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Abstract
Objective We evaluated the performance of manual mea-
sures of coronary plaque volumes and atherosclerotic
plaque features from coronary CT angiography (CTA),
using intravascular ultrasound (IVUS) as the reference.
Methods Thirty individual coronary plaques with suitable
fiduciary markers were identified. Plaque volumes on coro-
nary CTA were manually quantified by two observers and
compared to IVUS plaque volumes as interpreted by an
independent laboratory. The presence of adverse plaque
characteristics—low attenuation plaque (LAP), positive
remodelling (PR) and spotty calcification (SC)—on coro-
nary CTA was evaluated and compared to IVUS.

Results High correlation in plaque volumes was detected
between observers (r=0.94, P<0.0001; 95 % limits of
agreement <48.7 mm3, bias 6.6 mm3). Excellent corre-
lation (r=0.95, P<0.0001) was noted in plaque volume
between independent observers and IVUS (95 % limits
of agreement <40.6 mm3, bias −4.4 mm3) and did not
differ from IVUS (105.0±56.7 vs. 109.4±60.7 mm3, P=
0.2). The frequency of LAP (10 % vs. 17 %), PR (7 %
vs. 10 %) and SC (27 % vs. 33 %) was similar between
coronary CTA and IVUS (all P=NS).
Conclusions Plaque volume on coronary CTA determined
by manual methods demonstrates high correlation and mod-
est agreement to IVUS. Further, coronary CTA demon-
strates high accuracy for the identification of adverse
plaque characteristics, including LAP, PR and SC.
Key Points
• Coronary CT angiography is a non-invasive test that en-
ables coronary plaque assessment

• Plaque quantification by coronary CT angiography corre-
lates well with intravascular ultrasound findings

• Coronary CT angiography can identify adverse plaque
characteristics
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IVUS Intravascular ultrasound
LAD Left anterior descending artery
LAP Low attenuation plaque
LCX Left circumflex artery
MACE Major adverse cardiac events
PR Positive arterial remodelling
RCA Right coronary artery
SC Spotty calcification

Introduction

Direct determination of coronary atherosclerotic plaque
morphology and plaque burden by invasive methods
enhances risk assessment of future major adverse cardiac
events (MACE) and monitoring of coronary artery disease
(CAD) progression [1–3]. Coronary CT angiography (CTA)
has emerged as a potential non-invasive alternative to coro-
nary plaque characterisation and quantification [4–6]. These
measures require manual tracing of contours, discriminating
epicardial fat from vessel walls and circumscribing
noncalcified and calcified plaque components, techniques
that are time intensive and may be prone to variability
[7, 8]. Therefore, quantification of coronary atheroscle-
rotic plaque volume by coronary CTA has not been
extensively investigated. The purpose of this study was
to evaluate the performance of manual CT measures of
coronary plaque volumes—including both calcified and
noncalcified components—employing grayscale intravas-
cular ultrasound (IVUS) as a reference standard as well
as the performance of coronary CTA to identify plaque
characteristics.

Materials and methods

Study patients and plaque selection

Study patients consisted of consecutive individuals who
underwent elective invasive coronary angiography (ICA),
IVUS and coronary CTA who were observed by coronary
CTA to have a stenosis within the proximal or mid part of a
major epicardial coronary artery. Coronary CTA was
performed for suspected or known CAD prior to clinically
indicated ICA. IVUS was performed as part of the research
protocol. Patients were excluded if any of the following was
present: individuals unable to provide informed consent,
acute ST elevation myocardial infarction, left ventricular
ejection fraction <40 %, primary myocardial or valvular
disease, presence of collateral vessels by coronary CTA or
ICA, or angiographically visible thrombus at the site of
the lesion interrogated by IVUS. The Institutional Review

Board of the study centres approved the study and all
patients provided written informed consent.

