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Multidetector-row computed tomography
of the coronary arteries: predictive value
and quantitative assessment of non-calcified

vessel-wall changes

Abstract The aim of this study was
to quantitatively assess non-calcified
coronary artery plaques and to deter-
mine their predictive value for the
detection of coronary artery disease
(CAD). A total of 179 patients un-
derwent a calcium screening exami-
nation and a contrast-enhanced
multidetector-row computed to-
mography angiography (MDCT) of
the coronary arteries for various
indications. The traditional calcium
scores were evaluated and all exam-
inations were reviewed for the pres-
ence of non-calcified plaques with
an attenuation of 0—130 Hounsfield
units (HU). The number, mean atten-
uation, and volume of these non-
calcified plaques were recorded. All
patients also underwent conventional
catheter angiography. Coronary
calcium was detected in 73% (131
of 179) of the patients. Overall
incidence of purely non-calcified

Introduction

plaques was 30% (53 of 179). In
27% of the patients (48 of 179) no
calcium was detected; however, 15%
of these patients without calcifica-
tions showed non-calcified plaques
(7 of 48). Significant correlations
were found between the volume of
calcified plaques, volume of non-
calcified plaques, and total plaque
volume. There were significant
differences in plaque composition
comparing different risk factor pro-
files and different stages of CAD.
Volumetric assessment of non-calci-
fied coronary artery plaques is
feasible using contrast-enhanced
MDCT. Screening for non-calcified
plaques identifies patients with signs
of CAD that are missed in a calcium
screening examination.

Keywords Coronary artery disease -
Plaque imaging - Computed
tomography

Computed tomography has become an established

Atherosclerotic lesions are known to be very heterogene-
ous, depending on the progression of this systemic dis-
ease and on the vascular territory affected [1]. It is also
known that plaque composition rather than the severity
of a given stenosis predicts the patient’s risk for an acute
cardiac event [2]. Noninvasive imaging tools to depict
these heterogenous types of plaques, to differentiate vari-
ous plaque components, to detect early stages of athero-
sclerosis, and ideally to identify patients at risk are cur-
rently being investigated [3].

method for non-invasive and highly-sensitive detection
of coronary artery calcifications [4]. Yet, calcified
plaques are probably the result of repetitive plaque rup-
ture and healing, causing shrinkage of the vessel lumen
with subsequent stenosis [5]. Earlier stages of athero-
sclerosis without calcifications might be more prone to
rupture, resulting in acute cardiovascular events [6];
however, this theory does not stand undisputed, as an au-
topsy study suggested that the degree of calcification
was greatest for acute and healed plaque ruptures [7].
Recently, it was shown that CT has the potential to iden-
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tify early, non-calcified plaques in vivo in various vascu-
lar territories such as the carotid arteries [8] and the cor-
onary arteries [9, 10]. Various imaging features of non-
calcified and calcified plaques depicted with CT corre-
late with histopathologic stages of atherosclerosis de-
fined by the American Heart Association [11], as demon-
strated in a recent ex vivo study on human hearts [12].

The purpose of this study was twofold: firstly, to in-
vestigate the incidence of non-calcified plaques as de-
tected by MDCT and to determine the predictive value
of these vessel wall changes for the detection of coro-
nary artery disease; and secondly, to prove the feasibility
of volumetric analysis of these plaques, and to give an
insight into the composition of coronary artery plaque
burden as detected by MDCT. Correlations between cal-
cified and non-calcified plaques, as well as correlation to
specific risk factor profiles and the stage of CAD, are de-
scribed.

