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Abstract

Background

Coronary artery calcium (CAC) assessed by non-contrast cardiac CT has been shown to be
an independent factor from the Framingham risk factors in predicting cardiovascular events.
However, many patients with acute coronary syndrome (ACS) have low CAC score. A
recent study that re-analyzed the previous CAC CT scan of MESA cohort showed that in
subjects with global lower density, CAC was associated with higher risk of ACS. We aimed
to further evaluate the characteristics of CAC attenuation features in ACS subjects, in com-
parison to asymptomatic and stable angina pectoris (SAP) groups.

Methods

In a period of 18 months, 524 consecutive subjects received standard CAC CT scans in our
department; 278 of 524 subjects with presence of CAC (225 men, age = 60.6+9.5 years;
ACS =41, SAP =78, asymptomatic = 159) were enrolled. Agatston score, number of pla-
ques (Np) per subject and mean (Huean) and standard deviation (Hgp) of attenuation of
each calcified plaque were measured. Three regression models to distinguish the groups
were built: model 1, conventional risk factors only; model 2, Agatston score plus model 1;
model 3, plaque attenuation features plus model 2.
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Results

Agatston score in ACS group (median = 112.9) was higher than in the asymptomatic group
(median = 54.4, P = 0.028) and similar to the SAP group (median = 237.8, P = 0.428). Calci-
fied plaques in the ACS group showed lower (Hyean = 180.5) and more homogenous (Hgp
= 31.2) attenuation than those of the asymptomatic group (Hyean =205.9, P =0.002; Hgp =
52.4, P = 0.006) and the SAP group (Hyean =204.1, P =0.016; Hgp = 54.4, P =0.011).
Model 3 significantly improved the distinction between ACS and asymptomatic groups
(area under curve [AUC] = 0.93) as compared to model 2 (AUC = 0.83, P = 0.003) and
model 1 (AUC = 0.79, P = 0.001).

Conclusions

Calcified plaques in the ACS group were characteristically of low and homogenous CT
attenuation. With validation in a large cohort, analysis of CT attenuation features may
improve risk stratification of ACS using CAC CT scan.

Introduction

The extent of coronary artery calcium (CAC) is thought to in part reflect coronary atheroscle-
rotic plaque burden and has been used as a biomarker to predict the risk of cardiovascular
events in recent decades [1-3]. Agatston score (AS) [4] derived from standard CAC CT scan,
i.e. non-contrast ECG-gated cardiac CT scan, is currently the most widely used method to mea-
sure CAC [5]. AS has been shown to be an independent factor from the Framingham risk fac-
tors in predicting cardiovascular events in subjects with low or intermediate risk of coronary
artery disease (CAD) [6-8] and in improving CAD risk stratification [9].

Although presence of CAC is a marker of atherosclerosis, its association with plaque stabil-
ity seems to be less evident [10-12]. Global CAC score in many patients with acute coronary
syndrome (ACS) was not high (AS <100 or zero) [13-16]. With advance of contrast-enhanced
coronary CT angiography (CTA), non-calcified parts of vulnerable plaques can now be identi-
fied, with features such as adaptive remodeling, low attenuation core or napkin ring sign [15-
17]; however, the features of calcified parts of vulnerable plaques, visible on non-contrast
enhance scans, have not been well characterized except for the description of the so-called
"spotty calcification" in mixed pattern plaque. Recently, a method to extract the density score
of AS with re-analysis of the MESA cohort revealed that the CAC density (scored 1-4) is
inversely and significantly correlated with risk of incident coronary event [18]. Moreover, a
novel cardiac application of '*F-NaF PET has been reported to be able to identify the active cal-
cification in the vulnerable plaques [19,20]; importantly, those with strong '*F-NaF uptake fre-
quently have minimal CAC.

Given that nearly half of ACS patients have no previous angina symptoms [21], it would be
of great clinical impact if standard CAC CT scan could be used to identify the features of calci-
fied plaques of vulnerable subjects from the asymptomatic population in whom CAC CT scan
is primarily indicated. In this study, we aimed to: 1) develop a dedicated tool to evaluate the
attenuation features of individual calcified plaque, as individual plaque analysis may be com-
plementary to global CAC score in assessment of coronary event risk [22]; 2) characterize the
CT features of calcified plaques in asymptomatic subjects, patients with stable angina pectoris
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(SAP) and ACS prospectively enrolled during a fixed period; and 3) add the plaque features to
traditional factors and AS to build a new model for risk stratification of coronary event.

Materials and Methods
Study populations

The Radiological Information System of the hospital was queried for cardiac CT exams per-
formed from March 2012 to August 2013. Patients who suffered from ACS with no prior per-
cutaneous coronary intervention or symptomatic patients with suspected or known CAD were
reviewed (n = 159). The exclusion criteria are 1) absence of CAC on non-contrast cardiac CT
scan (n = 16); 2) previous history of coronary bypass surgery or stent (n = 20); or 3) poor CT
image quality due to motion artifacts (n = 4). As a result, 119 subjects, comprising 41subjects
(35 men) in the ACS group and 78 subjects (69 men) in the SAP group were enrolled. During
the same period, 345 asymptomatic self-referred subjects (258 men) underwent cardiac CT for
health evaluation; among them, 159 subjects found to have CAC were enrolled in the asymp-
tomatic group. Therefore, 278 subjects were enrolled (Table 1). This study was approved by the
Institutional Review Board of Kaohsiung Veterans General Hospital. The Institutional Review
Board waived the need for written informed consent from the participants.

