how to best utilize calcium density in CVD risk prediction.
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AAC Abdominal aortic calcium
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CVD Cardiovascular disease
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Clinical Perspective

The standard method used to score calcified plaque in arteries, the Agatston, up-weights 

plaque for higher calcium density, thus modeling density as a cardiovascular disease 

hazard. While the Agatston score is widely used in CVD risk prediction, the 

appropriateness of up-weighting calcium scores for density is controversial. Several 

recent studies have reported reduced risk of CVD events with higher calcium density in 

atherosclerotic plaques, though most studies have focused on the coronary arteries. We 

observed that while both higher abdominal aortic calcium (AAC) and coronary artery 

calcium (CAC) volume similarly increased CVD risk, greater AAC and CAC density did 

not, and trended towards risk reduction. Our study suggests that the standard calcium 

score, Agatston method, which models calcium density as a CVD hazard by up-

weighting plaque for higher calcium density may be flawed for both the aorta and the 

coronary arteries, both primary vascular beds used to assess plaque burden. We 

hypothesize that the higher calcium density content of atherosclerotic plaque, in contrast 

to its overall volume, may reflect reduced plaque vulnerability. Higher calcium density 

may improve plaque stability, reducing risk for thrombotic occlusive events. Further 

studies are needed to better understand the epidemiology of calcium density in 

atherosclerotic plaque, the associations with modifiable risk factors, outcomes and how 

best to incorporate calcium density in CVD risk prediction.
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Figure. 
Scatter plot of abdominal aortic calcium density vs. volume
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