Coronary CTA

Coronary CTA was performed using a dual–source CT
scanner (Somatom Definition, Siemens, Forchheim,
Germany) in direct accordance with the Society of
Cardiovascular CT Guidelines on performance of coronary
CTA [9]. All patients received nitroglycerin and those with a
heart rate >65 bpm were administered beta blockers, unless
contraindicated. An intravenous bolus (60–90 ml) of con-
trast agent (350 mg iodine/ml, Iomeprol) was injected at a
flow rate of 6 ml/s. The CT parameters included 2×64×0.
6 mm collimation, gantry rotation time 330 ms, reference
tube current of 400 mAs per rotation and tube voltage 100 or
120 kVp. CT was performed using ECG-based tube current
modulation whenever possible; otherwise sequential
(prospective) image acquisition was used. Axial images
were reconstructed with 0.6–0.75-mm slice thickness, 0.3–
0.4-mm slice increment and a medium soft convolution
kernel (B26f). For helical CT data acquisition, the position
of the reconstruction window within the cardiac cycle was
individually selected to minimise artefacts. Motion-free data
sets, typically in mid-diastole, were collected for analysis.
The estimated effective radiation dose for coronary CTA
ranged from 2 mSv to 10 mSv using the dose-length
product with an organ-specific conversion factor k of 0.
014 mSv/mGy/cm [10].

ICA and IVUS

Selective ICA was performed by standard catheterisation in
accordance with the American College of Cardiology
Guidelines for Coronary Angiography [11]. IVUS was
performed in a standard fashion using an automated
motorised pullback system (0.5 mm/s) with commercially
available imaging catheters (Boston Scientific/SCIMED,
Minneapolis, MN, USA). The IVUS catheter was inserted
into the most distal position of the selected vessel that could
be safely reached, and the catheter location was documented
with cine angiography. Intracoronary nitroglycerin (100–
200 μg) was administered immediately prior to IVUS.

Plaque volume measurements and characterisation
by coronary CTA

Each identified plaque lesion was quantified manually by
two independent level III experienced observers, both of
whom were blinded to the IVUS results. Study results were
computed as the average of two observers. Another experi-
enced independent observer who was not involved in
the later comparative analysis evaluated coronary CTA and

2110 Eur Radiol (2013) 23:2109–2117



ICA, IVUS images side by side. To ensure that identical
plaques evaluated with IVUS were assessed, easily identifi-
able anatomic landmarks (side branches and bifurcations)
were selected to define the proximal and distal fiduciary
points. Plaques that lacked a proximal reference segment
because of an ostial location as well as those within large
side branches were not considered. After identification of
plaques referenced to fiduciary markers, contiguous cross-
sectional reconstructions were rendered along a vessel cen-
terline using a slice thickness of 1.0 mm and an increment of
0.5 mm on a dedicated 3D workstation (AWAdvantage; GE
Healthcare) [8]. To allow for optimal detection of plaque
and outer vessel boundaries, we used a window width
representing 155 % of the mean intensity within the lumen
and at a window level representing 65 % of the mean
intensity for each lesion, as previously described [4]. The
outer vessel contour was defined as the visualised border at
which point low attenuation (epicardial fat) was observed,
with lumen areas manually traced in each cross-section. The
difference between vessel area and contrast-enhanced lumen
area was defined as the plaque area. Plaque volume was
obtained by the summation of all contiguous plaque areas
and multiplied by the slice increment [12].

In addition, the presence of adverse plaque characteristics
was evaluated as follows: Low attenuation plaque (LAP)
was defined as visually distinct intraplaque hypodensities
containing <30 HU; positive arterial remodelling (PR) was
defined as the maximal outer arterial wall diameter along the
plaque exceeding proximal reference by ≥5 %; spotty calci-
fication (SC) was discrete calcification ≤3 mm in length and
occupying a ≤90° arc when viewed in the vessel short axis
[13].

Plaque volume measurements and characterisation by IVUS

IVUS images were analysed in blinded fashion by an inde-
pendent core laboratory (Seoul National University
Hospital), according to established and validated standards
[14]. Lumen and external elastic membrane (vessel)
contours were manually traced at every 0.5-mm cross-
sectional frame using commercially available planimetry
software (echoPlaque™ system, Indec Systems Inc.,
Mountain View, CA), generating volumetric data in a man-
ner similar to that described for coronary CTA. Plaque
volume was calculated as vessel volume minus lumen vol-
ume. In addition, the presence of echolucent plaque, PR and
SC was evaluated as previously described [15, 16].