The diagnoses of ACS and SAP were made by cardiologists with 15 and 20 years of experi-
ence [KR.C, G.Y.M.], according to the guidelines of the European Society of Cardiology and
the American College of Cardiology/American Heart Association on the basis of clinical pre-
sentation, ECG finding, serum biomarkers, and coronary CT angiography [23,24]. Conven-
tional risk factors, including sex, age, body mass index, diabetes mellitus, hypertension,
dyslipidemia, and history of smoking were acquired from questionnaires, referral sheets,

Table 1. Clinical Characteristics and Distribution of Agatston Scores of the Three Subject Groups.

Asymptomatic SAP ACS

Clinical Characteristic n=159 n=78 n=41 p value*
Age, years (SD) 59.6 (8.6) 61.6 (10.7) 62.8 (10.2) 0.151
Male, n (%) 121 (76) 69 (88) 35 (85) 0.056
Body mass index, kg/m? (SD) 25.2 (2.7) 25.7 (3.4) 25 4.2) 0.319
Diabetes mellitus, n (%) 25 (16) 20 (26) 18 (44) 0.001
Hypertension, n (%) 72 (42) 42 (54) 30 (73) 0.007
Hypercholesterolemia, n (%) 81 (51) 36 (46) 17 (41) 0.390
Low HDL-C, n (%) 71 (45) 39 (46) 25 (58) 0.281
Smoker, n (%) 39 (25) 37 (47) 26 (63) <0.001

Former 21 (13) 8 (10) 5 (12) 0.002

Current 18 (11) 29 (37) 21 (51)
Rank of AS, n (%) <0.001

1-10 30 (18.9) 7 (9.0) 3 (7.3)

11-100 78 (49.1) 14 (17.9) 17 (41.5)

101-200 25 (15.7) 16 (20.5) 5 (12.2)

201-400 12 (7.5) 14 (17.9) 3 (7.3)

> 400 14 (8.8) 27 (34.6) 13 (31.7)

*py Chi-square test or ANOVA
ACS: acute coronary syndrome; AS: Agatston score; CAD: coronary artery disease; HDL-C = high-density lipoprotein cholesterol; SAP = stable angina
pectoris

doi:10.1371/journal.pone.0131254.t1001
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laboratory data and medical records, and determined according to published criteria [25].The
history of smoking included current smoker (defined as persons who smoked regularly during
the previous 12 months) and ex-smokers. Dyslipidemia included hypercholesterolemia (>200
mg/dL) or low high-density lipoprotein cholesterol (HDL-C<40 mg/dL for men and < 50 mg/
dl for women).

CT data acquisition

Beta-blocking medication (Metoprolol 50-200 mg, Selokeen, AstraZeneca, London, UK) was
administered orally before the cardiac CT if a subject’s heart rate was greater than 65 beats per
minute, in the absence of known contraindications. All scans were performed on a 64-slice
MSCT scanner (Aquilion 64, Toshiba Medical Systems Corporation, Otawara, Japan). The car-
diac CT protocol included a non-enhanced scan for CAC and a contrast-enhanced coronary
CT angiography. The scanning parameters for quantification of CAC were as follows: prospec-
tive ECG-triggered sequential mode, tube voltage 120 kV, tube current 250-300 mA, gantry
rotation time 0.4 sec., slice collimation 3.0 mm, and 180-mm field of view. The images were
automatically reconstructed at 75% of the R-R interval using a 512 x 512 matrix, medium soft-
tissue kernel, and 3.0-mm slice thickness with an increment of 3.0 mm.

Data evaluation

Offline analyses of CT datasets were performed on an institutionally developed program. Seg-
mentation of calcified plaque was based on a semi-automated algorithm called regional grow-
ing method[26], modified and customized by C.W.Y [27] for efficient assignment of each
calcified plaque. The entire coronary arterial tree was inspected for the presence of calcified
plaques. The number of calcified plaques (Np) and their location in the four major coronary
arteries were recorded. A calcified plaque was defined as an area of 3 connected pixels with a
CT attenuation> 130 HU applying 3D connectivity criteria [22]. In each calcified plaque, the
acquired parameters included the length (Lp), volume (Vp), AS of individual plaque (ASp),
mean of CT attenuation (Hygan), standard deviation of CT attenuation (Hgp), and coefficient
of variation (CV) of CT attenuation (Hcy) of individual plaque. Hcy was defined as the ratio
of Hep to Hypan of each calcified plaque. In this study, Hey was multiplied by 100 for calcula-
tion of odds ratios. The AS was calculated according to the method introduced by Agatston

et al [4]. For each subject, all ASp were summed to AS and then converted into one of five
ranks (1-10, 11-100, 101-200, 201-400, >400). The median of plaque parameters (i.e. ASp,
Vp, Lp, Hyeans Hsps and Hey) of each subject was used for comparison.

