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Noninvasive Imaging of
Coronary Arteries: Current
and Future Role of
Multi–Detector Row CT1

While invasive imaging techniques, especially selective conventional coronary an-
giography, will remain vital to planning and guiding catheter-based and surgical
treatment of significantly stenotic coronary lesions, the comprehensive and serial
assessment of asymptomatic or minimally symptomatic stages of coronary artery
disease (CAD) for preventive purposes will eventually need to rely on noninvasive
imaging techniques. Cardiovascular imaging with tomographic modalities, includ-
ing computed tomography (CT) and magnetic resonance imaging, has great po-
tential for providing valuable information. This review article will describe the
current and future role of cardiac CT, and in particular that of multi–detector row
CT, for imaging of atherosclerotic and other pathologic changes of the coronary
arteries. It will describe how tomographic coronary imaging may eventually sup-
plement traditional angiographic techniques in understanding the patterns of ath-
erosclerotic CAD development.
© RSNA, 2004

EDITOR’S NOTE: In view of the importance of this topic, we are publishing in this issue of
Radiology two Special Reviews on CT evaluation of the coronary arteries. Each article presents
important perspectives for our readers. Please see also the article by Schoepf et al.

—Anthony V. Proto, MD, Editor

Since its introduction in the 1960s, selective coronary angiography has largely defined our
understanding of normal and pathologic coronary anatomy (1–3). The precise angio-
graphic definition of reduced luminal dimensions remains the basis for catheter-based or
surgical revascularization of the myocardium in the distribution of significantly diseased
coronary arteries. However, it is now appreciated that the accumulation of atherosclerotic
plaque in the coronary arterial wall begins much earlier than the development of luminal
stenosis. In fact, most acute coronary syndromes are initiated by sudden disruption of
atherosclerotic plaques that are not causing significant stenosis (4). Therefore, the assess-
ment of these early stages of coronary artery disease (CAD) has emerged as an important
goal in preventing both CAD progression and complications of atherosclerotic CAD (eg,
myocardial infarction) (5). Because early atherosclerotic plaque accumulation is typically
associated with compensatory vessel expansion (positive arterial remodeling), the descrip-
tion of these important early changes of CAD on the basis of alterations in coronary
luminal dimensions alone is not sufficient (6).

Intravascular ultrasonography (US), typically performed during selective coronary an-
giography, has allowed visualization of the coronary arterial wall and direct assessment of
atherosclerotic plaque formation. While invasive techniques will remain vital to the
diagnosis and treatment of significantly stenotic coronary lesions, the comprehensive and
serial assessment of asymptomatic or minimally symptomatic stages of CAD for preventive
purposes will eventually need to rely on noninvasive imaging techniques (7). Cardiovas-
cular imaging with tomographic modalities, including computed tomography (CT) and
magnetic resonance (MR) imaging, has great potential for providing this information (8).
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ESSENTIALS
● Unenhanced CT is very sensitive in de-

tection and quantification of coronary
arterial calcification, while contrast-
enhanced CT can aid in differentiation
of calcified and noncalcified plaque
and in assessment of luminal stenosis.

● Multi–detector row CT angiography
has a complementary diagnostic role in
the assessment of patients with symp-
tomatic CAD.

● The noninvasive characterization and
quantification of atherosclerotic plaque
burden may have important implica-
tions for the prevention of CAD pro-
gression and its complications.

OVERVIEW OF CARDIAC CT

In contrast to imaging of all other organs,
imaging of the heart must be performed
during a fast and complex cyclical mo-
tion with substantial beat-to-beat varia-
tion. Therefore, image acquisition re-
quires a high temporal resolution (time
needed to acquire one image) and must
be referenced to the cardiac cycle. The
temporal resolution of CT (50–300 msec)
is substantially lower than that of con-
ventional angiography (�10 msec). To
reduce cardiac motion artifacts, image ac-
quisition should therefore be performed
during a period of minimal cardiac move-
ment, which is typically a brief interval
in late diastole. In addition to high tem-
poral resolution, high spatial resolution
is essential for the visualization of cardiac
anatomy, especially the anatomy of the
coronary arteries. Image acquisition with
this high temporal and spatial resolution
should optimally cover the entire heart
in a single breath hold to eliminate respi-
ratory motion artifact.

