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Foreword

It is a great privilege to introduce this second, completely revised and updated edition 

of the fi rst monograph dealing with both invasive and non-invasive coronary imag-

ing.

This volume offers a comprehensive overview of the latest technological advances in 

coronary imaging and of the actual clinical role of this technique.

As in the fi rst edition, the illustrations are numerous, of outstanding technical qual-

ity and selected appropriately to underscore facts and statements.

I am very much indebted to the editors, M. Oudkerk and M. F. Reiser, for their out-

standing engagement and meticulous editing task in order to prepare this second 

volume in a record brief period of time, enabling us to include the latest developments 

in coronary radiology. They have been supported by a superb group of leading experts 

in the fi eld for individual chapters.

This splendid volume should be on the shelves of all radiologists involved in cardiac 

radiology. Radiologists in training will fi nd all relevant basic information to help them 

better understand and conduct coronary imaging, while the book is equally recom-

mended to cardiologists and cardiac surgeons as a support in their daily clinical man-

agement of patients.

I am convinced that this second edition will meet with the same great success among 

readers as the fi rst.

Leuven  Albert L. Baert
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Preface

The coronary circulation was fi rst described by Ibn al Nafi s (1213–1288) in the thir-

teenth century. He published Kitab Mujiz - The concise book (1250) in Damascus (Syria) 

in which he writes the following: ”the nourishment of the heart is from the blood that 

goes through the vessels that permeate the body of the heart”. After the fi rst anatomi-

cal opening of the human body by Mundinus (1270–1326) in Bologna in 1305, it took 

almost 250 years before Vesalius (1514–1564) published the fi rst anatomical drawing of 

the coronary arteries from observations of the post mortem human body in his famous 

De Humani Corporis Fabrica (1543), although Leonardo da Vinci (1452–1519) visual-

ized the coronaries of animals earlier in his famous anatomical sketches. Visualization 

of the coronaries in the living human body had to wait for the development of radiology. 

In 1907, an X-ray atlas of the coronary arteries composed of analysis of human cadavers 

by Jamin and Merkel was published. In 1933, Rousthoi experimentally performed the 

fi rst left ventriculography and coronary visualization. Radner, of Sweden, performed 

the fi rst in vivo coronary angiogram by direct sternal puncture of the ascending aorta 

in the year 1945. The fi rst selective cine frame coronary arteriogram was recorded by 

Mason and Sones, Jr., on October 30, 1958.

Diagnostic coronary angiography was developed through the 1960s and 1970s with 

diminishing procedure-related complication and mortality rates. Gruentzig performed 

the fi rst percutaneous transluminal coronary angioplasty on September 16, 1977, in 

Zurich (Switzerland). In 1972, the fi rst computerized tomographic images of the living 

human brain were made by Hounsfi eld and Cormack. Data acquisition took up to 

almost 5 min per rotation. In 1988, the fi rst clinical continuously rotating CT systems 

were installed, enabling one-second and subsecond scanning. With the introduction 

of the multidetector systems from 2000 onwards, rotation times reached levels beyond 

350 ms, permitting image time resolution down to 150 ms, which almost equals the 

time resolution of the non-mechanical electron beam computed tomography which was 

introduced in 1983. Since the coronaries move over a 3- to 5-cm distance per second 

and only rest in diastole for no longer than 100 ms, this high performance technology 

is absolutely mandatory for non-invasive imaging of the coronary arteries.

With this new CT technology, routine non-invasive examination of the coronary 

vessel wall becomes feasible and will provide information that could only be gathered 

previously with intra-vascular ultrasound. Initial studies on 4D coronary imaging, vir-

tual coronary angioscopy and thrombus detection within the coronary arteries have 

been published, proving the feasibility of a wide range of new diagnostic applications in 

the coronaries. Also, new developments in magnetic resonance imaging open up non-
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invasive coronary vessel wall examination, in particular with recently released 

MR contrast agents.

This book covers the full scope of radiological modalities to examine the 

coronary arteries and the coronary vessel wall. Today, a complete new era has 

emerged in cardiac and coronary imaging in which everyone can be informed 

about the condition of his or her coronary arteries non-invasively and in one 

simple, short examination. Since every radiologist will visualize many coro-

naries daily during routine CT examinations, including those in asymptomatic 

patients, it is of the utmost importance not to neglect this information but to 

learn how to interpret and communicate it within the medical community and 

to the patient.

Since the release of the fi rst edition, the fi eld of coronary radiology has devel-

oped with turbulent speed. As breaking news is presented in the leading inter-

national media, non-invasive coronary imaging is requested by the patients 

themselves before any invasive procedure can be performed. With all these 

incentives, the major manufacturers of the radiological equipment involved are 

engaging in a real competition for the best image quality within the limitations 

of acceptable radiation exposure. Researchers from all over the world are pub-

lishing a vast body of evidence that non-invasive imaging of the coronaries is 

indeed a method from which almost every cardiovascular patient can profi t.

It is foreseeable within the near future that not only the coronaries but a 

full cardiac examination, including cardiac function, can be assessed within 

acceptable radiation dose limits in one study. Furthermore, non-invasive cor-

onary imaging will be mandatory for optimal planning of revascularization 

procedures. 

This second edition of Coronary Radiology covers the latest developments. 

Not only new acquisition technologies, but also the substantial improvements 

made by postprocessing software developers, new fi elds of indication for coro-

nary imaging and the latest guidelines on acute chest pain and coronary cal-

cifi cation assessment are discussed. All authors contributing to this edition 

are key international authorities in the fi eld endorsed by both the European 

Society of Cardiac Radiology as well as the North American Society of Cardiac 

Imaging.

Together, they are moving non-invasive coronary imaging in a direction in 

which adequate detailed information on the condition of the coronaries will be 

available for every patient, not only in the Western world, but worldwide to a 

very high degree of standardization and quality.

Groningen  Matthijs Oudkerk

Munich  Maximilian F. Reiser
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 1.1 
Introduction

Knowledge of the physiology, normal and variant 
anatomy and anomalies of coronary circulation is 
essential for the assessment of coronary disease. 
Coronary disease accounts for a high morbidity 
and mortality, therefore, proper evaluation is nec-
essary.