Materials and methods

Patient population

One hundred seventy-nine patients who had undergone non-con-
trast-enhanced calcium screening test and contrast-enhanced
MDCT angiography of their coronary arteries for various indica-
tions between January 2001 and September 2002 were enrolled in
this study (123 men, 56 women; age 61+12 years). Clinical indica-
tions for the CT examinations were heterogenous, including high
risk factor profiles, typical or atypical anginal complaints, and
known coronary artery disease. All patients had also undergone
selective catheter angiography of the coronary arteries, indepen-
dent from indication for the MDCT examination. Patients under-
went cardiac catheterization and MDCT within 6+10 days. All CT
studies were reviewed retrospectively, and MDCT and cardiac
catheterization were performed for clinical reasons; therefore, no
approval by the local ethics committee was needed. Patients were
divided into three subgroups according to the grade of coronary
artery disease as detected by catheter angiography. Grade 1 in-
cludes non-significant stenoses (<50%), grade 2 stenoses are be-
tween 50 and 75%, and grade 3 are significant stenoses (>75%).
All CT studies were reviewed retrospectively. Calcium screening
test, CT angiography, or cardiac catheterization were performed
for clinical reasons; thus, no approval by the local ethics commit-
tee was needed. In all patients, the following epidemiological data
and risk factors were recorded: age; gender; obesity; hypertension;
diabetes; nicotine abuse; and hyperlipidemia.

Multidetector-row computed tomography

All investigations were performed on a four-detector-row CT
scanner (Somatom Sensation 4, Siemens, Forchheim, Germany).
Calcium screening

The following parameters were used for the calcium screening ex-
amination: 4x2.5-mm collimation; 80 kV; 300 mA; 15- to 20-s

scan time. Slices were reconstructed with 3-mm slice thickness
and 1.5-mm overlap. No contrast material was applied.

MDCT angiography of the coronary arteries

For CT coronary angiography, the following parameters were em-
ployed: 4x1.0-mm collimation; 0.5-s rotation time; 120 kV;
400 mA, resulting in a total scan time of approximately 3540 s to
cover the entire heart. The data sets were reconstructed with con-
tiguous 1.25-mm-thick images using a 0.7-mm increment. Spatial
resolution of the reconstructed angiographic images was 0.6x0.6x
1.25 mm. One hundred twenty milliliters of non-ionic contrast me-
dia (300 mg iodine, Solutrast 300, Schering, Berlin, Germany)
were applied, with a flow rate of 3 ml/s, and contrast arrival time
was estimated using a test bolus. The original axial slices and thin-
sliding maximum intensity projections were used for analysis of
the coronary arteries and for assessment of calcified and non-cal-
cified plaques, respectively.

Quantification of coronary plaques
Calcified plaques

The calcium screening examinations were evaluated on the CT
scanner’s standard postprocessing workstation with a commercial
calcium screening software [13] (Siemens Wizard, Siemens,
Forchheim, Germany), using a threshold of >130 HU. The Agats-
ton score [14], volume equivalent [15], and the total calcium mass
[16] were measured as described before, and were recorded for
each patient.

Non-calcified plaques

Non-calcified plaques were assessed quantitatively on an offline
workstation (InSight, Neo Imagery, San Francisco, Calif.). The
volumes of non-calcified plaques in the coronary artery wall were
classified using thresholds of 0-130 HU. The outer border of the
plaques was segmented manually, whereas the internal border be-
tween plaque area and contrast-enhanced vessel lumen was detect-
ed by the software and the plaque volume was calculated automat-
ically (Fig. 1). The number, segmental location, and volumes of all
non-calcified plaques, and the total non-calcified plaque volume
burden per patient, were recorded.

According to the CT findings, the detected plaques were di-
vided into three groups: purely calcified plaques (CP); mixed
plaques (MP); and purely non-calcified plaques (NCP). Mixed
plaques were defined as plaques with calcifications and non-cal-
cified components in direct vicinity to each other. The quantifica-
tion of non-calcified plaques was done only for the subgroup of
patients, who presented real non-calcified plaques. In patients
with mixed plaques, i.e., plaques consisting of calcified and non-
calcified components, the volume of non-calcified plaque burden
could not be assessed by the analysis software. The “total plaque
volume”, given in cubic millimeters, was defined as the sum of
calcium volume equivalent and the volume of the non-calcified
plaques.