Currently, two competing CT technol-
ogies, electron-beam CT and mechanical
multi–detector row CT, are used for non-
invasive cardiac imaging. Electron-beam
CT has been developed by a single man-
ufacturer (Imatron, South San Francisco,
Calif) almost specifically for cardiac im-
aging because of its high temporal reso-
lution (9). Electron-beam CT scanners
use a rapidly rotating electron beam,
which is reflected onto a stationary tung-
sten target. This technology can achieve
temporal resolutions of 50–100 msec.
Cardiac imaging with electron-beam CT

is typically performed in sequential
mode, where single transverse sections
are sequentially acquired while the pa-
tient table is incrementally advanced.
Data acquisition is prospectively refer-
enced to the cardiac cycle by using the
electrocardiographic (ECG) signal to trig-
ger image acquisition. Sequential images
are usually obtained with a 3-mm section
thickness during one breath hold; thin-
ner sections (1.5 mm) can also be ob-
tained but increase scan time to 80–100
seconds, resulting in an acquisition over
at least two breath-hold periods and in-
creased respiratory motion artifact.

While the majority of coronary CT im-
aging has to date been performed by us-
ing electron-beam CT, recent technical
advances in mechanical multi–detector
row CT systems have enabled the nonin-
vasive assessment of coronary arteries
with this latter technology. Mechanical
CT, which was originally developed for
body imaging, is limited by the require-
ment of mechanical rotation of an x-ray
tube around the patient. With initial sin-
gle-section technology, the acquisition
time for each image was 1–2 seconds,
which introduced substantial cardiac
motion artifact and prevented coverage
of the entire heart in a single breath hold.
However, the introduction of multi–de-
tector row CT technology enabled the
simultaneous acquisition of multiple sec-
tions per rotation. Coupled with de-
creased rotation times of the x-ray tube,
current multi–detector row CT scanners
allow high-temporal- and high-spatial-
resolution imaging of large two-dimen-
sional sequential or true three-dimen-
sional volumetric series in a single breath
hold (10).

Mechanical multi–detector row CT
scanners have been developed by several
manufacturers (General Electric, Phillips,
Siemens, and Toshiba). State-of-the-art
multi–detector row CT technology per-
mits the acquisition of four to 16 ana-
tomic sections per rotation (11–13). Car-
diac multi–detector row CT imaging is
performed either in a sequential mode,
where the patient table is moved incre-
mentally between successive rotations of
the x-ray tube, or more often in a spiral
mode, where the patient table is moved
continuously during continuous rotation
of the x-ray tube. Data acquisition is ref-
erenced to the ECG signal in a prospec-
tively triggered or a retrospectively gated
mode for sequential or spiral imaging
methods, respectively. With gantry rota-
tion speeds of 500 msec per rotation and
the use of partial scan reconstruction al-
gorithms, image acquisition times of

250–300 msec can be obtained with
four–detector row systems. The mini-
mum section thickness of cardiac four–
detector row CT systems varies from 1.25
to 3.0 mm, depending on the clinical
indication and the chosen method of im-
age acquisition. Regardless of section
thickness, data are obtained in a single
breath hold. The recently introduced 16–
detector row systems enable faster scan-
ning (420 msec per rotation with 210-
msec temporal resolution) and thinner
image sections (0.75 mm) and are already
showing improvements in cardiac imag-
ing with mechanical multi–detector row
CT (12,13). For patients with higher heart
rates (�70 beats per minute), segmented
reconstruction algorithms that utilize
data from more than one cardiac cycle
are frequently used with spiral imaging
to reduce the effective temporal resolu-
tion to as low as 125 msec for four–de-
tector row systems and 105 msec for 16–
detector row systems (14,15). However, if
possible, pharmacologic control of ele-
vated heart rates is preferred (12,13).

While electron-beam CT has the ad-
vantage of better temporal resolution,
multi–detector row CT offers a higher
signal-to-noise ratio, shorter scan time,
and higher spatial resolution. The lower
signal-to-noise ratio with electron-beam
CT is a result of limited x-ray intensity
with use of this technology. Multi–detec-
tor row CT scanners can achieve higher
tube currents, with subsequent improve-
ment in image quality but also with in-
creased radiation dose to the patient (16).
To maintain the improved image quality
while reducing radiation dose, current
multi–detector row CT scanners may op-
erate with fluctuating tube currents (dose
modulation). With this approach, the
maximal tube current is used only during
a brief diastolic window, which corre-
sponds to the period of minimal cardiac
motion. As a general principle, multi–
detector row CT tube current is chosen to
achieve the level of image quality re-
quired to satisfy the clinical indication
with an acceptable radiation exposure.
The radiation exposure with multi–de-
tector row CT, therefore, depends on the
type of study performed.