Traditionally, the coronary arteries were evalu-
ated using conventional catheter coronary angiog-
raphy. This technique, however, has some major 
disadvantages: The exact course of the coronary 
arteries may be diffi cult to assess, because of their 
complex three-dimensional anatomy which is dis-
played in two dimensions. This is a major problem, 
especially in the diagnosis of coronary artery anom-
alies. A misdiagnosis of the course of an anomalous 
coronary artery is reported to occur in up to 50% 
of cases (Schmid et al. 2006). Furthermore, catheter 
coronary angiography only provides information on 
the coronary artery lumen and not on the vessel wall, 
and it is an invasive procedure with a morbidity and 
mortality of 1.7% and 0.1%, respectively (Dikkers 
et al. 2006). Therefore, a non-invasive alternative 
was greatly desired.

In 1998, multi-detector computed tomography 
(MDCT) was introduced and since then, cardiac CT 
has played a major role in the evaluation of the cor-
onary arteries. Before the introduction of this new 
technique, electron beam computed tomography 
(EBCT) had already been used to evaluate the heart, 
but because of the inferior spatial resolution com-
pared with MDCT and the fact that it is not widely 
available, EBCT does not play a major role in car-
diac imaging today (Wintersperger and Nikolau 
2005).

With the advent of newer generations of CT scan-
ners, the 64-slice MDCT, and more recently, the 
dual-source CT (DSCT), temporal and spatial reso-
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lution have improved dramatically, due to a higher 
gantry rotation speed. Consequently, image quality 
has improved and the number of motion artefacts 
have substantially decreased compared to earlier 
scanner generations (Achenbach et al. 2006). As a 
result of these developments, evaluation of the coro-
nary artery tree is increasingly performed with CT.

In MDCT, the coronary anatomy is shown in 
axial slices, as in all other radiological studies. But 
besides these axial slices, coronary anatomy can 
also be evaluated using a three-dimensional visu-
alization derived from these axial slices. With cur-
rent software, oblique multiplanar reconstructions, 
curved multiplanar reconstructions, three- and 
four-dimensional volume rendering can be achieved 
without extensive manual manipulation necessary.

In this chapter, the physiology of the heart will be 
discussed, including the normal and aberrant anat-
omy of the coronary arteries using both two- and 
three-dimensional images. 

 1.2 
Physiological and Anatomical Bases

The heart can be considered as a regular ovoid 
lodged in the thorax between the lungs. This ovoid 
can be divided into four chambers: the two atria and 
the two ventricles with the aorta originating from 
the left ventricle and the pulmonary artery from the 
right ventricle. Each chamber has its own muscular 
wall, and the pericardial sac surrounds the whole 
structure. Due to the oblique position of the heart in 
the thorax, the chambers are positioned as follows:

The left atrium is the most posterior of the cham- �
bers.
The right atrium and the left ventricle are in a  �
median position.
The right ventricle is the most anterior of the  �
chambers.

The pulmonary artery is situated anterior to the 
ascending aorta, which is slightly further to the left 
than the aorta.

The heart is made up of two parts: the right side 
of the heart, which pumps blood with low oxygen 
saturation into the lungs for oxygenation and the 
left side of the heart, which receives the oxygenated 
blood from the lungs and pumps it into the ascend-
ing aorta, from where it fl ows into the systemic cir-

culation (Fig. 1.1) (Moore and Dalley 1999). The 
right side as well as the left side of the heart consist 
of a two-chamber pump, with both an atrium and 
a ventricle. With an atrial contraction, the blood 
is emptied into the ventricle, and the ventricle in 
turn supplies the main force that pushes the blood 
into the pulmonary trunk (right ventricle) or the 
systemic circulation (left ventricle) (Guyton and 
Hall 1996). The cardiac cycle consists of a period 
of ventricular relaxation (diastole) and a period of 
ventricular contraction (systole).

The heart has a fast, specialized nervous system 
which causes a smooth rhythmical contraction of 
the myocardium. The sinus node (also called the 
sinoatrial node or SA-node) generates an electri-
cal impulse which causes atrial contraction. It is 
located in the wall of the right atrium at the junc-
tion of the right atrium and the superior vena cava. 
The impulse travels through the atria via the in-
ternodal pathways to the atrioventricular node (the 
AV-node) where the impulse is delayed before pass-
ing into the ventricle. This allows some time for the 
atria to fi ll the ventricle before ventricular contrac-
tion. The posterior septal wall of the right atrium 
immediately behind the tricuspid valve and adja-
cent to the opening of the coronary sinus is where 
the AV-node is located. The AV-node conducts the 
impulse further into the ventricles, through the 
Bundle of His and the Purkinje fi bers (Guyton and 
Hall 1996).

Fig. 1.1. The double pump-function of the heart
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The coronary arteries supply the myocardium 
with well oxygenated blood directly from the ascend-
ing aorta. They are the fi rst branches of the aorta 
and originate from the left and right aortic sinus, 
just above the aortic valve. The distributional pat-
tern of the coronary artery defi nes its name rather 
than its origin.

The walls of the left ventricle can be divided into 
three main segments (basal, medial and apical) 
(Fig. 1.2) with a further division into 16 sub-seg-
ments. The apical segment is divided into four sub-
segments (Fig. 1.3), the medial segment (Fig. 1.4) 
and basal segment (Fig. 1.5) are both subdivided 
into six identical sub-segments. Each coronary 
artery provides a specifi c part of the myocardium 
with blood (Figs. 1.6–1.9). Depending on which cor-
onary main branch is dominant, distribution may 
vary.

The heart is mobile around its axis, with rotation 
during systole and a varying volume between systole 
and diastole. The heart’s volume is also affected by 
displacement of the diaphragm.

In systole, the opening of the aortic valve and 
the ventricular ejection jet creates a “vacuum 
pump” effect at the aortic coronary sinuses which 
hampers the movement of blood through the os-
tia of the coronary arteries. During contraction of 
the ventricular myocardium the subendocardial 
coronary vessels are compressed due to high in-
traventricular pressure. However, the epicardial 
coronary vessels remain patent. Because of this, 
blood fl ow in the subendocardium stops. As a re-
sult, most myocardial perfusion occurs during 
heart relaxation when the subendocardial ves-
sels are patent and under low pressure. Cardiac 
diastole represents the moment of muscular and 

Fig. 1.5. Cross-section of the heart (short axis) through the 
basal segment, which can be divided into six segments

Fig. 1.2. Four-chamber view of the heart, subdivision of the 
left ventricle into three segments

Fig. 1.3. Cross-section of the heart (short axis) through the api-
cal segment, which can be divided into four sub-segments

Fig. 1.4. Cross-section of the heart (short axis) through the 
middle segment, which can be divided into six sub-segments
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vascular silence: the heart is immobile, positions 
are fi xed (apart from movements of the diaphragm 
controlled by breath-hold) and there is easier and 
thus better fi lling of the coronary arteries during 
the full diastolic phase.