Statistical analysis

Continuous variables were expressed as mean ± SD and
range. Comparisons between volumes were performed
using a paired t test. Correlation and agreement between

two observers on coronary CTA and coronary CTA to IVUS
measurements were evaluated by Pearson’s correlation and
Bland-Altman analysis. Averaged values between two ob-
servers on coronary CTA were used for the comparison of
IVUS measurements. The frequency of LAP, PR and SC
was compared between CT and IVUS using the chi-square
test for trend. A P value of less than 0.05 was considered
indicative of statistical significance. Statistical analysis was
performed using dedicated statistical software (SPSS 19.0,
SPSS, Chicago, IL, USA).

Results

We identified 30 individual coronary atherosclerotic plaques
in 27 consecutive individuals. The patient characteristics are
shown in Table 1. The distribution of stenoses was: 18 in the
left anterior descending artery, 5 in the left circumflex artery
and 7 in the right coronary artery. The average plaque length
measured by coronary CTA was 14.7±7.7 mm. The mean
value of window width and window level was 795±198 HU
and 334±83 HU. Processing times ranged from 15 to
30 min for CT manual quantification.

High correlation existed for vessel volume, lumen vol-
ume and plaque volume (r=0.97, r=0.96, r=0.95, all
P<0.0001) for coronary CTA compared to IVUS. Bland-
Altman limits of agreement for vessel volume, lumen vol-
ume and plaque volume ranged from −53.7 to 53.1 mm3

with a bias of −0.3 mm3, −24.1 to 32.2 mm3 with a bias of
4.0 mm3 and −40.6 to 31.8 mm3 with a bias of −4.4 mm3,
respectively (Fig. 1). There were no significant differences in

Table 1 Patient characteristics

Characteristics Values

Age (years) 63±11

Male gender 20 (74)

Body mass index (kg/m2) 24±2

Hypertension 17 (63)

Diabetes mellitus 1 (4)

Hyperlipidaemia 26 (96)

Current smoker 7 (26)

LDL cholesterol (mg/dl) 109±33

HDL cholesterol (mg/dl) 47±13

Total cholesterol (mg/dl) 178±41

Triglyceride (mg/dl) 149±77

Number of lesions 30

Lesion location: LAD/LCX/RCA 18/5/7

Data are n (%) or mean ± SD unless otherwise indicated. LDL low-
density lipoprotein, HDL high-density lipoprotein, LAD left anterior
descending artery, LCX left circumflex artery, RCA right coronary
artery
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vessel, lumen and plaque volume between coronary CTA and
IVUS (191.0±101.9 vs. 191.3±108.3mm3,P=0.9; 86.0±50.4
vs. 82.0±51.4 mm3, P=0.1; 105.0±56.7 vs. 109.4±60.7 mm3,
P=0.2, respectively). Per artery results for plaque volume are
summarised in Table 2. There were high correlations with no
significant differences in plaque volume between coronary
CTA and IVUS measurements in the left anterior descending
artery (LAD), left circumflex artery (LCX) and right coronary
artery (RCA), respectively.

Correlations were high for vessel volume, lumen volume
and plaque volume (r=0.99, r=0.97, r=0.94, all P<0.0001)
between two observers. Bland-Altman limits of agreement
for vessel volume, lumen volume and plaque volume ranged
from −29.1 to 43.8 mm3 with a bias of 7.4 mm3, −23.0 to
24.5 mm3 with a bias of 0.8 mm3 and −35.5 to 48.7 mm3

with a bias of 6.6 mm3, respectively (Fig. 2). The bias in
plaque volume between two observers corresponded to

10.8 %. There were no significant differences in lumen and
plaque volume between two observers (85.6±50.0 vs. 86.4±
51.5 mm3, P=0.7, 101.7±62.1 vs. 108.3±53.0 mm3, P=0.1).
There were no significant differences in plaque volume
between each observer and IVUS (101.7±62.1 vs. 109.4±
60.7 mm3, P=0.1, 108.3±53.0 vs. 109.4±60.7 mm3,
P=0.8). There were significant differences in vessel volume
between two observers (187.3±105.2 vs. 194.7±99.3 mm3,
P=0.04). All 30 individual plaques are described in detail
(Supplementary Table).