CT imaging without intravascular con-
trast enhancement is used for the pur-
pose of coronary artery calcium quantifi-
cation. Calcium can be readily identified
because of its high x-ray attenuation co-
efficient, or CT number measured in
Hounsfield units. For calcium scoring, a
threshold of 90 or 130 HU is applied to
the entire image set (17,18). Tissues with
an attenuation coefficient equal to or
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greater than the selected threshold are
identified as calcified lesions. Total cal-
cium load in the entire coronary arterial
tree can then be quantified from CT im-
ages by using one of several calcium scor-

ing algorithms. Electron-beam CT is a
well-established method for coronary cal-

cium detection and is currently consid-
ered the standard. However, multi–de-

Figure 1. Normal coronary arteries at four–detector row CT.
A, Transverse base image, B, transverse curved multiplanar recon-
struction, C, oblique transverse thin maximum intensity projection,
and D, left anterior oblique volume-rendered surface reconstruction
demonstrate normal-appearing LAD coronary artery (black arrows).
Proximal segments of right coronary artery (white arrows) and left cir-
cumflex coronary artery (arrowhead), which are also free of atheroscle-
rotic changes, are seen.

Figure 2. Coronary artery with complex atherosclerotic plaque at
four–detector row CT. A, Transverse base image, B, craniocaudal
curved multiplanar reconstruction, C, oblique transverse thin maxi-
mum intensity projection, and D, left anterior oblique volume-ren-
dered surface reconstruction demonstrate extensive atherosclerotic
changes affecting LAD coronary artery, which contains a long com-
plex plaque with calcified and noncalcified components (brackets) in
its proximal segment. Proximal segments of right coronary artery
(black arrow) and left circumflex coronary artery (white arrows),
which also show irregularity and narrowing from atherosclerosis, are
seen.

Figure 3. Coronary artery bypass graft status at four–detector row
CT. A–D, Transverse cranial to caudal base images demonstrate oc-
clusion of a dilated aortocoronary venous graft (large arrows) to the
left circumflex coronary artery, while another aortocoronary venous
graft (small arrows) communicating with the right coronary artery is
patent. Left internal mammary artery graft (arrowheads) to the LAD
coronary artery is also patent.

Figure 4. Progressing stenosis of coronary artery bypass graft at
four–detector row CT. A, Craniocaudal curved multiplanar recon-
struction and, B, corresponding 12-month follow-up image demon-
strate focal asymmetric narrowing (arrows) of the proximal portion of
aortocoronary venous graft to the middle left circumflex coronary
artery. Initial �70% narrowing progressed to �90% narrowing and
was accompanied by worsening angina.
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tector row CT has recently emerged as an
alternative method for calcium detection
and quantification (19).

To differentiate vessel lumen from ves-
sel wall at CT, intravascular contrast-en-
hancement protocols are used. These CT
protocols allow both angiographic evalu-
ation of the coronary artery lumen and
characterization of the coronary artery
wall. Coronary CT angiography was ini-
tially described with use of electron-
beam CT (20–24) but is increasingly per-

formed with use of multi–detector row
CT (12,13,25,26). Most experience with
vessel wall and plaque characterization
has been derived from studies with
multi–detector row CT (27,28).

The analysis, interpretation, and docu-
mentation of coronary CT examinations
are complex and not sufficiently stan-
dardized. Because of the tortuous course
of coronary arteries, review of the ac-
quired transverse image sections is often
not sufficient. By using interactive three-

dimensional reformation software, oblique
planes can be displayed following the ma-
jor cardiac axes and the course of individ-
ual coronary arteries. Coronary arteries are
typically divided into smaller segments ac-
cording to accepted angiographic classifi-
cations (29). These segments are then indi-
vidually analyzed in longitudinal and
cross-sectional planes (30). Diagnosis of
luminal stenosis and vessel wall changes
relies on these two-dimensional projec-
tions. Advanced image procession per-
mits display of the entire three-dimen-
sional data set by assigning different

Figure 5. Coronary artery bypass graft stent patency at four–detec-
tor row CT. A, Craniocaudal curved multiplanar reconstruction,
B, straight oblique transverse multiplanar reconstruction, C, un-
cropped anterior reconstruction, and D, cranially cropped volume-
rendered surface reconstruction in the same patient as in Figure 4
demonstrate a widely patent stent (arrows) traversing the previously
shown stenosis of the proximal portion of aortocoronary venous graft
to the middle left circumflex coronary artery.

Figure 6. Coronary artery stent patency at four–detector row CT.
Oblique transverse (A, B) and right anterior oblique (C) thin maxi-
mum intensity projections and craniocaudal curved multiplanar re-
construction (D) demonstrate short series of sequential stents (large
arrows) within the middle LAD coronary artery. Stent patency is
supported by prompt flow to distal segments of the artery. At the
leading edge of the stent series, stenosis (small arrows) of the artery is
noted.