On the ECG the periods of cardiac immobility or 
diastole begins slightly later than the R-wave and 
lasts until the Q-wave (on the ECG the centre of di-
astole is situated at about 70% of an RR-complex) 
(Fig. 1.10).

Fig. 1.6. Two-chamber view of the heart with the most common 
distribution of the left anterior descending artery (LAD) and 
right coronary artery (RCA) (anterior wall/posterior wall)

Fig. 1.7. Three-chamber view of the heart with the most com-
mon distributional pattern of the left circumfl ex (LCX), left an-
terior descending (LAD) and right coronary arteries (RCA)

Fig. 1.8. Four-chamber view of the heart with the most com-
mon distributional pattern of the left circumfl ex (LCX), left 
anterior descending (LAD) and right coronary arteries (RCA)

Fig. 1.9. Short-axis view of the heart with the most common 
distributional pattern of the left circumfl ex (LCX, lateral 
wall), left anterior descending (LAD, anterior wall and septal 
wall) and right coronary arteries (RCA, inferior wall)

Fig. 1.10. Electrocardiogram with the scan reconstruction 
interval (pink box) set at approximately 60% of the RR-
interval
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 1.3 
Normal Coronary Anatomy

The coronary arteries normally arise perpendic-
ular from the aorta below the sinotubular ridge 
(the transition between the tubular aorta and the 
sinuses of Valsalva). Usually, two coronary ostia 
exist; one of the right coronary artery (RCA) which 
originates from the right aortic sinus, usually but 
not always in its central portion, and one of the 
left coronary artery (LCA) which originates from 
the left aortic sinus, nearly always from its central 
portion (Fig. 1.11). The LCA is subdivided into a left 
main coronary artery (LM), a left anterior descend-
ing artery (LAD) and a left circumfl ex artery (LCX) 
(Figs. 1.12, 1.13).

Furthermore, a posterior or non-coronary cusp 
exists in a normal three leafl et aortic valve. Coro-
nary ostia are typically equal to, or larger than, the 
vessel which they supply. 

The four main coronaries can be schematically 
seen as a “circle and half-loop”. 

Because of the high variability in the anatomy 
and distribution of the coronary arteries, a general, 
prevailing anatomy will be described fi rst.

Fig. 1.13. Maximum intensity projection (MIP) of the heart 
showing the right coronary artery (RCA), left anterior de-
scending artery (LAD), a diagonal of the LAD and the cir-
cumfl ex artery (CX)

Fig. 1.11. Three-dimensional CT image of the heart with the 
right coronary artery (RCA) and the left coronary artery 
(LCA)

Fig. 1.12. Three-dimensional CT image of the ascending 
aorta and the coronary artery tree, with transparent other 
cardiac structures. RCA, right coronary artery; LM, left main 
coronary artery; CX, circumfl ex artery; OM, obtuse marginal 
branch; DB, diagonal branches; LAD, left anterior descend-
ing artery; CB, conus branch ; RV, right ventricular branch

LCA

RV

RCA
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1.3.1 

Left Coronary Anatomy

1.3.1.1 

Left Main Coronary Artery

The LM arises just above the left sinus of Valsalva 
and courses behind the pulmonary trunk [right ven-
tricular outfl ow tract (RVOT)]. The diameter of the 
LM ranges from 3 to 6 mm and its length is also vari-
able, usually 10–30 mm. Quantitative analysis has 
shown that the diameter of the LM varies with the 
existence and location of coronary artery disease. 
LM artery diameter is 4.5 mm in patients with en-
tirely normal coronary arteries, 4.0 mm in patients 
with distal LCA disease and 3.8 in patients with 
disease in the adjacent segment of the LCA. The LM 
bifurcates into the LAD and the LCX. It may give 
rise to a ramus intermedius branch (approximately 
37% of cases) which arises between the LAD and the 
LCX creating a trifurcation. This branch supplies 
the myocardium between diagonal and marginal 
territories. The LM may be absent; the LAD and 
LCX then have separate origins.

1.3.1.2 

Left Anterior Descending Coronary Artery

The LAD passes behind the pulmonary trunk and 
then moves forward between the pulmonary trunk 
and the left atrial appendage to the anterior inter-
ventricular sulcus. It gives rise to diagonal branches 
and septal perforating branches. The fi rst branch is 
the left conal branch, which supplies the infundibu-
lum. The septal branches originate from the LAD 
at approximately 90° angles, so when seen on axial 
images these vessels are in cross-section. They pass 
into the interventricular septum with a wide varia-
tion in number, size and distribution. A fi rst distri-
bution comprises a large, vertically orientated, fi rst 
septal branch dividing up into a number of second-
ary branches which ramify throughout the septum. 
Another possible distribution involves a large, more 
horizontally orientated fi rst septal branch, with a 
trajectory parallel to and below the LAD. A third 
distribution shows a number of septal arteries with 
roughly comparable sizes. By interconnection of the 
septal branches originating from the LAD with simi-
lar septal branches originating from the posterior 
descending branch of the RCA a network of potential 
collateral channels is created. As the fi rst branch 
irrigates the interventricular septum, which is the 

most vascularized area of the heart, it is the most 
important potential collateral channel. All septal 
branches from the LAD supply the anterior 2/3 of 
the interventricular septum.

The diagonal branches are muscular branches 
extending from the LAD supplying the anterolat-
eral free wall of the left ventricle and the antero-
lateral papillary muscle. A wide variation in num-
ber and size of diagonal branches exists which all 
originate from the LAD and pass over the antero-
lateral aspect of the heart. In over 90% of the hu-
man population one to three diagonal branches 
originate from the LAD and less than 1% has no 
diagonal at all. This indicates that when diagonal 
branches are not visualized, acquired atheroscle-
rotic occlusion of the diagonal branches is highly 
probable especially in patients with unexplained 
contraction abnormalities of the anterolateral left 
ventricle. The LAD courses beyond the left ven-
tricular apex and terminates along the diaphrag-
matic aspect of the left ventricle in 78% of patients 
(Fig. 1.14). In the remaining 22%, the distal segment 
of the LAD is smaller and shorter than usual, ter-
minates at or before the cardiac apex and does not 
reach the diaphragmatic surface. In this latter case 
a “superdominant” RCA will exist with a posterior 
descending branch which is larger and longer than 
usual and supplies the cardiac apex. In these cases, 
early attenuation and a distal narrow segment of 
the distal LAD does not necessarily indicate LAD 

Fig. 1.14. Left anterior descending artery (LAD) coursing 
from the anterior wall of the left ventricle to the apex. Left 
circumfl ex artery
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disease when some or all of the cardiac apex is sup-
plied by the posterior descending artery.