The frequency of LAP/echolucent plaque (10 % vs.
17 %), PR (7 % vs. 10 %) and SC (27 % vs. 33 %) was
similar with no significant differences between coronary
CTA and IVUS (all P=NS) (Fig. 3). A representative case
of the images with IVUS and coronary CTA are shown in
Figs. 4 and 5. Adverse plaque characteristics on coronary
CTA are depicted in Fig. 6.

Fig. 1 Bland-Altman plots for
vessel volume (a), lumen
volume (b) and plaque volume
(c) between IVUS and coronary
CTA. IVUS intravascular
ultrasound, coronary CTA
coronary CT angiography

Table 2 Per artery analysis for plaque volume

Correlation Bland-Altman

Coefficient P-value Bias (coronary
CTA -IVUS)

Limits of
agreement

Coronary CTA
plaque volume

IVUS plaque
volume

P-value

LAD 0.96 <0.0001 −2.2 −41.5 to 37.2 109.4±69.1 111.5±73.4 0.7

LCX 0.91 0.03 −7.8 −50.2 to 34.6 77.2±29.2 85.0±44.6 0.5

RCA 0.88 0.01 −7.7 −32.5 to 17.2 113.5±26.3 121.2±23.4 0.2

Abbreviations as in Table 1
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Discussion

In the present study, we observed a high correlation between
total plaque volumes quantified from coronary CTA as
compared to an IVUS reference standard. Further, plaque
measures by coronary CTA demonstrated low biases with
generally favourable limits of agreement. Importantly, we
noted no significant differences in plaque volume quantified
by IVUS and coronary CTA. Finally, we examined the
performance of coronary CTA to identify plaque character-
istics associated with worsened prognosis, including LAP,
PR and SC. These present data may suggest a role for
coronary CTA as a noninvasive method for accurate quan-
tification and characterisation of atherosclerotic plaque.

Qualitative plaque characterisation by coronary CTA has
been evaluated by Pundziute et al. [17], who demonstrated

that non-calcified, calcified and mixed exhibit significantly
different compositions when assessed by IVUS with
radiofrequency backscatter analysis; however, the quanti-
tative relationship of coronary CTA to IVUS was not eval-
uated in this study. Prior studies have demonstrated
generally high correlation between cardiac coronary CTA
and IVUS for assessment of plaque volume [4, 6, 12,
18–22]. In these studies, overall plaque volumes were
underestimated with coronary CTA when compared with
IVUS [4, 12]. These findings may relate to the results of a
recent meta-analysis [23], which observed that coronary
CTA slightly overestimates lumen area, presumably in part
because of pa r t i a l vo lume effec t s tha t lead to
overestimation of the size of very bright structures (such
as the contrast-enhanced lumen). Nevertheless, in these
analyses, plaque area and volume were similar between
coronary CTA and IVUS. The differences between coro-
nary CTA and IVUS volumetric measurements could be
attributed to several technical and methodological factors.
The spatial resolution of 64-detector CT is less than IVUS,
and the accuracy of coronary CTA may be mitigated by
inaccuracies in edge discrimination of coronary CTA arte-
rial images. The present study results observed a high
correlation for quantitative assessment of plaque volume
by coronary CTA, with a low bias of only 4.4 mm3.
However, Bland-Altman limits of agreement were general-
ly wide, suggesting a modest agreement between the
coronary CTA and IVUS. One distinction between the
present study and prior published investigations is that we
observed the interobserver variability to be generally low

Fig. 2 Bland-Altman plots for
vessel volume (a), lumen
volume (b) and plaque volume
(c) by coronary CTA between
two observers

Fig. 3 Frequency of adverse plaque characteristics. LAP low attenua-
tion plaque, PR positive remodelling, SC spotty calcification
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[24, 25]. These differences may be explained by a number of
potential factors, including the methodology of evaluation

(vessel specific window width and window level), the experi-
ence of observers and the use of consensus to minimise outlier
measurements. In addition to careful outer vessel wall seg-
mentation, pre-defined vessel-specific windowing and level-
ing may therefore be important for accurate plaque
quantification.