Figure 7. Anomalous coronary arteries at four–detector row CT.
Thin oblique transverse maximum intensity projections in two pa-
tients with intermittent chest discomfort demonstrate anomalous
origin and course of a major coronary artery between aortic root
(small circles) and outflow tract of the right ventricle (large circles),
resulting in compression and distortion of the artery. A, Anomalous
LAD coronary artery (large arrow) has a common origin with the
dominant right coronary artery (small arrow) from the right coronary
sinus of Valsalva. B, Anomalous right coronary artery (small arrow)
originates directly from the left coronary sinus of Valsalva, separately
from the left coronary artery system (large arrow).

Figure 8. Coronary myocardial bridge at four–detector row CT.
A, Craniocaudal curved multiplanar reconstruction and, B, thin
right anterior oblique maximum intensity projection in a symp-
tomatic patient demonstrate intramyocardial course (arrows) of
middle portion of the otherwise normal-appearing LAD coronary
artery. The overlying myocardium represents the bridge.
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levels of transparency. These volume-
rendered images facilitate the assessment
of spatial orientation but provide only
limited information about the arterial lu-
men and the vessel wall.

On the basis of our experience with
multi–detector row CT, we will describe
how cardiac CT might supplement tradi-
tional angiographic techniques in both
understanding of the patterns of athero-
sclerotic CAD development and detec-
tion of other coronary arterial abnormal-
ities of clinical importance.

DIAGNOSTIC CHALLENGES AND
RELATED EXPERIENCE WITH
CT OF CORONARY ARTERIES

Angiographic Display of Coronary
Anatomy in Symptomatic Patients

Advanced CAD is characterized by
multiple stenotic lesions of variable se-
verity causing chronically reduced coro-
nary blood flow and potentially gradual
or sudden vessel occlusion. Conse-
quently, advanced disease is clinically
manifested by a wide variety of disease

states, including stable angina pectoris,
chronic heart failure, or acute coronary
syndromes. In these clinical situations
with a high pretest likelihood of signifi-
cant stenotic atherosclerotic disease, the
definitive identification and accurate
quantification of luminal stenoses in the
entire epicardial coronary tree are neces-
sary. Selective conventional angiography
provides this information with high spa-
tial (0.1-mm) and temporal (4–7-msec)
resolution and allows simultaneous cath-
eter-based therapeutic interventions (an-
gioplasty, stent placement). Therefore,
selective angiography will remain vital
for guiding interventional or surgical (by-
pass grafting) treatment of significantly
stenotic coronary lesions. However, in
other clinical situations, the compre-
hensive assessment of obstructive and
nonobstructive CAD may eventually in-
creasingly rely on noninvasive imaging
techniques.

Coronary angiography with use of
multi–detector row CT is typically per-
formed in a spiral scan mode, which per-
mits three-dimensional scanning of the
entire heart in a single breath hold (31).
Data are retrospectively referenced to the
ECG signal to reconstruct images during
the diastolic phase of the cardiac cycle
(32). Adjacent overlapping transverse im-
ages are reconstructed with a minimum
section thickness of as little as 0.75 mm
and a maximum in-plane spatial resolu-
tion of approximately 0.4 � 0.4 mm. Pa-
tient radiation dose at multi–detector
row CT angiography is similar to that
at conventional coronary angiography
(3.5–6.5 mSv) (16).

For the diagnostic evaluation of coro-
nary arteries, the acquired transverse im-
ages may be reformatted into images fol-
lowing the major axes of the cardiac
chambers or the course of individual cor-
onary arteries (30). Various reformatting
techniques (multiplanar reconstruction,
maximum intensity projection, or vol-
ume rendering) are used, depending on
the clinical indication.

With multi–detector row CT angiogra-
phy, complete visualization of all seg-
ments of the epicardial coronary arteries
is limited by cardiac motion, the small
size of distal arterial segments, and the
tortuous course of these vessels through
the imaging plane. Because the left main
coronary artery and proximal portions of
the left anterior descending (LAD) artery
experience the least motion and run ap-
proximately parallel to the acquired
transverse plane, these segments are
most reliably visualized with multi–de-
tector row CT angiography (Figs 1, 2). On

Assessment of Luminal Stenosis Greater than 50%

Modality and Study
No. of

Patients
Segments Excluded
from Analysis (%)

Sensitivity
(%)

Specificity
(%)

Coronary electron-beam CT
Reddy et al (21) 23 10 88 63
Budoff et al (22) 52 11 78 91
Schmermund et al (23) 28 28 82 88
Achenbach et al (24) 125 25 92 94

Four–detector row CT
Nieman et al (25) 35 27 83 90
Achenbach et al (26) 64 32 85 76

16–detector row CT
Nieman et al (12) 59 0* 95 86
Ropers et al (13) 77 12 92 93

MR angiography
Kim et al (35) 109 16 93 42
van Geuns et al (36) 38 31 68 97
Regenfus et al (37) 50 23 86 91

* In contrast to other studies, sensitivity and specificity were calculated for all segments even if not
evaluable with multi–detector row CT.