Statistical analysis

Correlation and regression coefficients were calculated to test for
significant correlations between calcified, non-calcified, and total
plaque volumes. Dependency of calcified and non-calcified plaque
numbers and plaque volumes on different grades of CAD and on
indication for cardiac CT (suspected or known CAD) was tested
using unpaired Wilcoxon tests. Dependency of analyzed plaque
compositions as detected by CT on various risk factor profiles was
assessed using a chi-square test. Continuous variables are present-
ed as meanzstandard deviation. For all statistical tests, a p value
<0.05 was considered statistically significant.
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Fig. 1 Quantitative volumetry
of non-calcified plaques. The
quantitative volumetry was per-
formed on an offline worksta-
tion (InSight, Neo Imagery,
San Francisco, Calif.) The axial
image at the height of the ori-
gin of the left coronary artery
(left window) shows a large
non-calcified plaque in the dis-
tal part of the left main coro-
nary artery (arrow). Volumetry
was conducted semi-quantita-
tively, segmenting the soft
plaque borders by hand, where-
as the software measured
plaque volume automatically
according to predefined thresh-
olds (right window, see ellipsis
for results)

Results

Predictive value of non-calcified plaques
for the detection of CAD

Reviewing the calcium screening examinations and the
CT angiography, the majority of patients (131 of 179,
73%) showed calcified plaques (CP) or mixed plaques
(MP). In the remaining 27% (48 of 179) of the patients,
no calcium was detected. In approximately one-third of
all patients (53 of 179, 30%), purely non-calcified
plaques (NCP) could be found, mostly together with cal-
cified or mixed plaques at other sites of the coronary ar-
tery tree. In 41 patients, no signs of CAD were found in
either the calcium scoring or the CT angiography
(Fig. 2A).

Considering the 48 patients without calcifications,
i.e., with a negative calcium screening, there was a con-
siderable number (15%) of patients with non-calcified
plaques among them, as detected in the contrast-en-
hanced CT scans (7 of 48 patients; Fig. 2B). In these 7
patients, CAD was diagnosed in the contrast-enhanced
MDCT scan due to detection of non-calcified plaques,
but would have been missed in the native calcium
screening test. Catheter angiography of these 7 patients
showed significant stenoses (>75%) in 3 cases, minor
wall irregularities in 2 patients, and normal coronary ar-
tery lumen as depicted by catheter angiography in 2
cases.

A) Predictive Value of non-calcified Plaques
cp, mp & ncp
(26%) - .
% B) FPatients without

Calcifications

ncp no
only ’ cad
(15%) (85%)

23%)

ncp only

m

Fig. 2A, B Predictive value of non-calcified plaques for the detec-
tion of coronary artery disease. The figure shows the plaque distri-
bution in A all patients (n=179) and in patients B without calcifi-
cations (n=48). Seven of 179 patients (i.e., 4%) showed non-calci-
fied plaques only, without any calcifications detected in the calci-
um screening examination. c¢p calcified plaques, mp mixed
plaques, ncp non-calcified plaques, no cad no plaques detected

cp &mp
(47%)

Correlation of calcified, non-calcified,
and total plaque volume

The volume of non-calcified plaques did increase signifi-
cantly with increasing total plaque volume (p=0.0105);
however, the correlation was not very strong (r=0.3822;
Fig. 3A). There also was a volume increase of non-calci-
fied plaques in correlation to the calcium volume score,
but it was not statistically significant (p=0.1583), and
correlation was weak (r=0.2164; Fig. 3B). The percent-
age of non-calcified plaques decreased significantly with
increasing total plaque volume (r=—0.5095, p=0.0004),
i.e., in patients with high total plaque burden, the greater
part of this plaque burden consisted of calcifications
mainly (Fig. 3C). The volume score of calcified plaques
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Fig. 3A-D Results of quantita-
tive plaque assessment. A Cor-
relation between volume of

A) NCP Volum

e vs Total Volume B) NCP Volume vs CP Volume
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MP -calcified pl
E NC;”)?& ;‘;Eecni Se;iigiﬁg‘flf CP 2.001.22 4.29+3.04 7.09+3.90 0.0037
the severity grade of coronary MP 2.60+1.67 3.14+£2.04 3.69+2.16 0.2463
arte}y disease (CAD) NCP 2.20+1.30 2.71+2.36 3.16x1.57 0.1138
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of calcifications (Agatston (n=6) (n=8) (n=39)
if;’srs volume score, calelum = ¢ cion score 141.2£119.5 309.7+346.9 774.8+706.6 0.0307
calcified plaques, depending on Volume equivalent 142.0+118.3 268.2+285.2 701.3+661.1 0.0328
the grade of CAD Mass (mg) 42.7+49.3 74.9+93.8 166.4+148.9 0.0374
NCP volume (mm3) 14.7+7.0 24.7+17.6 47.3+x41.0 0.0052

showed a very strong correlation to total plaque volume
(r=0.9849, r 2=0.9700, p<0.0001; Fig. 3D). In small total
plaque volumes, non-calcified plaques were over-repre-
sented, as shown by an intercept of +35 at the intersec-
tion of the regression line with the y-axis (p<0.0001;
Fig. 3D, arrow).

