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Improving the CAC Score by Addition of
Regional Measures of Calcium Distribution
Multi-Ethnic Study of Atherosclerosis

Michael J. Blaha, MD, MPH,* Matthew J. Budoff, MD," Rajesh Tota-Maharaj, MD,*¢ Zeina A. Dardari, MS,?
Nathan D. Wong, PuD," Richard A. Kronmal, PuD, John Eng, MD,’ Wendy S. Post, MD, MS,?
Roger S. Blumenthal, MD,* Khurram Nasir, MD, MPH*#

ABSTRACT

OBJECTIVES The aim of this study was to investigate whether inclusion of simple measures of calcified plaque
distribution might improve the ability of the traditional Agatston coronary artery calcium (CAC) score to predict
cardiovascular events.

BACKGROUND Agatston CAC scoring does not include information on the location and distributional pattern of
detectable calcified plaque.

METHODS We studied 3,262 (50%) individuals with baseline CAC >0 from the Multi-Ethnic Study of Atherosclerosis.
Multivessel CAC was defined by the number of coronary vessels with CAC (scored 1 to 4, including the left main). The
"diffusivity index" was calculated as 1 - (CAC in most affected vessel/total CAC), and was used to group participants
into concentrated and diffuse CAC patterns. Multivariable Cox proportional hazards regression, area under the curve,
and net reclassification improvement analyses were performed for both coronary heart disease (CHD) and cardiovas-
cular disease (CVD) events to assess whether measures of regional CAC distribution add to the traditional Agatston
CAC score.

RESULTS Mean age of the population was 66 + 10 years, with 42% women. Median follow-up was 10.0 (9.5 to
10.7) years and there were 368 CHD and 493 CVD events during follow-up. Considerable heterogeneity existed
between CAC score group and number of vessels with CAC (p < 0.01). Addition of number of vessels with CAC
significantly improved capacity to predict CHD and CVD events in survival analysis (hazard ratio: 1.9 to 3.5 for 4-vessel
vs. 1-vessel CAC), area under the curve analysis (C-statistic improvement of 0.01 to 0.033), and net reclassification
improvement analysis (category-less net reclassification improvement 0.10 to 0.45). Although a diffuse CAC pattern
was associated with worse outcomes in participants with =2 vessels with CAC (hazard ratio: 1.33 to 1.41; p < 0.05),
adding this variable to the Agatston CAC score and number of vessels with CAC did not further improve global risk
prediction.

CONCLUSIONS The number of coronary arteries with calcified plaque, indicating increasingly "diffuse” multivessel
subclinical atherosclerosis, adds significantly to the traditional Agatston CAC score for the prediction of CHD and CVD
events. (J Am Coll Cardiol Img 2016;m:m-m) © 2016 by the American College of Cardiology Foundation.
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ABBREVIATIONS
AND ACRONYMS

AUC = area under the curve
CAC = coronary artery calcium
CHD = coronary heart disease
CT = computed tomography
CVD = cardiovascular disease

MESA = Multi-Ethnic Study of

Atherosclerosis

NRI = net reclassification

improvement

oronary artery calcium (CAC) scores

derived from noncontrast cardiac

computed tomography (CT) are one
of the strongest individual predictors of
adverse cardiovascular events (1). The associ-
ation of CAC with cardiovascular disease
(CVD) is thought to be driven by the strong
correlation between detectable subintimal
coronary calcium and total coronary athero-
sclerosis burden (1). Indeed, several studies
have suggested a direct relationship between
the quantity of calcium and the total amount
of coronary atherosclerotic plaque (2,3).

CAC is usually scored by the method of Agatston
etal. (4). The Agatston score is calculated as a summed
product of the within-slice area of calcium multiplied
by a weighting factor derived from the maximal CT
attenuation of individual calcified lesions. Although
elegant and simple, the Agatston score and other cur-

rent CAC scoring algorithms (5-7) do not account for
the distribution of CAC within the coronary tree.
Therefore, 2 patients with the same CAC score may
have significantly different patterns of CAC involve-
ment (8). The implication of the heterogeneity in cor-
onary atherosclerosis distribution within patients with
similar CAC scores is not well known.

Given the large body of evidence supporting worse
prognosis with diffuse coronary artery disease (9), we
hypothesized that measures of diffuse CAC distribu-
tion might be associated with worse prognosis
compared with identical CAC scores with a more
concentrated pattern. To test this hypothesis, we
sought to study the potential incremental prognostic
value of adding simple measures of CAC distribution
to the traditional Agatston score in a multiethnic
population free of baseline CVD.