1.3.1.3 

The Circumfl ex Artery

The LCX angles posteriorly from the bifurcation (or 
trifurcation) to pass below the left atrial append-
age and enters the left atrioventricular groove along 
the obtuse margin of the heart (Fig. 1.15). It gives 
rise to obtuse marginal branches and left atrial 
branches (Fig. 1.16). In general, three obtuse mar-
ginal branches originate from the LCX: the ante-
rolateral branch (AL), the obtuse marginal branch 
(OM) and the posterolateral branch (PL), of which 
the second is generally the largest. They originate 
from the LCX supplying the posterolateral wall of 
the left ventricle. Usually, non-invasive techniques 
only visualize this second OM branch. Beyond the 
origins of the OM branches, the distal LCX tends to 
be small. The LCX also gives rise to one or two left 
atrial circumfl ex branches. These branches supply 
the lateral and posterior aspects of the left atrium. 
A wide variation in circumfl ex anatomy is seen and 
it is the non-dominant vessel in 85% of the popula-
tion.

In 10% of the population the LCX gives off the 
posterior descending artery (PDA) and the AV nodal 
arterial branch. Such patients are termed left-dom-
inant. In 40% of cases the LCX supplies the SA node 
branch.

1.3.2 

Right Coronary Anatomy

1.3.2.1 

Right Coronary Artery

The RCA arises above the right sinus of Valsalva, 
slightly lower than the origin of the left main coro-
nary artery, and follows its trajectory between the 
right ventricular outfl ow tract (RVOT) and the right 
atrial appendage and courses into the right atrio-
ventricular groove (Fig. 1.17). Proximal branches 
of the RCA are the conus branch (CB), the right 
ventricular branches (RV) and the acute marginal 
branch (AM). The fi rst branch is often the conus 
branch, which supplies the infundibulum. In half of 
the population, the conus branch arises at the right 
coronary ostium or within the fi rst few millimetres 
of the RCA. The conus branch travels anteriorly and 
upward over the RVOT toward the LAD (Fig. 1.18). 
It may serve as a source of collateral circulation in 
patients with LAD occlusion. In the other half of the 
population, the conus branch arises from a separate 
ostium in the right aortic sinus just above the right 
coronary ostium. The RCA also provides the right 
atrial branches and in 60% of cases it provides the SA 
node branch. The AM branches branch off the RCA 
and arise at an acute angle and extend anteriorly 

Fig. 1.16. Left coronary artery system. LM, left main coro-
nary artery; CX, circumfl ex artery; OM, obtuse marginal 
branch; DB, diagonal branches; LAD, left anterior descend-
ing artery

Fig. 1.15. Axial CT slide showing the bifurcation of the left 
anterior descending artery (LAD) and the circumfl ex artery 
(CX)
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over the right ventricle, where they supply the ante-
rior free wall. Despite their relative unimportance 
they may serve as sources of collateral circulation 
in patients with LAD occlusion.

The distal RCA starts just after the AM branch and 
passes horizontally along the diaphragmatic surface 
of the heart, giving rise to the posterior descending 
artery (PDA) in 85% of individuals. This is called 
right-dominance. The PDA adjoins the middle car-
diac vein and runs anteriorly in the posterior inter-
ventricular sulcus. It supplies the posterior third of 
the ventricular septum with septal perforators. After 
giving rise to the PDA, a dominant RCA continuous 

beyond the crux (joining point of the left and right 
atrioventricular and posterior interventricular sulci 
on the diaphragmatic surface of the heart) in the left 
atrioventricular sulcus in which it terminates into 
the PL. This branch supplies the posterior aspect of 
the left ventricle. In cases in which the RCA supplies 
the AV nodal branch, this branches off the RCA at 
the crux and courses towards the AV node.

1.3.2.2 

Determination of Dominance

The artery which crosses the crux of the heart and 
gives rise to the PDA, AV nodal branch and the 
posterolateral artery (PLA) is considered to be the 
dominant coronary artery.

If the RCA gives off the PDA and the LCX gives off 
the PLA then the heart is so-called co-dominant. In 
a general population, 70% is right-dominant, 20% is 
co-dominant and 10% is left-dominant.

 1.4 
Visualization of the 
Normal Coronary Artery Tree

1.4.1 

Anatomy on Catheter Coronary Angiography

Standard projection angles have been determined 
for catheter coronary angiography. An optimal 
angiographic projection has been appointed for 
each of the segments of the coronary artery tree. 
 Figures 1.19–1.33 show the different standard pro-
jection angles.

Each fi gure consists of three elements, fi rst the 
positioning of the X-ray tube and image intensifi er 
are shown, next the corresponding catheter coro-
nary angiogram is shown, and fi nally a schematic 
drawing describing the branches.

1.4.2 

Anatomy on Multi-detector CT

Multiple studies demonstrate that contrast-en-
hanced multi-detector spiral CT (MDCT) is a reli-
able non-invasive technique to provide a good ana-
tomical overview of the coronary anatomy. Most 
of the shortcomings of catheter angiography have 

Fig. 1.18. Maximum intensity projection (MIP) of a cardiac 
CT showing the separate origin of the right coronary artery 
(RCA) and conus branch

Fig. 1.17. Right coronary artery system. CB, conus branch; 
RCA, right coronary artery; RV, right ventricular branch; 
RDP, right descending posterior branch
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been overcome with contrast-enhanced MDCT. 
First, immediate visualization of the anomalous 
coronary artery is possible due to systematically 
administered contrast agent and secondly, com-
plete cardiac CT data sets provide a good inside 
into the relation of the coronary artery to other 
cardiac structures such as the pulmonary artery 
and the aorta (Schmitt et al. 2005; Van Ooijen 
et al. 2004).

Although MDCT has proven to provide an ac-
curate depiction of origin and course of coronary 
arteries, the small dimensions and fast movement 
of the coronary arteries make their visualization 
diffi cult. The occurrence of motion artefacts has 
been an important limiting factor for cardiac CT, 
especially in patients with high heart rates. Earlier 
generations of CT scanners were limited because of 
the insuffi cient spatial and temporal resolution and 
needed drug induced heart rate control to obtain 
images with good quality (Achenbach et al. 2006). 
Small coronary side branches, such as the diago-
nal branches of the LAD, were often impossible to 
evaluate. These limitations of coronary CT angiog-
raphy seem to have been overcome by dual-source 
CT (DSCT) (Johnson et al. 2006). Dual-source CT 
is a new concept of CT. The system combines two 
arrays of an X-ray tube plus detector (64 slices) 
mounted on a single gantry at an angle of 90°, al-
lowing a higher temporal resolution. Heart rate 
independent temporal resolution allows visualiza-
tion of the coronary artery tree without motion ar-
tefacts in a larger number of patients as compared 
to earlier scanner generations. An advantage of 
DSCT is the capability to provide reconstructions 
of diagnostic quality throughout the cardiac cycle 
(Achenbach et al. 2005).