Dependency of plaque numbers on severity of CAD

For statistical analysis, an unpaired Wilcoxon test was
performed, considering the number (mean and standard
deviation) of calcified plaques (CP), mixed plaques
(MP), and non-calcified plaques (NCP) per patient de-
pending on the severity grade of CAD. The numbers of
CAD grades 1 and 2 (6 and 8 patients, stenoses <75%)
were pooled vs grade 3 (39 patients, stenoses >75%), to

compensate for the small patient numbers in the first two
groups. The mean number of calcified plaques increased
significantly from grades 1 and 2 to grade 3, whereas the
mean number of mixed and non-calcified plaques did not
increase with statistical significance depending on the
severity of CAD (Table 1).

Dependency of calcium scores and plaque volumes
on severity of CAD

Table 2 shows quantitative values (mean and standard
deviations) of calcifications (Agatston score, volume
equivalent, calcium mass) and volumes of non-calcified
plaques depending on the grade of CAD. Statistical anal-
ysis was performed using an unpaired Wilcoxon test
(again, numbers of CAD grades 1 and 2 were pooled vs
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Table 3 Risk factor profiles for different subgroups, according to plaque distribution as detected by multidetector-row computed tomog-
raphy angiography. CP calcified plaques, MP mixed plaque, NCP non-calcified plaques

Number Males Adipositas Hypertension  Diabetes Nicotine Hyperlipidemia
No pathology 41 24 12 18 6 12 18
CP and MP 85 58 26 47 21 47 33
CP, MP, and NCP 46 38 12 29 12 21 37
NCP only 7 3 4 4 4 6 4
All patients 179 123 54 98 43 86 92
p - 0.3756 0.3244 0.6701 0.2845 0.2382 0.0265
No pathology 41 24 12 18 6 12 18
Any pathology 138 98 43 80 36 73 73
p - 0.3474 0.5011 0.2805 0.1539 0.0490 0.4241

grade 3). Agatston score, volume equivalent, and abso-
lute mass of calcified plaques as well as total non-calci-
fied plaque volume increased significantly from grades 1
and 2 to grade 3.

Dependency of CT findings on cardiovascular
risk factors

Risk factor profiles including gender, obesity, hyperten-
sion, diabetes, nicotine abuse, and hyperlipidemia were
compared for different groups of pathologic CT findings
[1=no pathology; 2=calcified and mixed plaques (cp and
mp); 3=cp, mp, and non-calcified plaques (ncp); 4=ncp
only; 5=all patients; Table 3]. Statistical analysis was
performed using a chi-square test. The only risk factor
that showed statistical significant increase was hyperlipi-
demia in the group of patients with calcified, mixed, and
non-calcified plaques (p=0.0265). Pooling all patients
with any pathologic CT finding vs patients without any
pathology at CT indicated a significantly higher propor-
tion of smokers in the pathology group (p=0.0490).

Discussion
Plaque morphology in CT

Screening examinations for coronary calcium, using
EBCT or recently MDCT, have been widely accepted as
a sensitive method to detect atherosclerosis of the coro-
nary arteries in patients at risk or in patients with atypi-
cal chest pain. The negative predictive value of a nega-
tive calcium screening test has been reported to be in the
range of 93-97% [17, 18]. Therefore, finding no coro-
nary calcifications would exclude the presence of a sig-
nificant CAD with a high probability; however, with the
advent of contrast-enhanced CT of the coronary arteries,
non-calcified vessel wall lesions become visible, and
other stages of the disease, such as lipid-rich type-IV or
type-Va plaques, become visible [11]. The density of