METHODS

STUDY DESIGN AND POPULATION. MESA (Multi-
Ethnic Study of Atherosclerosis) is a multicenter
population-based prospective cohort study aimed at
describing the prevalence, progression, and clinical
significance of subclinical atherosclerosis. In brief,
MESA includes 6,814 men and women aged 45 to 84
years from different ethnic origins (white, black,
Hispanic, and Chinese) with no known baseline
clinical CVD at the time of enrollment. Full details of
the MESA study design and methods have been pre-
viously published (10). The study protocol was
approved by each institutional review board, and all
participants provided written informed consent.

STUDY COVARIATES. As part of the baseline exami-
nation, staff members at each of the 6 centers
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collected information about cardiovascular risk fac-
tors, including medical history, smoking history,
blood pressure measurement, anthropometric mea-
surements, and laboratory data, as previously
described (10). A central laboratory (University of
Vermont, Burlington, Vermont) measured plasma
glucose and high-sensitivity C-reactive protein, and
levels of total and high-density lipoprotein choles-
terol and triglycerides were measured after a 12-hour
fast at the Collaborative Studies Clinical Laboratory at
Fairview-University Medical Center (Minneapolis,
Minnesota).

EVENT ASCERTAINMENT (FOLLOW-UP). Partici-
pants were followed for a median of 10.0 years
(interquartile range: 9.5 to 10.7) for the first occur-
rence of a coronary heart disease (CHD) or CVD event.
At intervals of 9 to 12 months, an interviewer con-
tacted each participant or family member by tele-
phone to inquire about interim revascularization,
hospital admission, or death. To verify self-reported
diagnoses, MESA obtained medical records for
approximately 98% of hospital events and 95% of
outpatient diagnoses. Two physicians from the MESA
mortality and morbidity review committee indepen-
dently classified events.

A CHD event was defined as myocardial infarction,
death from CHD, resuscitated cardiac arrest definite
angina, or revascularization if there was adjudicated
preceding or concurrent angina. A CVD event was
defined as a CHD event or stroke (not transient
ischemic attack), cardiovascular death, or other
atherosclerotic death. Full details of the MESA follow-
up methods are available at the MESA website.

CT PROTOCOL. All MESA study participants under-
went baseline measurement of CAC using non-
contrast cardiac CT. Participants were scanned twice,
and the score was reported as the average of the 2
scans. CAC scores were reported as the Agatston
score, which is a single summary score reflecting the
summed product of the within-slice calcified plaque
area and a density weighting factor representing the
peak CT attenuation within the individual calcified
plaque (4). Regional distribution of CAC is not a factor
in traditional Agatston CAC scoring. Subjects were
told after the baseline visit (2000 to 2002) whether
they had no, less than average, average, or greater
than average CAC and were encouraged to discuss the
results with their physicians.

DEFINITION OF CAC PARAMETERS. Vessel-specific
CAC measurements were performed in 6,540 MESA
participants (96%). A total of 3,262 (50%) individuals
had baseline CAC >0 and form the population for this
analysis.
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We tested 2 approaches to accounting for the
regional distribution of CAC. The number of vessels
with CAC, a measure of multivessel disease, was
calculated as an ordinal variable (1 to 4) indicating
CAC involvement of the left main, left anterior
descending, left circumflex, and right coronary ar-
teries (11).

In participants with CAC in =2 vessels, we calcu-
lated a “diffusivity index” representing the degree of
dispersion of CAC within the coronary tree. A higher
diffusivity index represents a more diffuse pattern of
CAC, whereas a smaller diffusivity index represents a
great percentage of the total CAC in a single artery.
The diffusivity index was calculated as a continuous
variable by dividing the CAC score of the most
affected vessel (the single vessel with the highest
individual CAC score) by the total Agatston CAC
score, and subtracting this quantity from 1 (equation:
1 - CAC in most affected vessel/total CAC). For
example, for an individual with 3-vessel CAC and a
total score of 300 with 200 in the left anterior
descending, 50 in the left circumflex, and 50 in the
right coronary artery, the diffusivity index would be
(1- [200/300]) = 0.33, or 33%. If the same individual
with total CAC score of 300 had 100 in the left anterior
descending, 100 in the left circumflex, and 100 in the
right coronary artery the diffusivity index would be
(1 - [100/300]) = 0.67, or 67%.

A categorical variable representing CAC pattern
was calculated using thresholds of the diffusivity in-
dex. Concentrated CAC pattern was considered to be
present when the diffusivity index was <25th
percentile for a given number of vessels with CAC.
Diffuse CAC pattern was defined as a diffusivity index
>75th percentile for a given number of vessels with
CAC.

STATISTICAL METHODS. Baseline characteristics are
presented according to the number of vessels with
CAC. Frequencies and proportions were calculated for
categorical variables, and either means with standard
deviations or medians with interquartile ranges
calculated for continuous variables. Differences
between the groups were calculated using the chi-
square test, 1-way analysis of variance, or nonpara-
metric testing where appropriate.