Axial images are useful to display the coronary 
arteries and for the recognition of coronary ves-
sels; a combination of axial images with other vi-
sualization techniques such as oblique and curved 
multiplanar reconstruction and three-dimensional 
volume rendering can also be useful in the recog-
nition of coronary artery segments. Using current 
commercially available visualization software, a 
clear visualization is possible without the need for 
extensive manual manipulation.

The origin of the left coronary artery from the 
left sinus of Valsalva is visible in the upper axial 
transverse image. At this level, the short common 
stem (left main artery or LMA) of the left coro-
nary artery which commonly presents a horizon-
tal course is displayed. This segment is 0.5–2.5 cm 

long, then it bifurcates into the LAD and the LCX; 
the most proximal segment of the LAD present a 
course which is slightly oblique cranial-caudally so 
it can be seen in the same axial image as the left 
main artery.

The other part of the LAD passes between the left 
atrial appendage and the pulmonary artery. Then 
it courses downwards into the interventricular sul-
cus, largely surrounded by epicardial fat, rounds 
the acute margin of the heart just to the right of the 
apex: those segments of the LAD are displayed with 
round or oval shape and lie just interior to the in-
terventricular septum. Diagonal branches, usually 
two, are also very frequently seen on axial images: 
they arise from the left side of the LAD and run on 
the obtuse margin of the heart in a perpendicular 
course.

The LCX arises from the bifurcation of the LMA 
and passes under the left auricula, then runs into the 
atrioventricular sulcus perpendicular to the scan-
ning plane giving off to the lateral left ventricular 
wall and atrium; the largest collateral vessels of the 
circumfl ex artery are the marginal branches which 
can be readily identifi ed on the obtuse surface of the 
left ventricle; usually the circumfl ex artery termi-
nates at the obtuse margin of the heart, but in some 
cases it reaches the crux.

The RCA arises from the anterior surface of the 
right sinus of Valsalva at a slightly caudal level 
of the left coronary artery. The fi rst segment is 
usually parallel to the scan plane; in some cases 
it describes a curve with upper convexity so it is 
possible to have this tract displayed two times in 
the same image. This segment gives off the conus 
branch artery and the artery supplying the sinus 
node. The second segment of the RCA runs along 
the right atrioventricular sulcus embedded in fat; it 
may be diffi cult to evaluate this part of the RCA due 
to the presence of high concentration of contrast 
media in the right atrium and due to the greater 
movement of the right cardiac chambers than the 
left ones during diastole. The third portion of the 
RCA runs horizontally in the right atrioventricular 
groove and, in subjects with right dominance, gives 
rise to the right descending posterior (RDP) and to 
other branches for the diaphragmatic surface of the 
heart and to the PL that supply the posterolateral 
side of the left ventricle; those vessels are almost 
always easily identifi ed.

For some of the previously shown catheter coro-
nary angiograms, the corresponding multislice CT 
angiograms are shown in Figures 1.34–1.44.
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Fig. 1.19. Left coronary artery 
– RAO (30°) straight. The left 
image shows a coronary angi-
ogram with a schematic draw-
ing of the same angiogram at 
the bottom right. The top right 
shows the positioning of the 
C-arm to obtain this coronary 
angiogram. LM, left main; 
LAD, left anterior descend-
ing; S, septal branch; D1, fi rst 
diagonal branch; D2, second 
diagonal branch; LCx, left 
circumfl ex artery

Fig. 1.21. Left coronary ar-
tery – AP caudal (28°). The left 
image shows a coronary angi-
ogram with a schematic draw-
ing of the same angiogram at 
the bottom right. The top right 
shows the positioning of the 
C-arm to obtain this coronary 
angiogram. LAD, left anterior 
descending; S, septal branch; 
D1, fi rst diagonal branch; D2, 
second diagonal branch; LCx, 
left circumfl ex artery.

Fig. 1.20. Left coronary artery 
– RAO (29°) caudal (30°). The 
left image shows a coronary 
angiogram with a schematic 
drawing of the same angi-
ogram at the bottom right. The 
top right shows the position-
ing of the C-arm to obtain 
this coronary angiogram. LM, 
left main; LAD, left anterior 
descending; S, septal branch; 
D1, fi rst diagonal branch; D2, 
second diagonal branch; LCx, 
left circumfl ex artery

LM
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Fig. 1.23. Left coronary artery 
– LAO (60°) straight. The left 
image shows a coronary angi-
ogram with a schematic draw-
ing of the same angiogram at 
the bottom right. The top right 
shows the positioning of the 
C-arm to obtain this coronary 
angiogram. LM, left main; 
LAD, left anterior descend-
ing; S, septal branch; D1, fi rst 
diagonal branch; D2, second 
diagonal branch; LCx, left 
circumfl ex artery

Fig. 1.24. Left coronary ar-
tery – LAO (89°) straight 
(lateral). The left image shows 
a coronary angiogram with a 
schematic drawing of the same 
angiogram at the bottom right. 
The top right shows the posi-
tioning of the C-arm to obtain 
this coronary angiogram. LM, 
left main; LAD, = left anterior 
descending; D1, fi rst diagonal 
branch; D2, second diagonal 
branch; LCx, left circumfl ex 
artery.