Validation study

To validate the accuracy of our program for AS calculation, we compared the AS calculated by
our program to that of an FDA-approved program (VScore, Vitrea 2,V3.9.0.1, Vital Images,
Minnetonka, MI, USA) for all cases by a thoracic radiologist with 3 years of experience (F.Z.
W). We found high inter-method reliability (intraclass correlation coefficient ICC = 0.98). To
evaluate the reproducibility of the plaque feature analysis by our program, a subset of 100 cases
comprised of different AS ranks were randomly selected and re-analyzed by another thoracic
radiologist with 10 years of experience (Y,L,H). We found that the inter-observer reliability
was high for all parameters: ASp, Np,Vp, Lp, Hyran and Hgp (ICC = 0.94, 0.94, 0.95, 0.93, 0.95,
0.94 respectively).
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Statistical analysis

Categorical variables in different groups were expressed as frequencies and percentages, and
were compared using the Chi-square test. Continuous variables in different groups were
expressed as mean + standard deviation (SD) or as median [25th 75th percentile] values, and
were compared using the ANOVA for normal distribution and Kruskal-Wallis test for non-
normal distribution and followed by the Steel-Dwass procedure method as post-hoc analysis.
Conventional risk factors of CAD, AS ranks, and plaque parameters were used for multinomial
logistic regression for associated predictors. We constructed three regression models for pre-
diction. Model 1 included conventional risk factors only; Model 2 included conventional risk
factors plus AS ranks; and Model 3 included factors used in model 2 plus plaque-feature
parameters. The feature parameters were chosen through comparison of Akaike information
criterion of different settings. All conventional risk factors were obliged for all three models,
and AS and plaque-feature parameters were entered according to models. Furthermore, area
under receiver-operating characteristic curve was used to compare the models (DeLong
method). A p value less than 0.05 was considered to indicate a statistically significant difference
for all tests. The analyses were performed using SPSS 19.0 for Windows (SPSS, Chicago, IL,
USA) and R programming language (Team, R.D.C.2010, http://www.R-projecct.org) and Med-
Calc version 12.7.8 (MedCalc Software, Mariakerke, Belgium).

Results
Subject Characteristics

The clinical characteristics of the three groups, i.e. asymptomatic, SAP, and ACS, are summa-
rized in Table 1. The asymptomatic group had 159 subjects and 773 plaques, the SAP group
had 78 subjects and 801 plaques, and the ACS group had 41 subjects and 470 plaques. There
were no significant differences in age (p = 0.151), body mass index (p = 0.319), and gender

(p = 0.056) among the groups. Clinical risk factors of diabetes, history of smoking, and hyper-
tension were significantly different among the three groups (all p < 0.05).

Subject-based comparison of the three subject groups

The distribution of AS (Table 1) was significantly different among the three groups

(p < 0.001). High AS (> 400) was equally prevalent in both SAP and ACS groups (p = 0.75),
but significantly higher than that in the asymptomatic group (p < 0.01). The most prevalent
AS in the ACS group was in the rank of 11-100 (41.5%), which was higher than that of the SAP
group (p = 0.005) but not different from that of the asymptomatic group (p = 0.39).

Table 2 shows that there was no significant difference in AS between SAP and ACS groups,
although the median value of SAP was double that of the ACS group (p = 0.43), while both
groups had significantly higher AS than that of the asymptomatic group (p < 0.05). The total
volume of calcified plaque per subject was not different between SAP and the ACS (p = 0.35)
groups, and both were larger than that of the asymptomatic group (p < 0.001 and p = 0.001).
The median numbers of calcified plaques per subject in SAP and ACS groups were similar
(p = 0.82), but more than that of the asymptomatic group (p < 0.001 for both).

Plague-based comparison of the three subject groups

ASp and Vp of individual plaque were marginally different among the groups (p = 0.05, 0.06
respectively). The features of CT attenuation (i.e. Hyran, Hsp, and Hcy) were all significantly
lower in the ACS group than those in the SAP group and the asymptomatic group, while Lp
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Table 2. Characteristics of Coronary Artery Calcification in the Three Subject Groups.

patient number

plaque number

AS
Volume
Np

ASp
Ve

Lp
Hvean
Hsp
Hev

Asymptomatic

n =159
n=773
54.4 [13.5, 134.8]
49.0 [14.6, 119.6]
3 [1,6]
13.4 [5.1, 20.5]
13.9 [7.3,20.1]
3.8 [2.7,5.0]
2059  [181.3, 235.7]
52.4 [33.3, 77.1]
0.25 [0.18, 0.32]

SAP ACS Pairwise comparison
n=78 n=4 p valuef
n = 801 n =470 p value* #1 #2 #3
per subject
237.8 [82.3, 543.6] 112.9 [17.1, 679.3] <0.001 <0.001 0.028 0.428
223.3 [88.3, 491.8] 113.2 [29.1, 622.0] <0.001 <0.001 0.001 0.352
9 [4, 14] 8 [4, 20] <0.001 <0.001 <0.001 0.822
per plaque
13.2 [4.8,23.7] 6.0 [2.4, 19.6] 0.052 1 0.050 0.083
14.7 [7.8,21.5] 9.1 [5.7,18.8] 0.064 0.693 0.116 0.070
438 [3.6, 5.7] 3.6 [2.7, 5.4] 0.006 0.004 0.942 0.175
204.1 [179, 224.5] 180.5 [166.9, 214.6] 0.003 0.930 0.002 0.016
54.4 [34.4,72.1] 31.2 [21.0, 62.1] 0.005 0.993 0.006 0.011
0.26 [0.19, 0.33] 0.18 [0.13, 0.30] 0.012 0.850 0.018 0.016

Data are presented as median [25th, 75th percentile] values.
*py Kruskal-Wallis Test
TPost-hoc Steel-Dwass procedure test was performed for further pairwise comparison: #1 = Asymptomatic vs. SAP, #2 = Asymptomatic vs. ACS, and

#3 = ACS vs. SAP.