these non-calcified lesions has been reported by indepen-
dent groups and in various vascular territories to be be-
tween 0 and 130 HU, according to the content of lipid
and fibrotic tissue, as proven by histopathology or intra-
vascular ultrasound [8, 12, 19]. Non-calcified plaques
with densities below 50 HU contain a higher amount of
lipids, whereas mainly fibrotic lesions typically show
densities between 50 and 130 HU. Density of lipid body
tissue has been reported to be in the range of —250 to
=50 HU [20]. The reasons for the higher densities of
lipid-rich plaques as measured in the coronary artery
wall are multiple. Firstly, the spatial resolution of MDCT
is still limited; therefore, with a voxel size of
0.6x0.6x1.25 mm in four-detector-row CT, even a large
lipid core of 500 wm will contribute to a maximum of
25-50% of the voxel, other components depicted will be
a mixture of smooth muscle cells, endothelial cells,
fibrotic tissue, and others. Secondly, the lipid core of
atherosclerotic lipid-rich plaques consists of cholesterol
lipids mainly, not of triglycerides as in body fat. The
lowest Hounsfield units measured in our cohort in a
lipid-rich plaque was 28+17 HU. The high standard
deviations found may be due to the variety of tissue
components combined in a single voxel; therefore, a reli-
able differentiation of fibrotic and lipid-rich plaques may
not be possible using MDCT, due to an overlap of the
densities measured and the complexity of the lesions.
The densities measured can only give an evidence of the
largest proportion of soft tissue components within the
plaque.

Predictive value of non-calcified plaques
for the detection of CAD

In our cohort of 179 patients, combining a non-contrast-
enhanced calcium screening with a contrast-enhanced
coronary angiography, 7 patients (4%) were identified
with non-calcified plaques only, i.e., no calcifications
were found in the calcium screening test. In these 7 pa-
tients, catheter angiography showed minor (stenoses
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Fig. 4A-C Example of a correct diagnosis made by multidetector-
row computed tomography (MDCT) angiography. A 38-year-old
man with a high cardiovascular risk factor profile and atypical an-
gina underwent a calcium screening test, an MDCT coronary angi-
ography, and conventional cardiac catheterization. The calcium
screening examination was negative. No calcifications were found
in the A coronary arteries (arrow), but after administration of con-
trast, a non-calcified plaque was detected in the B left main coro-
nary artery (arrow). C Catheter angiography did not show any sig-
nificant stenoses in this area, most probably due to “positive re-
modeling” effects (arrow)

<50%, 4 patients) or major (stenoses >75%, 2 patients)
vessel lumen changes, but 1 patient had normal vessel
lumen in catheter angiography and the presence of coro-
nary atherosclerosis would have been missed by the
gold-standard modality (Fig. 4). This specific subgroup
of 7 patients showed an overall higher risk factor profile,
with a higher percentage of nicotine abuse (83%), obesi-
ty (67%), hypertension (67%), and diabetes (50%; all
179 patients: 46, 28, 55, and 21%, respectively). Also, a
lower mean age (5510 vs 61+12 years) and a lower
number of male patients (43 vs 68%) was characteristic
for this cohort. Due to the small patient number in this
subgroup, these differences were not statistically signifi-
cant. Still, the non-contrast-enhanced calcium screening
examination would have missed CAD in these patients,
only after performing a CT angiography the correct diag-
nosis was made. Further characterization of such patients
at risk for non-calcified plaques is essential for correct
indication of contrast-enhanced MDCT angiography.

Coronary plaque composition

In this study, we have shown that the volume of non-cal-
cified plaques shows a positive correlation to total
plaque burden and calcium burden, i.e., not surprisingly,
non-calcified plaque burden increased with total plaque