Absolute CHD and CVD event rates were calculated
by dividing the total number of events by the total
number of person-years at risk (expressed per 1,000
person-years). These rates were displayed graphically
and in tabular form across increasing number of
vessels with CAC and across concentrated versus in-
termediate versus diffuse CAC distribution pattern in
those with =2 vessels with CAC.
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Cox proportional hazards regression was used to
model time-to-first CHD or CVD event. The propor-
tionality assumption was confirmed graphically using
both the log-log plot and by comparison of Kaplan-
Meier and predicted survival plots. The overall
analytical goal was to test whether measures of CAC
distribution add to the traditional Agatston CAC score
for event prediction. First, measures of CAC distri-
bution were added to a model including age, sex,
race, and the total Agatston CAC score. Baseline total
Agatston CAC was modeled in 3 ways: 1) by CAC score
group (1 to 100, 101 to 300, >300); 2) as a continuous
variable; and 3) as a log-transformed variable (In
[CAC + 1]) (12). Additional models were then con-
ducted adding adjustment for cardiovascular risk
factors including body mass index, cigarette smoking
status, diabetes, systolic blood pressure, antihyper-
tensive medication use, total cholesterol, high-
density lipoprotein cholesterol, and lipid-lowering
medication use.

The incremental predictive value of regional CAC
measures beyond the traditional total Agatston CAC
score was tested using area under the receiver oper-
ating curve (AUC) and net reclassification improve-
ment index (NRI) analyses. Incremental AUC analyses
were calculated from logistic regression models, and
were conducted for each of the described baseline
total CAC definitions in unadjusted, age/sex/race-
adjusted, and fully adjusted models. The NRI was
calculated in fully adjusted models as the category-
less continuous NRI. (13). Continuous NRI. was
selected because the thresholds, size, and interpre-
tation of conventional risk categories vary by old and
new risk assessment guidelines and therefore by the
use of CHD or CVD as the primary outcome.

The
particular coronary artery is afflicted with CAC was
also modeled. For this analysis, individual coronary
artery involvement was modeled with binary vari-
ables (yes/no) and with exact CAC scores. Cox pro-

incremental value of identifying which

portional hazards regression models were used
entering terms for involvement in each coronary ar-
tery after controlling for the total CAC score and the
percentage of the total CAC score in the individual
coronary arteries.

All statistical analyses were conducted using
STATA 13 (Stata Corp., College Station, Texas). A
2-tailed p value of <0.05 was considered significant.

RESULTS

The mean age of the study population was 66 4 10
years with 58% men. Approximately 43% were white
persons, 12% Chinese, 24% African American, and
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20% Hispanic. In general, with increasing number of
vessels with CAC, there was a greater number of
cardiovascular risk factors present and with greater
risk factor severity (Table 1).

The mean CAC score of the population was 291 +
555 Agatston units, with a median and interquartile
range of 86 (22 to 294). The mean number of vessels
with CAC was 2.2 4 1.0. The mean diffusivity index (%
of CAC in the most affected vessel) was 24 + 15% for
2-vessel CAC, 38 + 15% for 3-vessel CAC, and 46 +13%
for 4-vessel CAC. By definition, 25% of participants
in each group (2-, 3-, and 4-vessel) were assigned to
the diffuse CAC pattern. Complete CAC charac-
teristics of the population are shown in Table 1 and
Online Tables 1 and 2.

There was considerable heterogeneity between
conventional CAC groups and number of vessels with
CAC (Figure 1). Heterogeneity was predominantly
noted in the intermediate CAC score 1 to 300 range.

H, NO. H, 2016
N 2016:H-H
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In contrast, most individuals with CAC >300 had at
least 3-vessel CAC (91%).

There were a total of 368 CHD and 493 CVD events
during follow-up, of which 154 were myocardial in-
farctions, 19 were resuscitated cardiac arrests, 65
were CHD deaths, 130 were revascularizations with
angina, 89 were strokes, and 36 were other cardio-
vascular/other atherosclerotic deaths. Figures 2A
and 2B show the absolute CHD and CVD event rates
across increasing number of vessels with CAC after
stratifying by traditional total Agatston CAC score
groups. Event rates increased with an increasing
number of vessels with CAC. Within subpopulations
defined by the number of vessels with CAC, event
rates were lowest in those with a concentrated CAC
pattern, and progressively higher with an intermedi-
ate and diffuse pattern (Figures 2C and 2D).