Hcv means coefficient of variation of HU; Np: plaque number per subject; ASp: plague-specific AS, Lp: plaque-specific length (mm), Vp: plaque-specific
volume (mm?), other abbreviations as in Table 1.

doi:10.1371/journal.pone.0131254.t002

was the only single plaque feature that was significantly different between asymptomatic and
SAP groups (p = 0.004) (Table 2).

Risk factors associated with the three subject groups

The comparison of risk factors associated with the three groups was analyzed by multinomial
logistic regression model (Table 3).

Compared to the asymptomatic group, the significant risk factors of the SAP included his-
tory of smoking, AS of 200-400 or >400, and plaque features of lower ASp and larger Lp.

Compared to the asymptomatic group, significant risk factors of ACS included diabetes,
hypertension, history of smoking, and AS of 10-100 or >400. For plaque features, larger Lp
and smaller Hcy were all significant risk factors.

Compared to the SAP group, the significant risk factors of ACS included diabetes, AS of 10—
100, and smaller Hcy of plaques.

Three regression models for distinguishing the three subject groups

Conventional risk factors, AS, and plaque features were used to build three predictive models
for distinguishing the three groups. Model 1 utilized conventional risk factors only, Model 2
used convention risk factors and AS, while Model 3 incorporated plaque features, including
ASp, Lp, Hey, in addition to conventional risk factors and AS. Table 4 lists the comparison of
area under ROC curve (AUC) of the three regression models. Model 3 provided the best result.
The greatest distinction of two groups was found between the asymptomatic group and the
ACS group (AUC = 0.93), followed by distinction between the asymptomatic group and the
SAP group (AUC = 0.85) and distinction between the SAP group and the ACS group
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Table 3. Multinomial Logistic Regression Analysis of Risk Factors Associated with the Three Subject Groups.

Predictors

Age

Sex (Male)

Body mass index
Diabetes mellitus®
Hypertension®
Dyslipidemia®
Smoking®

11-100
101-200
201-400

> 400

* Hgy was multiplied by 100 for calculation of odds ratio. Other abbreviations as in Tables 1 and 2.

a.

b

C

d

e

ASp
Lp

Hev*

" no diabetes mellitus

" no hypertension
" no dyslipidemia
" non-smoker

p value

0.515
0.081
0.634
0.627
0.28

0.076
0.013

0.738
0.173
0.032
0.002

0.001
0.023
0.496

OR

0.99
0.35
1.03
1.25
1.52
0.46
2.75

0.81
2.69
5.46
12.89

0.91
1.64
1.02

- rank of Agatston score group = 1-10

doi:10.1371/journal.pone.0131254.t003

Table 4. Comparison of Area under Curve in Three Regression Models* for Inter-group Comparison of the three subject groups.

Group

SAP vs. Asymptomatic
ACS vs. Asymptomatic

ACS vs. SAP

Model 1

0.70
0.79
0.67

SAP vs. Asymptomatic

0.94
0.11
0.91
0.51
0.71
0.2

1.24

0.24
0.65
1.16
2.6

0.86
1.07
0.96

pvalue OR
Conventional risk factors
1.03 0.781 1.01
114  0.758 1.23
1.16  0.362 0.93
3.03 0.013 3.68
3.23 0.021 3.29
1.09 0.176 0.49
6.1 0.001 5.69
Rank of Agatston score®
2.73 0.037 6.89
11.14  0.128 5.54
25.7 0.089 7.66
64.04  0.005 247
Plaque features
0.96 0.05 0.93
252  0.007 2.05
1.09 0.005 0.88

0.96
0.32
0.8

1.32
1.2

0.17
2.05

1.13
0.63
0.73
2.68

0.87
1.22
0.81

ACS vs. Asymptomatic
95% Cl

- 1.06
- 4.69
- 1.08
= 10.22
= 9.02
= 1.38
= 15.85

= 42.09
= 48.73
= 79.85
- 227.83

- 1
- 3.45
- 0.96

p value

0.42

0.109
0.207
0.041
0.145
0.911
0.166

0.035
0.528
0.779
0.572

0.523
0.427
0.002

Reference group

ACS vs. SAP

OR 95% ClI

1.02 0.97 - 1.08
3.54 0.75 - 16.61
0.91 0.78 - 1.06
2.95 1.04 - 8.33
2.17 0.77 - 6.12
1.06 0.36 - 3.11
2.07 0.74 - 5.8
8.47 1.16 - 61.6
206 022 - 195
1.4 0.13 - 14.94
1.92 0.2 - 18.25
1.03 0.95 - 1.1
1.25 0.72 - 2.15
0.86 0.78 - 0.95

(AUC = 0.83). The distinction between the ACS group and the asymptomatic group signifi-

cantly improved from AUC = 0.83 in model 2 to AUC = 0.93 in model 3 (p = 0.003), and from
model 1 (AUC =0.79) to model 3 (p = 0.001). The distinction between the SAP group and the
ACS group also improved significantly from AUC = 0.67 in model 1 to AUC = 0.83 in model 3
(p=0.014).

Model 2

0.81
0.83
0.77

Area Under Curve

Model 3

0.85
0.93
0.83

1vs.2
0.003

0.207
0.078

1vs. 3

<0.001
0.001
0.014

Pairwise comparison p value

2vs.3

0.013
0.003
0.115

* Model 1: Predictors include conventional risk factors, including sex, age, body mass index, diabetes mellitus, hypertension, dyslipidemia, and history of
smoking.

Model 2: Predictors include conventional risk factors plus rank of AS.