While still constrained by limited temporal and spatial
resolution, coronary CTA appears to be emerging as an
accurate non-invasive method for not only stenosis assess-
ment, but also for comprehensive characterisation and quan-
tification of coronary plaque features, including volume. In
this regard, coronary CTA may hold the potential to serve as
a non-invasive method for plaque characterisation in lieu of
IVUS for both quantification and characterisation.
Accordingly, future studies may consider the use of coro-
nary CTA for monitoring the progression and regression of
coronary atherosclerosis as an alternative to invasive
methods. If proven, coronary CTA may represent a highly
useful quantitative non-invasive technique that may allow
the careful study of a significantly greater number of in-
dividuals than could be done by invasive methods. These
efforts may allow for improved stratification of risk beyond
traditional angiographic measures of stenosis severity and
may allow for potential discrimination of individuals with
more aggressive forms of atherosclerosis or who have
responded optimally to medical therapy. However, as we
know, plaque imaging by CT remains a challenge in daily
routine practice. Depending on the characteristics of the
patient and the CT system used, plaque visualisation and
vessel contour detection in an individual patient may be-
come very difficult and sometimes even impossible. This is

Fig. 5 Images: Top row shows example of noncalcified plaque (a) and
calcified plaque (b) on coronary CTA. Bottom row shows the corre-
sponding image of IVUS for noncalcified plaque (c) and calcified
plaque (d). Yellow allowNoncalcified plaque, Red allowCalcified
plaque. Abbreviations are the same as in Fig. 1

Fig. 4 Images show quantification of proximal right coronary artery
plaque in a 68-year-old male with hyperlipidaemia. a Longitudinal IVUS
view of the plaque. White arrowPosition of cross-sectional views. b
Cross-sectional IVUS view with (c) traced external elastic membrane
(red arrow) and lumen-intima border (yellow arrow). d Same plaque

imaged on coronary CTAwith longitudinal view. White dotted linePosi-
tion of cross-sectional views. e Cross-sectional coronary CTA view with
(f) traced outer vessel border (red arrow) and lumen (orange arrow). In
this leasion, plaque volume is calculated as 79.7 mm3 for IVUS and
83.4 mm3 for coronary CTA. Abbreviations as in Fig. 1

2114 Eur Radiol (2013) 23:2109–2117



especially true when protocols for reducing radiation (low
tube voltage, prospective ECG-gating) are applied. The im-
possibility to reconstruct data sets at different points within the
cardiac cycle using a prospectively triggered “step and shoot”
mode also remains a matter of concern for plaque imaging.

We also examined several non-volumetric characteristics
of atherosclerotic plaques. The features chosen were done so
based upon prior invasive and non-invasive studies that
have identified a clinical importance to LAP, PR and SC.
In comparative histological studies, echolucent appearance
by IVUS was correlated with the lipid content of plaques
[26], a finding that has been associated with unstable as
opposed to stable angina [27]. Similarly, PR has also been
associated with unstable coronary syndromes [15]. A final
atherosclerotic feature, namely SC, has been demonstrated
by Ehara et al. to be of greater predictive value for acute
coronary syndromes than the overall volume of atheroscle-
rotic plaque [16]. CT density, based upon Hounsfield unit
methods, also allows for assessment of plaque that demon-
strates high echogenicity by IVUS, and these low attenua-
tion CT plaques are those thought by comparison to IVUS to
be rich in an intraplaque lipid core. Motoyama et al. dem-
onstrated in a large, retrospective coronary CTA study that
culprit lesions of acute coronary syndrome had a higher
proportion of PR (87 % vs. 12 %, P<0.0001), more fre-
quently had components with LAP (attenuation values <30
HU) (79 % vs. 9 %, P<0.0001) and typically had SC [28].
These prognostic findings have been assumed to be based
upon the highly accurate diagnostic performance of coro-
nary CTA to identify these plaque characteristics, and the
present study results confirm the overall feasibility of high
accuracy measures.