Table 2 shows the results of the Cox proportional
hazards models for both CHD and CVD adding

TABLE 1 Baseline Characteristics and CAC Results
Total Population Number of Vessels =1 Number of Vessels = 2 Number of Vessels = 3 Number of Vessels = 4
(N = 3,261) (n =1,077) (n = 824) (n =978) (n =382) p Value

Age 66.3 £ 9.5 633 +9.9 66.4 + 9.2 683 +£9.0 69.9 + 8.1 <0.001
Sex <0.001

Male 1,897 (58.2) 552 (51.3) 452 (54.9) 619 (63.3) 274 (1.7)

Female 1,364 (41.8) 525 (48.8) 372 (45.2) 359 (36.7) 108 (28.3)
Race 0.001

White 1,413 (43.3) 425 (39.5) 343 (41.6) 444 (45.4) 201 (52.6)

Chinese 397 (12.2) 153 (14.2) 106 (12.9) 110 (11.25) 28 (7.3)

Black 783 (24.0) 273 (34.9) 206 (25.0) 226 (23.1) 78 (20.4)

Hispanic 668 (20.5) 226 (21.0) 169 (20.5) 198 (20.3) 75 (9.6)
Smoking status <0.001

Never 1,457 (44.8) 525 (48.8) 386 (47.0) 399 (40.9) 147 (38.5)

Former 1,378 (42.3) 406 (37.8) 346 (42.1) 439 (45.0) 187 (49.0)

Current 420 (12.9) 144 (13.4) 90 (11.0) 138 (14.1) 48 (12.6)
BMI, kg/m? 283 £5.2 28.0+5.4 283 +5.0 285+ 5.2 28.8 +£5.2 0.031
Completed high school 2,642 (81.2) 882 (82.1) 643 (78.2) 800 (82.0) 317 (83.0) 0.088
Hypertension 1,773 (54.4) 498 (46.2) 435 (52.8) 583 (59.6) 257 (67.3) <0.001
Diabetes 514 (15.8) 113 (10.50) 129 (15.7) 189 (19.4) 83 (21.9) <0.001
Systolic blood pressure 1343 + 20 130.1+ 20 133.7 £19 137.1 £ 20 140.1 £ 19 <0.001
Diastolic blood pressure 74.90 £ 9.5 7412 £ 9.9 74.55 + 9.3 75.53 £ 9.5 76.19 + 8.6 <0.001
Cholesterol, mg/dl 202.79 + 36 202.27 + 35 201.85 + 36 203.26 + 36 205.10 + 34 0.5399
HDL-C, mg/dl 49.4 + 14 50.7 £ 15 49.2 £ 14 48.6 + 14 483 + 14 0.001
LDL-C, mg/dl 18.4 + 32 119.2 + 33 175 £ 32 118.3 £ 32 118.6 + 33 0.727
Antihypertensive medication 1,480 (45.4) 402 (37.4) 363 (44.05) 491 (50.2) 224 (58.6) <0.001
Lipid-lowering medication 706 (21.7) 184 (17.1) 172 (20.9) 238 (24.3) 112 (29.3) <0.001
Mean CAC score 291.4 + 555 345+ 54 N7.3 £154 494.6 + 637 870.9 + 917 <0.001
Mean log (CAC+1) 439 +18 283 +1.2 415 +£1.2 5,58 +1.2 6.30 + 1.0 <0.001
CAC score 86.5 (22-294) 15.6 (5.5-40) 67.5 (27-149) 270.5 (121-591) 530.4 (280-1158) <0.001
Diffusivity index, % 23.0 £21.0 0 243 £ 15.0 38.2 +£15.0 46.0 +13.0 <0.001

Concentrated CAC pattern* - - 5.50 + 3.0 17.7+7.0 27.6 £ 9.0

Diffuse CAC patternt = = 44.0 + 4.0 56.1 + 4.0 61.2 £ 4.0
Values are mean =+ SD, n (%), or median (IQR). *Concentrated CAC pattern was considered to be present when the diffusivity index was <25th percentile for a given number of vessels with CAC. Diffuse CAC
pattern was defined as a diffusivity index >75th percentile for a given number of vessels with CAC. tUnits for concentrated and diffuse CAC patterns are the diffusivity index, given as a %.

BMI = body mass index; CAC = coronary artery calcium; HDL-C = high-density lipoprotein cholesterol; IQR = interquartile range; LDL-C = low-density lipoprotein cholesterol.
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number of vessels with CAC to the total traditional
Agatston CAC score. In models adjusted for age, sex,
and race, there was 2.5- to 3.5-fold increase in CHD
risk and a 2- to 2.5-fold increase in CVD risk with 4-
vessel CAC compared with 1-vessel CAC across
models adjusting for CAC as a categorical variable,
continuous variable, and as a log-transformed vari-
able (all p < 0.05). Improvement in risk stratification
adding the number of vessels with CAC was only
noted in the intermediate CAC score range (1 to 300)
(Online Table 3). With CAC scores >300, where there
was little heterogeneity between CAC score group and
regional CAC distribution (Figure 1), the number of
vessels with CAC provided no added prognostic
value. Interaction of number of vessels with CAC and
CAC score group is shown in Online Table 4.