Figure 9. Coronary artery aneurysm (Kawasaki disease) at four–
detector row CT. A, Oblique transverse thin maximum intensity
projection, B, C, craniocaudal curved multiplanar reconstructions,
and D, left anterior oblique volume-rendered surface reconstruction
demonstrate calcified fusiform aneurysm (arrows) of the proximal
middle LAD coronary artery containing thrombus (circles).
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the other hand, the consistent and repro-
ducible visualization of the right coro-
nary artery, the circumflex coronary ar-
tery, and the small side branches is
difficult because of these vessels’ com-
plex motion during the cardiac cycle and
oblique orientations to the imaging
plane. Study findings have demonstrated
the advantage of retrospectively recon-
structing data in different phases of the
cardiac cycle for optimal visualization of
different coronary arteries (33,34).

In one study (26), 68% of all coronary
arterial segments could be visualized at
four–detector row CT angiography. In
these analyzable segments, the sensitiv-
ity and specificity in the detection of sig-
nificant luminal stenosis in comparison
with those of conventional angiography
were 91% and 84%, respectively, which
were similar to those in previous reports
(20–25). Authors of studies using state-
of-the-art 16–detector row system report
similar sensitivity and specificity but im-
proved visualization, with about 10% of
poorly assessable segments (12,13). The
Table summarizes results from represen-
tative clinical studies in which electron-
beam CT, multi–detector row CT, and
MR angiography were used for the assess-
ment of significant coronary luminal ste-
nosis. It is important to emphasize that
authors of most studies calculate sensitiv-
ity and specificity based on the results in
analyzable segments rather than on
those of all examined segments. A well-
recognized limitation in the assessment
of coronary stenosis with CT angiogra-
phy is related to partial volume averaging
of coronary arterial calcification. The at-
tenuation coefficient of a given voxel
containing even a small portion of cal-
cium is typically dominated by the high
attenuation coefficient of calcium. The
resulting “blooming” effect of coronary
arterial calcification causes difficulties in
assessing adjacent plaque structures, po-
tentially resulting in a false-positive de-
tection of stenosis or overestimation of
the degree of narrowing (25).

Serial follow-up examinations after
catheter-based or surgical myocardial re-
vascularization currently rely on selective
coronary angiography and functional
stress tests. CT angiography has been ad-
vocated for these clinical situations, but
the existing data are preliminary. Several
reports have described the assessment of
bypass grafts with use of CT angiography
(38,39). Patency or occlusion of grafts
can be established by the presence or ab-
sence of contrast enhancement, respec-
tively (Fig 3). Because of their relatively
large size compared with that of internal

mammary grafts, venous aortocoronary
grafts can also be evaluated for the pres-
ence and severity of stenosis (Fig 4).
While artifact from metallic surgical clips
may obscure the adjacent portion of a
coronary graft, a common situation for
internal mammary grafts, interference
tends to be less than that found on MR
images. Similar to surgical clips, the high-
attenuation metallic mesh of coronary
stents precludes confident detection and
grading of in-stent restenosis with CT
due to partial volume averaging. How-
ever, differentiation between stent pa-

tency and occlusion (Fig 5) and evalua-
tion of stenosis at the leading or trailing
ends of a stent are possible (Fig 6). In
addition, stent patency can be inferred
on the basis of the presence or absence of
coronary luminal enhancement distal to
the stent (40).

An important advantage of multi–de-
tector row CT angiography over conven-
tional angiography is that additional in-
formation about cardiac and noncardiac
anatomy is simultaneously provided. An
important clinical differentiation is that
between stenotic atherosclerotic CAD

Figure 10. Coronary calcification scoring. A, Left lateral and, B, left anterior
oblique projections of the distribution of plaques detected (numbered) during
scoring of atherosclerotic coronary calcification with nonenhanced four–detector
row CT. Because of the extent of coronary calcification, outlines of LAD, left
circumflex (LCx), and dominant right (RCA) coronary arteries are formed.