Fig. 1.22. Left coronary ar-
tery – LAO (51°) caudal (30°) 
(spider view). The left image 
shows a coronary angiogram 
with a schematic drawing of 
the same angiogram at the bot-
tom right. The top right shows 
the positioning of the C-arm 
to obtain this coronary angi-
ogram. LM, left main; LAD, 
left anterior descending; LCx, 
left circumfl ex artery
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Fig. 1.25. Left coronary ar-
tery – LAO (60°) cranial (16°) 
– normally LAO (45°) cranial 
(30°) but this was not optimal 
for this patient. The left image 
shows a coronary angiogram 
with a schematic drawing of 
the same angiogram at the 
bottom right. The top right 
shows the positioning of the 
C-arm to obtain this coronary 
angiogram. LM, left main; 
LAD, left anterior descend-
ing; S, septal branch; D1, fi rst 
diagonal branch; D2, second 
diagonal branch; LCx, left 
circumfl ex artery

Fig. 1.26. Left coronary artery 
– AP cranial (30°). The left 
image shows a coronary angi-
ogram with a schematic draw-
ing of the same angiogram at 
the bottom right. The top right 
shows the positioning of the 
C-arm to obtain this coronary 
angiogram. LM, left main; 
LAD, left anterior descending; 
S, septal branch; D2, second 
diagonal branch; LCx, left 
circumfl ex artery

Fig. 1.27. Left coronary artery 
– RAO (28°) cranial (30°). The 
left image shows a coronary 
angiogram with a schematic 
drawing of the same angi-
ogram at the bottom right. The 
top right shows the positioning 
of the C-arm to obtain this 
coronary angiogram. LM, left 
main; LAD, left anterior de-
scending; S, septal branch; D2, 
second diagonal branch
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Fig. 1.30. Right coronary ar-
tery – RAO (30°) straight. The 
left image shows a coronary 
angiogram with a schematic 
drawing of the same angi-
ogram at the bottom right. The 
top right shows the positioning 
of the C-arm to obtain this 
coronary angiogram. RCA, 
right coronary artery; RV, right 
ventricular branch; RDP, right 
descending posterior

Fig. 1.28. Left coronary artery 
– AP straight. The left image 
shows a coronary angiogram 
with a schematic drawing of 
the same angiogram at the bot-
tom right. The top right shows 
the positioning of the C-arm 
to obtain this coronary angi-
ogram. LM, left main; LAD, 
left anterior descending; D2, 
second diagonal branch; LCx, 
left circumfl ex artery

Fig. 1.29. Right coronary ar-
tery – LAO (45°) straight. The 
left image shows a coronary 
angiogram with a schematic 
drawing of the same angi-
ogram at the bottom right. The 
top right shows the position-
ing of the C-arm to obtain 
this coronary angiogram. 
RCA, right coronary artery; 
RV, right ventricular branch; 
PL, posterior left ventricular 
branch; RDP, right descending 
posterior
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Fig. 1.33. Right coronary ar-
tery – AP straight. The left 
image shows a coronary angi-
ogram with a schematic draw-
ing of the same angiogram at 
the bottom right. The top right 
shows the positioning of the 
C-arm to obtain this coronary 
angiogram. RCA, right coro-
nary artery; RV, right ventricu-
lar branch; PL, posterior left 
ventricular branch; RDP, right 
descending posterior

Fig. 1.31. Right coronary ar-
tery – AP cranial (30°). The left 
image shows a coronary angi-
ogram with a schematic draw-
ing of the same angiogram at 
the bottom right. The top right 
shows the positioning of the 
C-arm to obtain this coronary 
angiogram. RCA, right coro-
nary artery; PL, posterior left 
ventricular branch; RDP, right 
descending posterior

Fig. 1.32. Right coronary ar-
tery – RAO (90°) straight. The 
left image shows a coronary 
angiogram with a schematic 
drawing of the same angi-
ogram at the bottom right. The 
top right shows the position-
ing of the C-arm to obtain 
this coronary angiogram. 
RCA, right coronary artery; 
RV, right ventricular branch; 
PL, posterior left ventricular 
branch; RDP, right descending 
posterior
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Fig. 1.34a,b. Left coro-
nary artery (LCA) both 
in axial CT slice (a) and 
real anatomy (b)

a b

Fig. 1.35a,b. Left ante-
rior descending artery 
(LAD), circumfl ex artery 
(CX) and diagonals of 
the LAD in axial CT 
slice (a) and real anat-
omy (b)

a b

Fig. 1.37a,b. Mid right 
coronary artery (RCA) 
and distal left anterior 
descending artery (LAD) 
shown both in axial CT 
slice (a) and real anat-
omy (b)

a b

Fig. 1.36a,b. Origin of 
the right coronary ar-
tery (RCA), left anterior 
descending artery (LAD) 
and circumfl ex artery 
(CX) in axial CT slice (a) 
and real anatomy (b)

a b
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Fig. 1.39. RAO (30°) straight. 
The left image shows a seg-
mented maximum intensity 
projection of a multi-detector 
computed tomography angi-
ogram with a schematic draw-
ing of the same angiogram at 
the bottom right. The top right 
shows the positioning of the C-
arm that would be used to ac-
quire the correspoding catheter 
coronary angiogram (Figs. 1.19 
and 1.30). LM, left main; LAD, 
left anterior descending; LCx, 
left circumfl ex artery; RCA, 
right coronary artery

Fig. 1.40. LAO (51°) caudal 
(30°) (spider view). The left 
image shows a segmented 
maximum intensity projection 
of a multi-detector computed 
tomography angiogram with 
a schematic drawing of the 
same angiogram at the bottom 
right. The top right shows the 
positioning of the C-arm that 
would be used to acquire the 
correspoding catheter coro-
nary angiogram (Fig. 1.22). 
LM, left main; LAD, left an-
terior descending; LCx, left 
circumfl ex artery; RCA, right 
coronary artery

Fig. 1.38. Posterior descending artery (PDA) and posterior left (PL) ventricular shown both in CT slice (a) and real anatomy 
(b)

a b
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Fig. 1.41. LAO (60°) straight. 
The left image shows a seg-
mented maximum intensity 
projection of a multi-detector 
computed tomography angi-
ogram with a schematic draw-
ing of the same angiogram 
at the bottom right. The top 
right shows the positioning of 
the C-arm that would be used 
to acquire the correspoding 
catheter coronary angiogram 
(Fig. 1.23). LM, left main; LAD, 
left anterior descending; D1, 
fi rst diagonal branch; D2, sec-
ond diagonal branch; LCx, left 
circumfl ex artery; RCA, right 
coronary artery

Fig. 1.42. LAO (89°) straight 
(lateral). The left image shows 
a segmented maximum inten-
sity projection of a multi-de-
tector computed tomography 
angiogram with a schematic 
drawing of the same angi-
ogram at the bottom right. The 
top right shows the position-
ing of the C-arm that would 
be used to acquire the cor-
respoding catheter coronary 
angiogram (Fig. 1.24). LM, 
left main; LAD, left anterior 
descending; D1, fi rst diagonal 
branch; D2, second diagonal 
branch; LCx, left circumfl ex 
artery; RCA, right coronary 
artery

Fig. 1.43. LAO (45°) cranial 
(30°). The left image shows a 
segmented maximum intensity 
projection of a multi-detector 
computed tomography angi-
ogram with a schematic draw-
ing of the same angiogram 
at the bottom right. The top 
right shows the positioning of 
the C-arm that would be used 
to acquire the correspoding 
catheter coronary angiogram 
(Fig. 1.25). LAD, left anterior 
descending; LCx, left circum-
fl ex artery; RCA, right coro-
nary artery
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 1.5 
Anomalies of the Coronary Artery Tree

Congenital abnormalities are rare, although enor-
mous variations in coronary anatomy exist in num-
ber, position and both origin and distribution of 
arteries. They occur in approximately 1% of the 
general population. They are often associated with 
congenital heart disease, such as transposition of 
the great arteries or tetralogy of Fallot, but they 
also occur in isolated events (Schmitt et al. 2005). 
A higher incidence of coronary artery anomalies is 
observed in young athletes, who die of sudden death 
more frequently than the general population (13% 
vs 1%). After hypertrophic cardiomyopathy, coro-
nary artery anomalies are the second most common 
cause of sudden death in young athletes (Maron et 
al. 2003).