While seemingly intuitive, plaque quantification and
characterisation can, at present, only be performed in images
with excellent image quality. As such, its greatest present
application will be for selected patients and in vessels
that are relatively large. Furthermore, well-defined coronary

CTA image acquisition parameters for plaque characterisa-
tion may require modestly higher radiation doses, as very
low dose scans may result in too much noise—particularly
for smaller vessels—and thus make detection and quantifi-
cation of plaque difficult. To date, however, initial reports
evaluating the accuracy of coronary CTA for coronary ath-
erosclerotic plaque measurements have been reported as
high even in low radiation dose scans with good
interobserver agreements [29].

This study is not without limitations. Given the time-
intensive nature of plaque quantification and characterisa-
tion, the present study analyses were conducted retrospec-
tively on a relatively small study sample. Our non-
significant findings may be the result of a small sample size.
Further, important sub-analyses such as examination of po-
tential over- or underestimation of plaque volumes of CT in
smaller versus larger plaques or calcified versus non-
calcified plaques could not be performed. Future prospec-
tive multicentre studies to confirm our findings now appear
warranted. Further, our comparison of coronary CTA to
IVUS was primarily restricted to plaque including both
noncalcified as well as calcified components. Given the
imaging limitations of IVUS for quantification of calcified
plaque due to acoustic shadowing in areas of calcification
for the view of the outer vessel borders, differences between
coronary CTA and IVUS in the present study may be related
not solely to the limitations of coronary CTA but also the
limitations of IVUS. A similar concern about the exact
overlay of the coronary CTA to IVUS remains despite our
careful attempts to ensure fiduciary consistency. While fu-
ture studies may be helpful to discriminate these differences,
no current invasive method allows for more accurate evalu-
ations. With regards to plaque quantification, prior studies
have identified Hounsfield unit overlap in LAP, other non-
calcified plaque thought to be fibrous in nature and even
calcified plaque. These findings could have affected the
quantification of atherosclerotic plaque in the present study.

Fig. 6 Multiplaner reformat (a)
and cross-sectional (b, c)
coronary CTA images show
adverse plaque characteristics:
(a) PR (yellow and green dotted
lines), (b) SC (white arrow) and
(c) LAP (white diamond).
Abbreviations as in Figs. 1 and 3
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Using current generation CT technology, several limita-
tions are also inherent in contrast-enhanced coronary CTA
itself, including constraints by spatial and temporal resolu-
tion. Partial volume effects caused by large coronary calci-
fications and lumen contrast enhancement may evoke over-
as well as under-estimation of atherosclerotic plaque volume
or characterisation of atherosclerotic plaque characteristics.
Furthermore, contrast enhancement of the arterial lumen
during coronary CTA may overlap with calcified plaque
Hounsfield unit densities and, based upon partial volume
effects as well as overlap, may conceal, superficial and smaller
calcified deposits encroaching upon the coronary arterial lu-
men. Finally, manual plaque quantification largely depends on
the individual operator and is time consuming. A modern
software tool with favourable agreement with manual CT
plaque volume measurements or IVUS measurements has
been recently described [20, 30–32]. However, these tools
remain semi-automated in nature and still require manual
expert observer correction and accurate delineation of the
coronary vessel wall from surrounding epicardial fat. In this
regard, future studies evaluating forthcoming fully automated
software may be helpful for quantification and characterisa-
tion of coronary plaque in routine clinical settings.

At present, plaque volume quantification is not reliable
for daily clinical practice at this stage for the aforementioned
reasons, but may serve as a potentially valuable research
tool to evaluate not only the presence, quantity and type of
coronary artery plaque but also in the serial examination of
at-risk patients. However, given the present study results,
identification of adverse plaque characteristics by coronary
CTA, including LAP, PR and SC, can be easily applied and
may help risk stratification.

In conclusion, manual measures of coronary artery
plaque volume on coronary CTA demonstrate high correla-
tion and modest agreement compared to IVUS. Further,
coronary CTA demonstrates high performance for the iden-
tification of adverse plaque characteristics, including LAP,
PR and SC.
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