burden and with increasing calcium volume score; how-
ever, this increase of non-calcified plaque volume in cor-
relation to the calcium volume score was not statistically
significant, whereas there was a very strong correlation
between total plaque volume and calcium volume score.
These findings support the theory that the number and
volume of non-calcified plaques are relatively high in
patients with a low total plaque burden, as these non-cal-
cified plaques may represent earlier stages of the disease,
and therefore, many non-calcified lesions can be found.
With constant progression of the disease, wall lesions
tend to calcify; therefore, the total amount of calcium in-
creases constantly with the progression of the disease,
whereas new non-calcified lesions develop continuously,
reflecting the activity of the disease [21]. This finding is
also supported by the fact that the percentage of non-cal-
cified plaque volume decreased with increasing total
plaque volume, i.e., in patients with a high total plaque
load, this high plaque load consists of calcified lesions
mainly. This might explain that the total number of calci-
fied plaques increased significantly with the severity of
CAD, whereas the total number of non-calcified plaques
did not increase significantly with higher grades of
CAD, as shown in Table 1. It is known that in earlier
stages of coronary atherosclerosis, the phenomenon of
“positive (vascular) remodeling” maintains a constant
vessel lumen [22, 23]. Various studies report that cardiac
events were not inevitably associated with luminal nar-
rowing detected by angiography [24, 25]. In later stages
of the disease, significant stenoses will typically be asso-
ciated with a higher amount of calcified and fibro-calci-
fied plaques [26].

Limitations
Despite considerable recent improvement, multi-detector

row CT still suffers from a limited spatial resolution. It is
therefore difficult to visualize the coronary artery wall
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especially at distal segments of the coronary arteries,
hampering a precise measurement of plaque volume. In
this study, measurements were therefore limited to proxi-
mal and middle segments of the main vessels. In cases of
heavily calcified coronary arteries, measurements of
non-calcified plaques in direct neighborhood to calcifi-
cations will lead to an underestimation of the real non-
calcified plaque volume, due to beam-hardening artifacts
surrounding the calcifications, leading to higher Houns-
field units in the direct vicinity. That is why only purely
non-calcified plaques have been assessed quantitatively,
limiting the number of patients that underwent quantita-
tive plaque volume analysis to 53 individuals. Also, the
patient collective examined in this study and the indica-
tions for undergoing MDCT of the heart are somewhat
heterogenous; however, the primary purpose of this
study was to include a large cohort of patients, to assess
the presence, predictive value, and quantitative assess-
ability of non-calcified vessel wall changes in general. In
future studies, precisely circumscribed patient cohorts
with characteristic risk factor profiles or characteristic
clinical presentations will have to be included, and dif-
ferences in the presence and predictive value of various
vessel wall lesions between these predefined patient
groups, as detected by CT, will have to be described.

Conclusion

Several reports suggest that luminal narrowing as detect-
ed by conventional angiography is not unconditionally
able to predict future cardiac events, and new imaging
modalities are desirable to detect changes of the coro-
nary arterial wall itself for early prevention of coronary

events. Intravascular ultrasound is useful for the depic-
tion of the coronary artery wall; however, it is an inva-
sive technique and therefore not suitable for asymptom-
atic patients or as a screening tool. Examining coronary
artery plaques by contrast-enhanced MDCT has the pos-
sibility of non-invasively detecting complex plaque mor-
phology and of detecting earlier stages of coronary ath-
erosclerosis as compared with a non-contrast-enhanced
coronary calcium screening test. However, contrast-en-
hanced MDCT applies a higher amount of ionizing radi-
ation to the patient; therefore, further technical improve-
ment is desirable to decrease the radiation dose applied
to the patient, such as ECG-controlled tube current mod-
ulation, which was shown to reduce the radiation dose
applied by 48 and 45% for male and female patients, re-
spectively [27].

This study demonstrated the ability of contrast-en-
hanced MDCT to quantitatively assess non-calcified ves-
sel wall lesions of the coronary arteries in vivo. Further-
more, it could be shown that screening for these vessel
wall changes will identify some patients with manifesta-
tions of CAD that would be missed in a calcium screen-
ing test; thus, in selected patient groups with characteris-
tic risk factor profiles, an additional contrast-enhanced
study should be performed, even if the calcium screening
examination is negative. Further studies on larger co-
horts will have to demonstrate the reproducibility of
quantitative volume measurements of non-calcified
plaques, e.g., for monitoring purposes under lipid-lower-
ing therapy. Also, it has to be determined if and how
the presence of non-calcified plaques influences the pa-
tient’s outcome and which specific patients would most
probably benefit from an additional contrast-enhanced
study.
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