In incremental AUC analysis (Table 3), addition of
number of vessels with CAC to the total traditional
Agatston CAC score resulted in a statistically signifi-
cant improvement in risk discrimination for both CHD
(improvement in C statistic of 0.016 to 0.030) and CVD
(improvement in C statistic of 0.010 to 0.022) in un-
adjusted models. The results were attenuated, but
generally remained statistically significant, after
complete risk factor adjustment. The magnitude of
improvement in the C statistic was largest when CAC
was intermediate (CHD, 0.036; CVD, 0.024 to 0.025).
However, the improvements in this smaller subset (n =
2,458) no longer reached statistical significance after
complete risk factor adjustment (Online Table 5).

Table 3 also shows the results of the NRI. analysis
adding number of vessels with CAC to the total CAC
score. In age, sex, and race adjusted models, addition
of number of vessels with CAC led to an NRI. of be-
tween 0.14 and 0.41 for CHD and of between 0.11 and
0.35 for CVD (p < 0.05). The NRI. values were mildly
attenuated in the fully adjusted model, but remained
statistically significant. Online Table 5 shows that
NRI, values were higher when CAC was in the inter-
mediate 1 to 300 range (log [CAC +1] model).

Table 4 shows the results of the Cox proportional
hazards model adding the diffusivity index and the
categorical measure of CAC pattern to the total
traditional Agatston CAC score in participants with =2
vessels with CAC. In all models, the diffusivity index
was positively associated with cardiovascular out-
comes (hazard ratio [HR]: 1.01 [95% confidence in-
terval (CI): 1.00 to 1.02] per 1% change), suggesting
higher risk with an increasingly diffuse CAC pattern.
In addition, there was a graded increase in the risk of
both CVD and CHD with advancement from a
concentrated to an intermediate to a diffuse CAC
pattern. However, addition of the diffusivity index
and the CAC pattern to the total traditional Agatston
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FIGURE 1 Heterogeneity Between CAC Score Groups and the Number of
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56.5%
34.5%

have at least 3-vessel CAC. CAC = coronary artery calcium.

There is heterogeneity between CAC score group and the number of vessels with CAC,
particularly when CAC is intermediate (1 to 300). Nearly all participants with CAC >300

CAC score and the number of vessels with CAC did not
lead to further improvement in the C statistic (Online
Tables 6 and 7).

Table 5 shows the results of the analysis testing the
prognostic significance associated with which specific
coronary artery is afflicted with CAC. In models
adjusting for the total Agatston CAC score and the
percent of the total CAC score in the coronary arteries,
only presence of CAC in the right coronary artery
remained a significant predictor of CHD and CVD (HR:
2.10 [95% CI: 1.51 to 2.90] for CHD; HR: 1.62 [95% CI:
1.24 to 2.14] for CVD). For the left main coronary ar-
tery, the point estimate signaled an increase in
events; however, this did not reach statistical signif-
icance. Modeling the exact CAC score in the individ-
ual coronary arteries did not change the overall
conclusions. Addition of involvement of individual
coronary arteries, or just the right coronary artery, to
the Agatston score did not improve the AUC for CHD
or CVD events (data not shown).

DISCUSSION

In our study of a well-defined multiethnic cohort free
of baseline CVD, we have shown that measures of
diffuse CAC distribution add predictive value to the
Agatston CAC score, particularly when traditional
CAC scores are in the intermediate range (1 to 300).
This incremental predictive value is of similar
magnitude to that commonly attributed to adding
novel serum biomarkers to traditional risk factors in
intermediate-risk patients (14).
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FIGURE 2 Relationship Between a More Diffuse CAC Pattern and CHD and CVD Events
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(A and B) Within each CAC score group, there is a graded increase in CHD and CVD event rates with increasing number of vessels with CAC. (C and D) Within each CAC
score group, there is a graded increase in CHD and CVD event rates progressing from a concentrated to a diffuse pattern of CAC distribution. CHD = coronary heart
disease; CVD = cardiovascular disease; other abbreviations as in Figure 1.

The most important finding is that simple addition = measure of multivessel CAC does not require remea-
of the number of vessels with CAC to the traditional surement or a complicated calculation, and is avail-
Agatston score improves both the AUC and the NRIfor  able on all CAC scores that report CAC on a per-vessel
prediction of CHD and CVD events. This simple basis (11). Our results therefore point to a

TABLE 2 Adjusted Hazard Ratios Adding Number of Vessels With CAC to the Traditional Agatston CAC Score

Hazard Ratio* (95% CI)