Model 3: Predictors include those in model 2 plus plaque features: ASp, Lp and Hgy

Abbreviations as in Tables 1 to 3.

doi:10.1371/journal.pone.0131254.1004
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Discussion

This is the first study to systematically investigate the attenuation features of individual calci-
fied plaque on standard CAC CT scan in three different coronary symptom groups. We found
that the plaque attenuation in the ACS group tended to be lower (lower Hypan) and more
homogenous (smaller Hgp) compared to that of the asymptomatic and SAP groups. On the
multivariate regression analysis, attenuation feature (Hcy) of individual calcified plaque was
the strongest independent differentiating factor between the ACS and SAP groups, and
between the ACS and asymptomatic groups. In addition, adding plaque features to conven-
tional risk factors and global CAC score remarkably improved the differentiation of the ACS
group from the asymptomatic group in ROC analysis. These findings have very important clin-
ical implications, since nearly half of ACS patients have no previous history of angina [21]. It
should be emphasized that we did not aim to identify the individual vulnerable plaque in this
study. It is known that with contrast-enhanced CT angiograms, the features of adaptive remod-
eling, napkin ring sign and spotty calcification are indicatives of vulnerable plaque [15-17];
however, that was not the aim of this study. By analyzing the attenuation features of calcified
plaques, we hoped to maximize the utility of standard CAC CT scan, to identify the characteris-
tic features of CAC plaques in vulnerable subjects from the asymptomatic population.

Histopathological analyses have shown that CAC quantification is an excellent method of
assessing atherosclerotic plaque presence at individual artery sites [1,12,28]. Moreover, the
amount of calcium correlates with the overall magnitude of atherosclerotic plaque burden
[1,3]. Atherosclerotic calcification is now regarded as an organized, regulated process similar to
bone formation and might represent an attempt by the arterial wall to stabilize itself, thereby
minimizing the risk of plaque rupture [3,11]. However, this process may lead to increased local
stress at the interface between a calcified and non-calcified atherosclerotic section where plaque
rupture often occurs [12,28]. It is believed that the vessel is rendered less vulnerable to rupture
only when extensive calcification has occurred, whereas the early or intermediate stages of cal-
cification may actually enhance plaque vulnerability [28].This concept is recently validated by
the novel application of '*F-NaF to detect the active calcification in vulnerable plaques in vivo
[19].When correlating PET and CT findings, it was found that many foci of strong F18-NaF
uptake had minimal or zero CAC on CT scan, while densely calcified plaques frequently had
no 18F-NaF uptake [20]. In other words, foci of active calcification usually have low density or
microcalcification on CAC CT scan.

An important recent study based on retrospective analysis of AS from MESA cohort con-
firmed the concept that higher CAC density may be protective [18]. CAC density (score 1 to 4)
is inversely and significantly associated with CAD risk. Hence, for subjects with the same CAC
volume, those with CAC of lower density score have higher risks of CAD event [18]; however,
this density score is limited by the specifications of AS, which involves multiplying the plaque
area by 1, 2, 3, or 4 depending on the maximal attenuation within each plaque. It does not
reflect the attenuation distribution of all pixels within each plaque. This is the first study to
directly show that both Hygan and Hgp of calcified coronary plaques were significantly lower
in the ACS group than in the asymptomatic and SAP groups.

The distribution of AS ranks was significantly different among the three groups (Table 1).
The ACS group showed a double-peak pattern; the first peak was AS 11-100 (41.5%), followed
by a second peak of AS > 400 (31.7%). Contrarily, the asymptomatic group showed a trend
toward AS 11-100, and the SAP group toward AS > 400. Our finding supports the observation
that AS distribution in ACS is a divergent combination of that of the asymptomatic and the
SAP groups [13,29]
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Fig 1. Receiver-operator characteristic (ROC) analysis for three regression models. ROC curves of three regression models to distinguish between (A)
asymptomatic group and ACS group, (B) SAP group and ACS group and (C) asymptomatic group and SAP group. Model 1 included conventional risk factors
only, Model 2 included conventional risk factors plus ranks of Agatston score, while Model 3 included those used in model 2 and plaque-feature parameters.
ACS, acute coronary syndrome; SAP, stable angina pectoris.

doi:10.1371/journal.pone.0131254.g001

Because of the divergence of AS in ACS group, we found that there is a complementary role
of subject-based and plaque-based CAC analysis. The subject-based CAC analysis, i.e., the
global CAC score or the AS, was most distinguish between the asymptomatic and SAP groups;
while the plaque-based analyses (ASp) showed more distinguish between the ACS and the
asymptomatic groups (Table 2). This trend was also observed in the multivariate analysis
(Table 3). Our findings support the notion that individual plaque analysis may be complemen-
tary to global CAC measurements in evaluating coronary event risk [22].

Indeed, it is clear that the differentiation among the three groups was improved by adding
plaque-based attenuation features in the model 3 of ROC analysis (Table 4, Fig 1). Of note, the
differentiation between the ACS group and the asymptomatic group was significantly
improved from AUC = 0.83 (model 2) to AUC = 0.93 (model 3) (p = 0.003). Given that
approximately 40% to 60% of ACS occur as the first manifestation (unheralded events) of CAD
[21], regression model 3 has important potential implications for primary prevention of ACS
in the asymptomatic population in whom CAC CT scan is primarily indicated.

There are several limitations in the present study. First, the sample size is small and consists
predominantly of Asian men. Second, the absence of follow-up of the asymptomatic group pre-
vents correlation of the plaque features to eventual clinical outcomes; therefore, the plaque
characteristics we observed in this cross-sectional study cannot be applied directly to predict
the event. Finally, since the clinical significance of absence of CAC has already been demon-
strated [30,31], the results of our prediction model 3 should be applied only to subjects with
presence of CAC. A long-term cohort study with a large population of balanced genders is
desirable to validate the prognostic impact of our proposed CAC attenuation features.