Figure 11. Soft, noncalcified, atherosclerotic plaque at four–detector row
CT. A, B, Oblique transverse thin maximum intensity projections, C, cranio-
caudal curved multiplanar reconstruction, and D, left anterior oblique vol-
ume-rendered surface reconstruction demonstrate multiple noncalcified
atherosclerotic plaques within the LAD coronary artery system, which result
in focal arterial wall thickening with mild narrowing of the coronary lu-
men. Best example is noted in proximal portion of a major diagonal branch,
where a prominent soft plaque (black arrows), followed by a small nodular
collection of calcification (white arrows), is seen.
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and anomalous origin and/or course of a
coronary artery (41). Tracking of a con-
genitally abnormal coronary artery
through several image planes by using
the original image set or image reforma-
tions defines the relation of the anoma-
lous coronary artery to other cardiovas-
cular structures. This information is of
great clinical importance because, for ex-
ample, the demonstration of an anoma-
lous artery tracking between the aorta
and the pulmonary artery (Fig 7) may
define an indication of surgical correc-
tion. Additional nonatherosclerotic coro-
nary abnormalities detectable at multi–
detector row CT angiography include the
intramyocardial course of a coronary ar-
tery due to a myocardial bridge (Fig 8)
and aneurysmally dilated coronary arter-
ies (Fig 9) with or without thrombus.

In summary, because of higher spatial
and temporal resolution and complete
depiction of the entire epicardial tree, se-
lective angiography will remain vital for
the diagnosis and treatment of CAD in
symptomatic patients. However, multi–
detector row CT angiography potentially
has a complementary diagnostic role in
these clinical situations. It is important
to understand that the lower spatial reso-
lution of CT angiography is more problem-
atic in the assessment of highly stenotic
lesions; a subtotal coronary occlusion with
a lumen size below the resolution of CT
cannot be differentiated from a total occlu-
sion. On the other hand, CT angiography
has the advantage of vessel wall and plaque
depiction in addition to its ability to en-
able assessment of luminal dimensions.
The assessment of size and composition
(eg, calcification) of coronary arterial le-
sions and the associated changes in vessel
architecture (eg, arterial remodeling) may
have important clinical implications.

Plaque Burden Assessment and
Plaque Characterization in
Asymptomatic or Minimally
Symptomatic Patients

The number of significant stenoses in
the coronary arterial tree as assessed with
selective conventional angiography has
prognostic value. However, serial angio-
graphic observations of existing severe
stenoses do not allow the assessment of
the effect of risk-factor modification.
Generally, changes in atherosclerotic
plaque size are not well reflected in lumi-
nal dimensions, because plaque progres-
sion and regression are associated with
arterial expansion (positive remodeling)
and shrinkage (negative remodeling)

Figure 12. Correlative atherosclerotic plaque characterization. Comparison between, A, four–de-
tector row CT, B, intravascular US, and C, left anterior oblique selective conventional angiography for
atherosclerotic plaque formation in proximal middle LAD coronary artery. A, Oblique transverse thin
maximum intensity projection shows coronary arterial wall calcification at two plaque sites (large
arrows), most notably at site 1, with interposed positive remodeling (small arrow). Center image is an
enlargement of boxed area in A. Reliable assessment of luminal dimension at sites of calcification is
not possible because of the “blooming” artifact. In contrast, C confirms absence of significant stenosis
but provides poor definition of arterial wall changes (arrows). B, Intravascular cross-sectional native
(left) and illustrated (right) US images at sites 1 (top) and 2 (bottom) demonstrate calcified plaque
without significant narrowing. Illustrations demonstrate the catheter (light gray) in the center of the
lumen (black), which is surrounded by the vessel wall (dark gray). Calcified plaque in the vessel wall
causes a characteristic signal void termed calcium shadow.

Figure 13. Positive coronary artery remodeling at four–detector row
CT. A, B, Oblique transverse thin maximum intensity projections
and, C, craniocaudal and, D, transverse curved multiplanar recon-
structions demonstrate ectasia (black arrows) of the proximal LAD
coronary artery, with irregularity of arterial wall due to early athero-
sclerotic plaque formation. The segment is followed by a densely
calcified segment (white arrows) with luminal narrowing.
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(42,43). This limitation of angiographic
lesion assessment has become evident
from prevention trials with lipid-lower-
ing medications that showed a statisti-
cally significant reduction in clinical
events but only minimal change in the
severity of existing angiographic steno-
ses. In addition, findings of several stud-
ies have shown that most acute coronary
syndromes are initiated by sudden
changes of mildly stenotic lesions, com-
monly found in positively remodeled ar-
terial regions, rather than from progres-
sion of lesions already causing significant
luminal narrowing (44–46). Therefore, it
has been postulated that the identifica-
tion of mildly stenotic but vulnerable
atherosclerotic lesions and the overall
plaque burden could provide better
markers of coronary risk than do mea-
sures of luminal stenosis (47). This hy-
pothesis is currently being examined in
intravascular US studies (48), but eventu-
ally noninvasive imaging techniques
would be needed for clinical applications
in CAD prevention. Multi–detector row
CT has a potential to address several im-
portant parameters about early athero-
sclerotic changes in the coronary arteries.