Most coronary artery anomalies are not clinically 
important; they are asymptomatic and accidentally 
discovered on CAG or autopsy. However, some coro-
nary artery anomalies are potentially life-threaten-
ing and can cause myocardial ischemia or sudden 
death. Therefore, precise evaluation of the coronary 
arteries is very important (Datta et al. 2005).

Coronary artery anomalies can be classifi ed ac-
cording to anatomical morphology, but some stud-
ies propose that it would be more effective to classify 
them on the basis of their correlation and asso-
ciation with myocardial ischemia or sudden death 
(Rigatelli et al. 2005).

Coronary artery anomalies which can cause myo-
cardial ischemia include coronary artery fi stula, an 
anomalous origin of a coronary artery from the 

pulmonary trunk, and myocardial bridging. Ves-
sels originating from the contralateral side with 
an interarterial course, between the aorta and the 
pulmonary artery, also pose a risk for myocardial 
ischemia: ectopic origins of the RCA from the left si-
nus of Valsalva of the LCA, and ectopic origins of the 
LCA from the right sinus of Valsalva or the proximal 
RCA (Schmitt et al. 2005). When the contralateral 
vessel follows another pathway, anterior to the right 
ventricular outfl ow tract, posterior to the aortic root 
or within the interventricular septum, there is no 
risk for myocardial ischemia and these anomalies 
can be seen as benign. Other benign anomalies are 
a LCX originating from the right sinus of Valsalva 
or the RCA, a separate origin of the LCX and LAD 
(absent LMCA) and a high takeoff. 

1.5.1.1 

Coronary Artery Fistula

Congenital arteriovenous coronary artery fi stula are 
a rare condition of a direct communication between 
a coronary artery and one of the cardiac chambers, 
the coronary sinus, the superior vena cava or the 
pulmonary artery (Fig. 1.45). Most fi stula are acci-
dentally found during CAG, with a prevalence of 
about 0.1%–0.2% of all patients who undergo CAG. 
The most frequent sites of origin are the right coro-
nary artery (60%) and the left coronary artery (40%). 
Very rarely, fi stulas originate from both coronary 
arteries. The major termination sites are the right 
ventricle (45%), the right atrium (25%), and the pul-
monary artery (15%). The fi stulas less frequently 
drain into the left atrium or left ventricle (10%). 
When there is a termination to the systemic right 

Fig. 1.44. AP straight. The 
left image shows a segmented 
maximum intensity projection 
of a multi-detector computed 
tomography angiogram with 
a schematic drawing of the 
same angiogram at the bottom 
right. The top right shows the 
positioning of the C-arm that 
would be used to acquire the 
correspoding catheter coro-
nary angiogram (Figs. 1.28 and 
1.33). LM, left main; LAD, left 
anterior descending; LCx, left 
circumfl ex artery; RCA, right 
coronary artery
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side, this is called a left-to-right shunt. When the 
termination is in a left-sided cardiac chamber, this 
is referred to as a left-sided volume overloading. The 
part of the myocardium supplied by the abnormally 
connecting artery can have decreased blood fl ow. 
Without treatment this can result in myocardial 
ischemia (Kim et al. 2006).

1.5.1.2 

Anomalous Origin of a Coronary Artery from the 

Pulmonary Trunk

An anomalous origin of a coronary artery from 
the pulmonary artery (ACAPA) is a rare congenital 
defect (Figs. 1.46–1.48). These anomalies are often 
haemodynamically signifi cant and can cause myo-
cardial ischemia and sudden cardiac death. The part 
of the myocardium which is supplied by the ab-
normally arising coronary artery receives less well 
oxygenated blood. 

An anomalous origin of the LCA from the pul-
monary trunk is known as Bland-White-Garland 
syndrome and most children with this syndrome 
die in their fi rst year of life (80%–85%). LCA arising 
from the PA is treated surgically, with ligation and 
reimplantation of the LCA to the aorta (Nicholson 
et al. 2004).

An anomalous origin of the left coronary artery 
from the pulmonary artery (ALCAPA) has a higher 
incidence than an anomalous origin of the right cor-

Fig. 1.45. Three-dimensional image of the heart with opaque 
ascending aorta and coronary arteries, as well as transparent 
other cardiac structures. The image shows a fi stula arising 
from the fi rst septal branch of the left anterior descending 
artery (LAD). The proximal LAD is tortuous and dilated with 
a maximum diameter of approximately 8 mm. The dilatation 
continues distally, until the fi rst septal branch, ending into 
the right ventricle. After the fi rst septal branch, the LAD has 
a normal calibre. The proximal part of the circumfl ex artery 
is also dilated, with no other abnormalities seen in other 
parts of the coronary artery system. RCA, right coronary 
artery; CX, circumfl ex artery

Fig. 1.46. Left coronary artery (LCA) coming from the pul-
monary trunk, with a normal origin of the right coronary 
artery (RCA) from the aorta

Fig. 1.47. Axial CT slide showing a left coronary artery (LCA) 
originating from the pulmonary artery (PA). Ao, aorta
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onary artery from the pulmonary artery (ARCAPA). 
The incidences are estimated at 0.008% and 0.002%, 
respectively. The higher incidence of ALCAPA com-
pared to ARCAPA is explained by the proximity of 
the left coronary bud to the pulmonary artery si-
nus during embryological development. The age of 
presentation is usually earlier in ALCAPA than AR-
CAPA (<1 year vs >2 years).

ARCAPA less often leads to myocardial ischemia 
or sudden cardiac death. The possible reason for this 
is the lower oxygen demand of the right ventricle 
compared to the left ventricle and the RCA supplies 
a smaller part of myocardium compared to the LCA 
(Williams et al. 2006).