CAC Score Groupst CAC (Continuous) Log (CAC + 1)
CHD CcvD CHD CcVvD CHD CVvD
Number of vessels = 1 1.0 1.0 1.0 1.0 1.0 1.0
Number of vessels = 2 1.40 (0.97-2.02) 1.18 (0.90-1.56) 1.47 (1.03-2.10) 1.25 (0.93-1.68) 1.23 (0.85-1.79) 1.05 (0.77-1.43)
Number of vessels = 3 2.32 (1.59-3.40) 1.95 (1.42-2.68) 2.73 (1.99-3.74) 2.29 (1.76-2.97) 2.03 (1.38-3.01) 1.72 (1.24-2.38)
Number of vessels = 4 2.93 (1.90-4.52) 2.1 (1.46-3.07) 3.48 (2.40-5.03) 2.47 (1.80-2.97) 2.57 (1.63-4.05) 1.86 (1.26-2.74)

*Adjusted for age, sex, and race beyond inclusion of the Agatston CAC score definition in the model. tCAC score groups are CAC = 0, CAC 1-100, CAC 101-300, and CAC>300. There were a total of 368 CHD
and 493 CVD events during follow-up. Bold indicates statistical significance at p < 0.05.
CHD = coronary heart disease; Cl = confidence interval; CVD = cardiovascular disease; other abbreviations as in Table 1.
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TABLE 3 Incremental AUC and NRI Adding Number of Vessels With CAC to the Traditional Agatston CAC Score
CAC Score Groups CAC (Continuous) Log (CAC + 1)
Unadjusted Model 1*# Model 21 Unadjusted Model 1# Model 2t Unadjusted Model 1* Model 2}

CHD

Agatston CAC score 0.644 0.669 0.697 0.661 0.652 0.684 0.661 0.671 0.697

With # of vessels 0.674 0.6855 0.707 0.678 0.685 0.706 0.677 0.685 0.706

AUC difference 0.030 0.0165 0.010 0.017 0.033 0.022 0.016 0.014 0.009

p Value 0.0001 0.02 0.0495 0.02 0.002 0.008 0.009 0.020 0.049

Continuous NRI 0.194 0.194 0.197 0.454 0.415 0.376 0.180 0.190 0.170

p Value 0.0004 0.0004 0.0004 <0.0001 <0.0001 <0.0001 0.0012 0.0006 0.0021
CvD

Agatston CAC score 0.637 0.667 0.701 0.654 0.655 0.692 0.654 0.667 0.700

With # of vessels 0.659 0.679 0.708 0.665 0.679 0.707 0.664 0.677 0.706

AUC difference 0.022 0.012 0.007 0.01n 0.024 0.015 0.010 0.010 0.006

p Value 0.0005 0.014 0.0675 0.04 0.003 0.0115 0.0195 0.020 0.038

Continuous NRI 0.135 0.135 0.143 0.384 0.359 0.298 0.101 0.1200 0.118

p Value 0.0057 0.0057 0.0036 <0.0001 <0.0001 <0.0001 0.0392 0.0145 0.0158
*Model 1: Adjusted for age, sex, and race beyond inclusion of the Agatston CAC score definition in the model. tModel 2: Adjusted for age, sex, race, BMI, systolic blood pressure, hypertension medications,
diabetes, smoking status, cholesterol, HDL-C, lipid-lowering medications beyond inclusion of the Agatston CAC score definition in the model.

AUC = area under the curve; NRI = net reclassification improvement; other abbreviations as in Tables 1 and 2.

parsimonious method for improving CAC scoring, and
have direct implications for clinical risk prediction
and for future development of improved CAC scoring.

TRADITIONAL CAC SCORING. Arthur Agatston and
Warren Janowitz developed CAC scoring in 1990 (4).
Their CAC score, reported as a single number, is
elegant and has withstood more than 2 decades of
scientific scrutiny. However, this algorithm makes 2
implicit assumptions about the relationship of
detectable calcium to incident CVD events (8).

First, Agatston scoring assumes that an increased
local density of calcium is associated with more cor-
onary artery disease and greater CVD risk. This is
inherent in the increased weight Agatston scoring
places on denser, more highly attenuating plaque.
However, it is now appreciated that less dense local
calcium may signal greater risk, perhaps caused by

the inverse association between CAC density and a
quantity of low-attenuation lipid-rich core (15).

Second, Agatston scoring implicitly assumes that
identical CAC scores are equal with regard to their
relationship to coronary artery disease and CVD
events. For example, an Agatston CAC score of 200
situated entirely in the proximal left anterior
descending is implicitly considered equivalent to a
CAC score of 200 spread across all 3 epicardial coro-
nary arteries. The regional distribution of CAC,
including both spatial distribution across arteries and
along the length of individual arteries, is not
accounted for (Figure 3).