Assessment of plaque burden, including
calcium scoring.—The identification of
coronary arterial calcification is a reliable
sign of chronic atherosclerotic changes of
the coronary arterial tree (4). CT exami-
nations performed without contrast ma-
terial are very sensitive in detection and
quantification of coronary arterial calci-
fication and can enable noninvasive sur-
vey of the entire coronary tree (Fig 10).

Coronary calcium detection is rou-
tinely performed with electron-beam CT
(9). Corresponding techniques with multi–
detector row CT have typically used a
prospectively ECG-triggered sequential
scan mode (19), with acquisition of adja-
cent transverse image sections in dias-

tole. Images covering the entire heart are
obtained in a single breath hold, usually
with a temporal resolution equal to 250
msec and a section thickness equal to 2.5
mm. By using multi–detector row CT
with the sequential scan mode, patient
radiation doses are equivalent to those of
calcium scoring examinations with elec-
tron-bean CT (�1 mSv). X-ray exposure
is higher for retrospectively ECG-gated
spiral examinations, which acquire 30

data sets and allow reconstruction from
overlapping images. The added value of
acquiring spiral data for calcium scoring
has not been demonstrated sufficiently,
but these examinations may reduce the
probability of misregistration of calcified
lesions.

The traditional method of quantifying
coronary artery calcium is the Agatston
scoring system, which assigns a calcium
score based on the maximum CT number

Figure 14. Thrombotic coronary occlusion at the site of positive remodeling at four–detector row CT. A, B, Oblique
transverse thin maximum intensity projections and, C, craniocaudal curved multiplanar reconstruction demonstrate com-
plete filling with thrombus of the ectatic lumen (arrows) of mildly calcified proximal LAD coronary artery.

Figure 15. Comparison of calcified and noncalcified coronary atherosclerotic plaque. Indi-
vidual cross-sectional intravascular US images (A–C) and a corresponding oblique transverse
thin maximum intensity projection from 16–detector row CT angiography data set (right)
demonstrate atherosclerotic plaque just proximal to a segment with stent in the proximal
LAD. A, B, Calcified and, C, noncalcified components of the plaque are depicted; native (left)
and illustrated (right) images at different sites in the vessel segment are shown. Illustrations
demonstrate catheter (light gray) in the center of lumen (black), which is surrounded by
vessel wall.
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and the area of calcium deposits (17).
Alternative methods of calcium scoring
introduced more recently include vol-
ume scoring, which provides an estimate
of the volume of calcium in cubic milli-
meters (49), and mass scoring, which rep-
resents the absolute mass of the calcium
in milligrams (50).

Most information to date on the prog-
nostic value of quantifying coronary ar-
terial calcium has been derived from Ag-
atston scores obtained by using electron-
beam CT technology. Coronary calcium
scores at electron-beam CT have been
shown to correlate with the total athero-
sclerotic plaque burden (calcified and
noncalcified plaque), although the abso-
lute burden is substantially underesti-
mated (51,52). The predictive value of
calcium scores at electron-beam CT for
significant coronary stenosis or future
coronary events has been shown (53).
Dynamic changes in the calcium volume
score during pharmacologic therapy
have been examined in serial electron-
beam CT studies (54,55). Coronary
plaque burden measured with CT coro-
nary calcium scoring could potentially be
used to assess the efficacy of preventive
measures. Current prospective studies, in

particular the Multi-Ethnic Study of Ath-
erosclerosis of the National Heart, Lung,
and Blood Institute, will assess the rela-
tionship between future clinical out-
comes, traditional cardiovascular risk fac-
tors, and newer indicators of subclinical
disease, including quantified coronary ar-
terial calcium with electron-beam and
multi–detector row CT, during a long-
term follow-up (56). According to Amer-
ican Heart Association/American College
of Cardiology consensus statement, the
incremental value of calcium scores over
traditional multivariate risk-assessment
models has not yet been established (57).
Consequently, these guidelines do not
recommend routine CT screening of cor-
onary arterial calcium in asymptomatic
individuals, but conclude that screening
is justified in selected patient groups with
intermediate risk.

Assessment of plaque characteristics.—
Calcium scoring helps identify the calci-
fied portion of the overall atherosclerotic
plaque burden; however, noncalcified
atherosclerotic plaque (which in fact
could have microcalcifications below the
threshold of detection with calcium scor-
ing techniques) may be more unstable
and prone to rupture, causing acute cor-

onary syndromes (58). The morphologic
characteristics of unstable, or vulnerable,
plaques are not completely understood.
Differences between stable and unstable
coronary plaques have been examined
with coronary intravascular US, and hy-
poechoic plaque has been associated
with the clinical presentation of unstable
angina (59,60). Studies also demonstrate
an association between acute coronary
syndromes and positive remodeling (46,61).
Authors of a prospective serial intravascu-
lar US study found that mildly stenotic
coronary lesions exhibiting positive re-
modeling and a hypoechoic area at base-
line have more frequently caused acute
coronary syndromes during follow-up
(61).