Conclusion

We have developed a modified tool for attenuation feature analysis of individual calcified coro-
nary plaques. We found that calcified plaques in ACS had significantly lower and more homog-
enous CT attenuation. With validation in future studies with large cohorts, the CT attenuation
features based on standard CAC CT scan could potentially be utilized as a new biomarker to
improve the risk stratification of CAD in asymptomatic subjects.

PLOS ONE | DOI:10.1371/journal.pone.0131254 June 24,2015

9/12



el e
@ ) PLOS ‘ ONE CT Attenuation Features of CAC

Acknowledgments

We would like to thank Da-Jen Chang, MS and Prof. Chen-Wen Yen (Department of Mechan-
ical & Electro-Mechanical Engineering, National Sun Yat-Sen University, Kaohsiung, Taiwan)
for assistance in the development of software for plaque attenuation analysis. We also appreci-
ated the participation of Dr. Wei-Chun Huang (Division of Cardiology, Department of Medi-
cine, Kaohsiung Veterans General Hospital, Kaohsiung, Taiwan) in referring subjects and the
clinical diagnosis; RT, Chen-Shying Chen, Chiung-Chen Chuo, for CT scanning; and research
assistants, Yu-Jeng Ju, Min-Tao Hsu, Yu-Ying Lin for data management.

Author Contributions

Conceived and designed the experiments: MTW. Performed the experiments: YLH FZW KRC
GYM. Analyzed the data: HSL YLH FZW. Contributed reagents/materials/analysis tools: CY
KRC GYM. Wrote the paper: YLH CCW MTW HSL.

References

1. Sangiorgi G, Rumberger JA, Severson A, Edwards WD, Gregoire J, Fitzpatrick LA, et al. Arterial calcifi-
cation and not lumen stenosis is highly correlated with atherosclerotic plague burden in humans: a his-
tologic study of 723 coronary artery segments using nondecalcifying methodology. J Am Coll Cardiol.
1998; 31:126-133. PMID: 9426030

2. Alexopoulos N, Raggi P. Calcification in atherosclerosis. Nat Rev Cardiol. 2009; 6: 681-688. doi: 10.
1038/nrcardio.2009.165 PMID: 19786983

3. Madhavan MV, Tarigopula M, Mintz GS, Maehara A, Stone GW, Genereux P. Coronary artery calcifica-
tion: pathogenesis and prognostic implications. J Am Coll Cardiol. 2014; 63: 1703—-1714. doi: 10.1016/
j.jacc.2014.01.017 PMID: 24530667

4. Agatston AS, Janowitz WR, Hildner FJ, Zusmer NR, Viamonte M Jr, Detrano R. Quantification of coro-
nary artery calcium using ultrafast computed tomography. J Am Coll Cardiol. 1990; 15: 827-832.
PMID: 2407762

5. Taylor AJ, Cerqueira M, Hodgson JM, Mark D, Min J, O'Gara P, et al. ACCF/SCCT/ACR/AHA/ASE/
ASNC/NASCI/SCAI/'SCMR 2010 appropriate use criteria for cardiac computed tomography. A report of
the American College of Cardiology Foundation Appropriate Use Criteria Task Force, the Society of
Cardiovascular Computed Tomography, the American College of Radiology, the American Heart Asso-
ciation, the American Society of Echocardiography, the American Society of Nuclear Cardiology, the
North American Society for Cardiovascular Imaging, the Society for Cardiovascular Angiography and
Interventions, and the Society for Cardiovascular Magnetic Resonance. J Am Coll Cardiol. 2010; 56:
1864—-1894. doi: 10.1016/j.jacc.2010.07.005 PMID: 21087721

6. Polonsky TS, McClelland RL, Jorgensen NW, Bild DE, Burke GL, Guerci AD, et al. Coronary artery cal-
cium score and risk classification for coronary heart disease prediction. JAMA. 2010; 303: 1610-1616.
doi: 10.1001/jama.2010.461 PMID: 20424251

7. Pletcher MJ, Sibley CT, Pignone M, Vittinghoff E, Greenland P. Interpretation of the coronary artery cal-
cium score in combination with conventional cardiovascular risk factors: the Multi-Ethnic Study of Ath-
erosclerosis (MESA). Circulation. 2013; 128: 1076—1084. doi: 10.1161/CIRCULATIONAHA.113.
002598 PMID: 23884352

8. Budoff MJ, Hokanson JE, Nasir K, Shaw LJ, Kinney GL, Chow D, et al. Progression of coronary artery
calcium predicts all-cause mortality. JACC Cardiovasc Imaging. 2010; 3: 1229—1236. doi: 10.1016/j.
jcmg.2010.08.018 PMID: 21163451

9. Peters SA, den Ruijter HM, Bots ML, Moons KG. Improvements in risk stratification for the occurrence
of cardiovascular disease by imaging subclinical atherosclerosis: a systematic review. Heart. 2012; 98:
177—-184. doi: 10.1136/heartjnl-2011-300747 PMID: 22095617

10. HuangH, Virmani R, Younis H, Burke AP, Kamm RD, Lee RT. The impact of calcification on the bio-
mechanical stability of atherosclerotic plaques. Circulation. 2001; 103: 1051-1056. PMID: 11222465