It is important to note that these assumptions are
in fact related (8). For a given Agatston CAC score,
presence of overall less dense calcium translates into
lower CAC scores for individual plaques, and there-
fore by definition translates into more plaques and a

TABLE 4 Adjusted Hazard Ratios Adding CAC Pattern to the Traditional Agatston CAC Score in Participants With =2 Vessels With CAC

Hazard Ratio* (95% CI)

CHD

CcvD

CAC Score Groups

CAC (Continuous)

Log (CAC+1) CAC Score Groups CAC (Continuous)

Log (CAC+1)

Diffusivity index, per 1% (continuous) 1.01 (1.00-1.02)

Concentrated CAC pattern 1.0

(<25th percentile diffusivity index)

Intermediate CAC pattern
(25th-75th percentile diffusivity index)

Diffuse CAC pattern
(>75th percentile diffusivity index)

1.14 (0.85-1.51)

1.39 (1.02-1.911)

1.01 (1.00-1.02)
1.0

1.10 (0.85-1.74)

1.33 (1.01-1.75)

1.01 (1.00-1.02)
1.0

1.01 (1.00-1.02)
1.0

1.01 (1.00-1.02)
1.0

112 (0.84-1.49) 1.14 (0.89-1.47)  1.10 (0.85-1.41)

1.37 (1.00-1.88)  1.41 (1.07-1.85) 1.33 (1.01-1.75)

1.01 (1.00-1.02)
1.0

1.12 (0.87-1.44)

1.37 (1.04-1.81)

Abbreviations as in Tables 1 and 2.

There were a total of 368 CHD and 493 CVD events during follow-up. *Adjusted for age, sex, race, BMI, systolic blood pressure, hypertension medications, diabetes, smoking status,
cholesterol, HDL-C, lipid-lowering medications beyond inclusion of the Agatston CAC score definition in the model. Bold indicates statistical significance at p < 0.05.
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TABLE 5 Hazard Ratios* for Identity of Coronary Vessel Involvement Adjusted for Traditional Agatston CAC Score and Distribution

Log (CAC+1) 1.16 (0.91-1.49)

Event Type CAC Definition Adjusted for Left Main LAD RCA Circumflex

CHD CAC score groups 1.31 (0.98-1.74) 1.33 (0.78-2.24) 2.21 (1.59-3.07) 1.23 (0.87-1.74)
Log (CAC+1) 1.29 (0.97-1.71) 1.09 (0.63-1.86) 2.10 (1.51-2.90) 1.14 (0.81-1.62)

CVD CAC score groups 1.19 (0.92-1.52) 1.23 (0.79-1.92) 1.71 (1.30-2.26) 1.23 (0.91-1.66)

1.00 (0.63-1.57) 1.63 (1.24-2.15) 1.13 (0.84-1.52)

All models contain CAC and terms for the % involvement of individual vessels, therefore terms should be interpreted as yes/no involvement of individual vessels with CAC.
There were a total of 368 CHD and 493 CVD events during follow-up. *Adjusted for age, sex, race, BMI, systolic blood pressure, hypertension medications, diabetes, smoking
status, cholesterol, HDL, lipid-lowering medications beyond inclusion of the Agatston CAC score definition in the model. Bold indicates statistical significance at p < 0.05.

LAD = left anterior descending; RCA = right coronary arteries; other abbreviations as in Tables 1 and 2.

diffusely distributed pattern of disease. These as-
sumptions have distinct implications for the optimal
way to express the CAC score.

IMPORTANCE OF TOTAL ATHEROSCLEROSIS
BURDEN AND PLAQUE TYPE. The close association
between CAC and CVD events has traditionally been
explained by the close relationship between CAC and
total atherosclerosis burden (16). Indeed, pathology
studies and imaging studies dating back several de-
cades have suggested a direct relationship between
the amount of CAC and the total volume of athero-
sclerosis (2). Recent event-driven studies in several
different patient populations have shown that it is the
total atherosclerosis burden, rather than the presence
of obstructive coronary artery disease or inducible

ischemia, that is the most important predictor of CVD
events (17-20).

A recent study by Tota-Maharaj et al. (21) suggests
a mechanism for our primary finding. In this cross-
sectional analysis of 920 patients undergoing
concomitant CAC scoring and coronary CT angiog-
raphy, addition of number of vessels with CAC
improved the relationship of the traditional Agatston
CAC score to the segment involvement score, a vali-
dated coronary CT angiography measure of total
coronary atherosclerosis. The greatest improvement
in the association with total atherosclerosis occurred
when traditional Agatston CAC scores were in the
intermediate range (1 to 400). The results of the Tota-
Maharaj et al. (21) study reinforce older data showing

FIGURE 3 Illustration of More Diffuse Distribution of CAC

Both cases have an Agatston CAC score of 200. The first case involves only 1 vessel, and the diffusivity index cannot be calculated because this
metric requires multivessel CAC. The second case has 3-vessel involvement, with CAC = 100 in the left anterior descending, CAC = 50 in the
left circumflex, and CAC = 50 in the right coronary artery. The diffusivity index is (1- [100/200]) = 0.50 or 50%, consistent with a diffuse
multivessel CAC pattern. Adapted in part from Alluri et al. (8). Abbreviations as in Figure 1.
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that the number of vessels with CAC is strongly
associated with the number of vessels with obstruc-
tive coronary disease on invasive angiography (22).