A noninvasive technique for the char-
acterization and quantification of both
calcified and noncalcified atherosclerotic
plaque components would facilitate se-
rial observations in clinical studies. Evi-
dence of the ability of multi–detector
row CT angiography techniques to help
identify and characterize noncalcified
plaques is emerging (27,28) (Figs 11, 12).
Multi–detector row CT angiography has
been compared with intravascular US for
the differentiation between atherosclerotic
coronary plaque components demonstrat-
ing sufficiently different attenuation levels
(27). On the basis of comparison with com-
mon intravascular US plaque classification,
soft plaques were characterized by a mean
CT attenuation of 14 HU � 26 (range, �42
to 47 HU); intermediate plaques, 91 HU �
21 (range, 61–112 HU); and calcified
plaques, 419 HU � 194 (range, 126–736
HU).

Coronary segments with positive arte-
rial remodeling (Fig 13) that harbor sub-
stantial amounts of noncalcified plaque
without significant luminal stenosis can
be detected with multi–detector row CT
angiography. Positive remodeling can
also be observed in combination with
thrombotic occlusion (Fig 14), which
supports the concept that remodeling
and accumulation of noncalcified plaque
early in the atherosclerotic process pre-
dispose to acute coronary events. To de-
fine the role of multi–detector row CT
angiography for the identification of ath-
erosclerotic plaque and characterization
of plaque morphology and remodeling,
future studies will need to compare multi–
detector row CT, especially the emerging
16–detector row systems, with estab-
lished invasive modalities that include
intravascular US and emerging technolo-
gies such as optical coherence tomogra-
phy (62) (Fig 15).

Figure 16. Correlation between patterns of coronary atherosclerosis
and resulting myocardial necrosis. A, Oblique transverse thin maxi-
mum intensity projection, B, transverse curved multiplanar recon-
struction, and C, left anterior oblique volume-rendered surface recon-
struction at four–detector row CT in a patient with non–ST segment-
elevation myocardial infarction demonstrate a potentially unstable
combination of focal soft atherosclerotic plaque with a calcified nod-
ule (arrows) within the middle LAD coronary artery. D, Two-chamber
vertical long-axis delayed-enhancement 1.5-T MR image shows cor-
responding hyperintense region in the middle to apical left ventric-
ular myocardium, which indicates subendocardial myocardial necro-
sis (arrow), despite distal patency of LAD coronary artery following
thrombolytic therapy.
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CONCLUSION

Imaging of coronary arteries with selective
conventional angiography is focused on
the severity of luminal stenosis. The assess-
ment of advanced stages of CAD with se-
lective angiography remains the basis for
planning and guiding catheter-based and
surgical myocardial revascularization treat-
ment. In contrast, prevention of coronary
events requires identification of early
stages of disease and the associated abnor-
malities in coronary architecture before the
development of luminal stenosis.

Invasive catheter-based diagnostic
techniques, in particular intravascular
US, allow visualization of a wide range of
coronary lesions independent of their
luminal dimensions. However, noninva-
sive coronary imaging techniques will
eventually be necessary for the routine
examination of asymptomatic or mini-
mally symptomatic patients with moder-
ate risk.

Noninvasive coronary imaging with
CT technology, especially multi–detector
row CT, can already be applied to both
the assessment of significant luminal ste-
nosis and the identification of nonste-
notic atherosclerotic plaques. Multi–de-
tector row CT angiography could become
complementary to conventional angiog-
raphy in the assessment of selected pa-
tients with stenotic atherosclerotic or
nonatherosclerotic coronary disease. The
noninvasive characterization and quanti-
fication of atherosclerotic plaque burden
may have important implications for the
prevention of CAD progression and/or its
complications.

More important, CT techniques provide
an overall assessment of cardiac anatomy
beyond coronary imaging, paralleling mor-
phologic capabilities of cardiac MR imag-
ing (7,8,35–37,63). In centers where both
angiographic and tomographic imaging
modalities are available, the integration of
tomographic image information will facil-
itate comprehensive noninvasive imaging
of patients with early and those with late
stages of CAD (Fig 16). The clinical impact
of noninvasive tomographic imaging tech-
nologies, such as multi–detector row CT,
on imaging of coronary arteriosclerosis will
need further elucidation, but the prospects
are exciting.
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