11.  Virmani R, Burke AP, Farb A, Kolodgie FD. Pathology of the vulnerable plaque. J Am Coll Cardiol.
2006; 47: C13-18. PMID: 16631505

12. Mauriello A, Servadei F, Zoccai GB, Giacobbi E, Anemona L, Bonanno E, et al. Coronary calcification
identifies the vulnerable patient rather than the vulnerable Plaque. Atherosclerosis. 2013; 229: 124—
129. doi: 10.1016/j.atherosclerosis.2013.03.010 PMID: 23578355

PLOS ONE | DOI:10.1371/journal.pone.0131254 June 24,2015 10/12


http://www.ncbi.nlm.nih.gov/pubmed/9426030
http://dx.doi.org/10.1038/nrcardio.2009.165
http://dx.doi.org/10.1038/nrcardio.2009.165
http://www.ncbi.nlm.nih.gov/pubmed/19786983
http://dx.doi.org/10.1016/j.jacc.2014.01.017
http://dx.doi.org/10.1016/j.jacc.2014.01.017
http://www.ncbi.nlm.nih.gov/pubmed/24530667
http://www.ncbi.nlm.nih.gov/pubmed/2407762
http://dx.doi.org/10.1016/j.jacc.2010.07.005
http://www.ncbi.nlm.nih.gov/pubmed/21087721
http://dx.doi.org/10.1001/jama.2010.461
http://www.ncbi.nlm.nih.gov/pubmed/20424251
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.002598
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.002598
http://www.ncbi.nlm.nih.gov/pubmed/23884352
http://dx.doi.org/10.1016/j.jcmg.2010.08.018
http://dx.doi.org/10.1016/j.jcmg.2010.08.018
http://www.ncbi.nlm.nih.gov/pubmed/21163451
http://dx.doi.org/10.1136/heartjnl-2011-300747
http://www.ncbi.nlm.nih.gov/pubmed/22095617
http://www.ncbi.nlm.nih.gov/pubmed/11222465
http://www.ncbi.nlm.nih.gov/pubmed/16631505
http://dx.doi.org/10.1016/j.atherosclerosis.2013.03.010
http://www.ncbi.nlm.nih.gov/pubmed/23578355

@’PLOS ‘ ONE

CT Attenuation Features of CAC

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

Henneman MM, Schuijf JD, Pundziute G, van Werkhoven JM, van der Wall EE, Jukema JW, et al. Non-
invasive evaluation with multislice computed tomography in suspected acute coronary syndrome: pla-
que morphology on multislice computed tomography versus coronary calcium score. J Am Coll Cardiol.
2008; 52: 216-222. doi: 10.1016/j.jacc.2008.04.012 PMID: 18617071

Pundziute G, Schuijf JD, Jukema JW, Decramer |, Sarno G, Vanhoenacker PK, et al. Evaluation of pla-
que characteristics in acute coronary syndromes: non-invasive assessment with multi-slice computed
tomography and invasive evaluation with intravascular ultrasound radiofrequency data analysis. Eur
Heart J. 2008; 29: 2373-2381. doi: 10.1093/eurheartj/ehn356 PMID: 18682447

Huang WC, Chiou KR, Liu CP, Lin SK, Huang YL, Mar GY, et al. Multidetector row computed tomogra-
phy can identify and characterize the occlusive culprit lesions in patients early (within 24 hours) after
acute myocardial infarction. Am Heart J. 2007; 154: 914-922. PMID: 17967598

Chiou KR, Wu MT, Hsiao SH, Mar GY, Pan HB, Yang CF, et al. Safety and accuracy of multidetector
row computed tomography for early assessment of residual stenosis of the infarct-related artery and
the number of diseased vessels after acute myocardial infarction. Am Heart J. 2005; 149: 701-708.

PMID: 15990756

Maurovich-Horvat P, Ferencik M, Voros S, Merkely B, Hoffmann U. Comprehensive plaque assess-
ment by coronary CT angiography. Nat Rev Cardiol. 2014; 11: 390—402. doi: 10.1038/nrcardio.2014.
60 PMID: 24755916

Criqui MH, Denenberg JO, Ix JH, McClelland RL, Wassel CL, Rifkin DE, et al. Calcium density of coro-
nary artery plaque and risk of incident cardiovascular events. JAMA. 2014; 311:271-278. doi: 10.
1001/jama.2013.282535 PMID: 24247483

Dweck MR, Chow MW, Joshi NV, Williams MC, Jones C, Fletcher AM, et al. Coronary arterial 18F-
sodium fluoride uptake: a novel marker of plaque biology. J Am Coll Cardiol. 2012; 59: 1539—-1548. doi:
10.1016/j.jacc.2011.12.037 PMID: 22516444

Joshi NV, Vesey AT, Williams MC, Shah ASV, Calvert PA, Craighead FHM, et al. 18F-fluoride positron
emission tomography for identification of ruptured and high-risk coronary atherosclerotic plaques: a
prospective clinical trial. The Lancet. 2014; 383: 705-713.

Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Borden WB, et al. Heart disease and stroke
statistics—2013 update: a report from the American Heart Association. Circulation. 2013; 127: e6—
e245. doi: 10.1161/CIR.0b013e31828124ad PMID: 23239837

Moselewski F, O'Donnell CJ, Achenbach S, Ferencik M, Massaro J, Nguyen A, et al. Calcium concen-
tration of individual coronary calcified plaques as measured by multidetector row computed tomogra-
phy. Circulation. 2005; 111: 3236-3241. PMID: 15956133

Anderson JL, Adams CD, Antman EM, Bridges CR, Califf RM, Casey DE Jr, et al. 2012 ACCF/AHA
focused update incorporated into the ACCF/AHA 2007 guidelines for the management of patients with
unstable angina/non-ST-elevation myocardial infarction: a report of the American College of Cardiology
Foundation/American Heart Association Task Force on Practice Guidelines. Circulation. 2013; 127:
€663-828. doi: 10.1161/CIR.0b013e31828478ac PMID: 23630129

Chiou KR, Huang WC, Peng NJ, Huang YL, Hsiao SH, Chen KH, et al. Dual-phase multi-detector com-
puted tomography assesses jeopardised and infarcted myocardium subtending infarct-related artery
early after acute myocardial infarction. Heart. 2009; 95: 1495-1501. doi: 10.1136/hrt.2008.164772
PMID: 19497917

Writing Committee Members, Greenland P, Alpert JS, Beller GA, Benjamin EJ, Budoff MJ, et al. 2010
ACCF/AHA Guideline for Assessment of Cardiovascular Risk in Asymptomatic Adults: Executive Sum-
mary: A Report of the American College of Cardiology Foundation/American Heart Association Task
Force on Practice Guidelines. Circulation. 2010; 122: 2748-2764. doi: 10.1161/CIR.
0b013e3182051bab PMID: 21098427

Mehnert A, Jackway P. An improved seeded region growing algorithm. Pattern Recognition Letters.
1997; 18:1065-1071.

Yeh C, Lin CL, Wu MT, Yen CW, Wang JF. A neural network-based diagnostic method for solitary pul-
monary nodules. Neurocomputing. 2008; 72: 612-624

Wexler L, Brundage B, Crouse J, Detrano R, Fuster V, Maddahi J, et al. Coronary artery calcification:
pathophysiology, epidemiology, imaging methods, and clinical implications. A statement for health pro-
fessionals from the American Heart Association. Writing Group. Circulation. 1996; 94: 1175-1192.
PMID: 8790070

Shemesh J, Apter S, ltzchak Y, Motro M. Coronary calcification compared in patients with acute versus
in those with chronic coronary events by using dual-sector spiral CT. Radiology. 2003; 226: 483—488.
PMID: 12563143

Silverman MG, Blaha MJ, Krumholz HM, Budoff MJ, Blankstein R, Sibley CT, et al. Impact of coronary
artery calcium on coronary heart disease events in individuals at the extremes of traditional risk factor

PLOS ONE | DOI:10.1371/journal.pone.0131254 June 24,2015 11/12


http://dx.doi.org/10.1016/j.jacc.2008.04.012
http://www.ncbi.nlm.nih.gov/pubmed/18617071
http://dx.doi.org/10.1093/eurheartj/ehn356
http://www.ncbi.nlm.nih.gov/pubmed/18682447
http://www.ncbi.nlm.nih.gov/pubmed/17967598
http://www.ncbi.nlm.nih.gov/pubmed/15990756
http://dx.doi.org/10.1038/nrcardio.2014.60
http://dx.doi.org/10.1038/nrcardio.2014.60
http://www.ncbi.nlm.nih.gov/pubmed/24755916
http://dx.doi.org/10.1001/jama.2013.282535
http://dx.doi.org/10.1001/jama.2013.282535
http://www.ncbi.nlm.nih.gov/pubmed/24247483
http://dx.doi.org/10.1016/j.jacc.2011.12.037
http://www.ncbi.nlm.nih.gov/pubmed/22516444
http://dx.doi.org/10.1161/CIR.0b013e31828124ad
http://www.ncbi.nlm.nih.gov/pubmed/23239837
http://www.ncbi.nlm.nih.gov/pubmed/15956133
http://dx.doi.org/10.1161/CIR.0b013e31828478ac
http://www.ncbi.nlm.nih.gov/pubmed/23630129
http://dx.doi.org/10.1136/hrt.2008.164772
http://www.ncbi.nlm.nih.gov/pubmed/19497917
http://dx.doi.org/10.1161/CIR.0b013e3182051bab
http://dx.doi.org/10.1161/CIR.0b013e3182051bab
http://www.ncbi.nlm.nih.gov/pubmed/21098427
http://www.ncbi.nlm.nih.gov/pubmed/8790070
http://www.ncbi.nlm.nih.gov/pubmed/12563143

el e
@ ) PLOS ‘ ONE CT Attenuation Features of CAC

burden: the Multi-Ethnic Study of Atherosclerosis. Eur Heart J. 2014; 35: 2232—-2241. doi: 10.1093/
eurheartj/eht508 PMID: 24366919

31. Blaha MJ, Silverman MG, Budoff MJ. Is there a role for coronary artery calcium scoring for management
of asymptomatic patients at risk for coronary artery disease?: Clinical risk scores are not sufficient to
define primary prevention treatment strategies among asymptomatic patients. Circ Cardiovasc Imag-
ing. 2014; 7: 398-408; discussion 408. doi: 10.1161/CIRCIMAGING.113.000341 PMID: 24642922

PLOS ONE | DOI:10.1371/journal.pone.0131254 June 24,2015 12/12


http://dx.doi.org/10.1093/eurheartj/eht508
http://dx.doi.org/10.1093/eurheartj/eht508
http://www.ncbi.nlm.nih.gov/pubmed/24366919
http://dx.doi.org/10.1161/CIRCIMAGING.113.000341
http://www.ncbi.nlm.nih.gov/pubmed/24642922