In addition to improving the association with to-
tal atherosclerosis burden, addition of measures of
regional CAC distribution may also indicate pres-
ence of higher risk plaque types. For a given Agat-
ston CAC score, more diffuse CAC correlates with
lower attenuation plaque (on average), including a
greater frequency of mixed plaque (higher risk)
compared with fully calcified plaque. Studying
similar participants from MESA, Criqui et al. (23)
found that a CAC “density score” was inversely
related to CVD events, and adding the density score
to the traditional Agatston CAC score improved
global risk prediction.

PRIOR OUTCOME STUDIES OF CAC DISTRIBUTION. In a
retrospective clinical cohort of ~25,000 patients
without known CHD referred for CAC scoring, Budoff
et al. (24) found that the number of vessels with CAC
was strongly related to all-cause mortality. In another
retrospective study of nearly 15,000 patients referred
for clinical CAC scoring, Williams et al. (25) found that
the number of CAC lesions (another surrogate for
diffuse CAC) was associated with greater all-cause
mortality after adjusting for traditional risk factors.
Both the Budoff and Williams papers were limited by
their retrospective design, potential for referral bias,
and study of only all-cause mortality. In a prior study
from MESA, Brown et al. (26) derived a novel measure
of CAC distribution called the “calcium coverage
score.” This score quantifies the percent length of the
coronary arteries that is afflicted with CAC. This score
differs from considering number of vessels with CAC
by prioritizing CAC distribution along the length of
individual arteries rather than spatially across the
major epicardial arteries. At 41-month median follow-
up, the calcium coverage score was strongly associ-
ated with hard CHD events. However, after this
limited follow-up period, the p value for the calcium
coverage score versus the Agatston score was 0.074
(AUC, 0.68 vs. 0.66). No specific analysis was under-
taken in participants with intermediate CAC scores.
Likely because of its complexity, the calcium
coverage score has not been widely adopted.

In a small proof of principle case-control study,
Qian et al. (27) calculated a “lesion-specific” CAC
score including data on the number of vessels with
CAC, the number of lesions with CAC, spatial distri-
bution of lesions, and lesion-specific morphology. In
60 patients with CAC, the lesion-specific CAC score
outperformed traditional CAC scoring for prediction
of cardiac events.
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FUTURE OF CAC SCORING. First, our results must be
validated in other cohort studies that have made CAC
measurements on a per-vessel basis. This should
include registry studies of clinical CAC scanning,
because most clinical cardiac CT centers have
routinely reported CAC on a per-vessel basis (28).
These findings have implications for the future of
clinical CAC scoring. The traditional Agatston CAC
score has persisted for decades, but emerging evi-
dence has suggested novel ways of improving the
score (28). An advantage of simple consideration of
number of vessels with CAC is that it also is easy to
quantify on nongated chest CTs ordered for noncar-
diac indications, which is a rapidly expanding appli-
cation of CAC scoring (29).
STUDY LIMITATIONS. Our study has a few notable
limitations. Although we considered the number of
coronary vessels with CAC (a measure of diffuse CAC
across coronary arteries), data were not available to
test indices of proximal versus distal CAC (a measure
of diffuse CAC within an individual coronary artery),
the total number of CAC lesions, or a per-segment
CAC involvement score. These measures may be
superior to the diffusivity index. Although proximal
coronary artery disease is considered to be a higher
risk presentation on invasive coronary angiography,
it is unknown if proximal CAC or an increased
number of distinct CAC lesions confers a worse
prognosis.

CONCLUSIONS

We have shown that readily available measures of
diffuse CAC distribution add to the traditional Agat-
ston CAC score for the prediction of CHD and CVD
events. While we await development of a new
comprehensive CAC scoring algorithm, clinicians may
consider reporting and interpreting the number of
vessels with CAC in addition to a total CAC burden
score on routine ungated and gated noncontrast chest
and cardiac CT scans, particularly when CAC burden
is intermediate.
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PERSPECTIVES

CAC phenotype.

COMPETENCY IN MEDICAL KNOWLEDGE: The
traditional Agatston CAC score does not account for the
regional distribution of calcified plaque in the coronary
tree. In this study, we have shown that after adjustment
for the total Agatston score, a more diffuse distribution of
calcified plaque is associated with a worse cardiovascular
prognosis compared with a more localized, concentrated

JACC: CARDIOVASCULAR IMAGING, voL. l, NO. M, 2016

algorithms.

W 2016:H-H

TRANSLATIONAL OUTLOOK: In the future, there will
likely be improvements in the way the CAC score is
calculated in clinical practice. Future research is needed
to define how best to incorporate total CAC volume,
CAC density, and the regional distribution of CAC into a
single improved CAC score that best predicts cardio-
vascular events beyond standard risk scoring
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