1.5.1.3 

Myocardial Bridging

Myocardial bridging, an inborn coronary anomaly, 
is an intramyocardial segment of a coronary ar-
tery which is normally located on the surface of 
the heart. This anomaly results in a wide range of 
possible clinical manifestations, and its clinical rel-
evance is debated. Myocardial bridging is usually 
asymptomatic, but has also been associated with 
angina, myocardial infarction and sudden death. 
During systole the tunnelled coronary artery is com-
pressed (Alegria et al. 2005). The incidence varies 
between conventional coronary angiogram studies 
(0.5%–2.5%) and autopsy studies (15%–85%). The 
part immediately proximal to the tunnelled artery 
seems most prone to atherosclerotic plaques because 

of haemodynamic disturbances. Some articles state 
that the tunnelled segment is spared from ather-
omatous changes (Zeina et al. 2007). Myocardial 
bridging most frequently affects the mid LAD. 

Although this malformation is present at birth, 
symptoms usually do not develop before the third 
decade (Alegria et al. 2005).

1.5.2 

Vessels Originating from the Contralateral Side, 

With an Interarterial Course

1.5.2.1 

Right-Sided Left Coronary Artery

The four most common pathways a right-sided left 
coronary artery can take are an interarterial (be-
tween the aorta and the pulmonary artery), ret-
roaortic, prepulmonic or septal pathway (Fig. 1.49). 
The course which the anomalous coronary artery 
has taken is of great signifi cance, because an inter-
arterial course can cause myocardial ischemia or 
even sudden death, but the other pathways seem 
to have no clinical signifi cance. The incidence 
of a left coronary artery from the RSV or RCA 
in patients receiving conventional catheter coro-
nary angiography is assessed to be 0.09%–0.11%. 
In three quarters of these patients the anomalous 
LCA has an interarterial pathway, and thus they 
are at risk of sudden death (Kim et al. 2006). The 
mechanism of the cause of the ischemia may be 
either kinking or compression of the interarterial 
running coronary artery because of the increased 
blood fl ow through the aorta and the pulmonary 
artery (Figs. 1.50–53).

1.5.2.2 

Left-Sided Right Coronary Artery

The incidence of an RCA coming from the LSV or 
LCA in patients undergoing CAG is estimated to be 
0.03%–0.17%. Just as a right-sided LCA, the most 
common course of the anomalous coronary artery 
is an interarterial pathway (Figs. 1.54, 1.55). In a left-
sided RCA this can also cause myocardial ischemia 
and sudden death (Kim et al. 2006). However, an 
RCA running between the aorta and the pulmonary 
artery has a somewhat lower risk of ischemia than 
an anomalous LCA. When symptoms of ischemia 
occur, this can be explained by the same mechanism 
as described with right-sided LCA.

Fig. 1.48. Axial CT slide showing the right coronary artery 
(RCA) having a normal origin from the right sinus of Val-
salva. PA, pulmonary artery; Ao, aorta
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Fig. 1.49a–f. Schematic overview of four different courses of a left coronary artery coming from the right sinus of Valsalva 
(a–d), the most common course of a circumfl ex artery coming from the right (e) and the right coronary artery (RCA) com-
ing from the left (f). LAD, left anterior descending artery; LCx, left circumfl ex artery

b

c d

e f

a
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Fig. 1.52. Right coronary artery (RCA) and left coronary ar-
tery (LCA) sharing the same ostium from the right sinus of 
Valsalva. PA, pulmonary artery; Ao, aorta

Fig. 1.53. Left coronary artery (LCA) sharing the ostium 
with the right coronary artery (RCA) originating from the 
right sinus of Valsalva. The LCA courses between the aorta 
and pulmonary artery to its normal distributional area

Fig. 1.50. Left coronary artery (LCA) originating from the 
right, sharing the same ostium with the right coronary ar-
tery (RCA). The LCA crosses over to its normal distributional 
area between the aorta and pulmonary artery

Fig. 1.51. Left coronary artery (LCA) coming from the right 
sinus of Valsalva. RCA, right coronary artery
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Fig. 1.57. Circumfl ex artery (CX) coming from the right 
coronary artery (RCA) with retroaortic course. LAD, left an-
terior descending artery

Fig. 1.55. Right coronary artery (RCA) coming from the left 
sinus of Valsalva, coursing between the pulmonary artery 
(PA) and aorta (Ao). LCA, left coronary artery

Fig. 1.54. Right coronary artery (RCA) coming from the left 
sinus of Valsalva, sharing the ostium with the left coronary 
artery (LCA). The RCA has an interarterial pathway

1.5.2.3 

Congenital Coronary Anomalies Not 

Causing Myocardial Ischemia

Most coronary artery anomalies are not clinically 
relevant and are often discovered as an accidental 
fi nding in asymptomatic patients. Myocardial blood 

fl ow in these patients is not decreased. These anoma-
lies occur in approximately 0.5%–1.0% of adult pa-
tients who undergo CAG. The problem with these 
anomalies is hooking up the origin when perform-
ing CAG, because the entrance of the coronary ar-
tery is at an unusual position.

Fig. 1.56. Circumfl ex artery (CX) coming from the right 
coronary cusp, with the origin just next to the origin of the 
right coronary artery (RCA). CX, circumfl ex artery
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An anomalous origin of the CX from the right 
aortic sinus or as proximal branch of the RCA is fre-
quently encountered (Figs. 1.56, 1.57). In almost ev-
ery case, the anomalous CX courses behind the aor-
tic root to its normal distributional area, without the 
risk of interarterial compression, and thus, without 
risk of myocardial ischemia or sudden death.

A frequently seen anomaly is a high origin of the 
RCA or LCA. A high takeoff is defi ned by an origin 
above the junctional zone between the sinus of Val-
salva and the tubular part of the ascending aorta. 
There is usually no risk of impaired myocardial 
blood fl ow.

Another coronary artery anomaly without risk of 
myocardial ischemia is an absent left main coronary 
artery. In this case, the LAD and CX arise separately 
from the aorta. It occurs in approximately 0.41% of 
individuals with otherwise normal coronary anat-
omy. Although multiple ostia represent a technical 
diffi culty for the angiographer, they may also allow 
alternate collateral sources in patients with proxi-
mal coronary artery disease (Kim et al. 2006).
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Invasive Coronary Imaging  2

2.1 Conventional Catheterisation

Michael R. Rees and Felix Zijlstra

 2.1.1 
The Development of 
Cardiac Catheterisation

The study of the circulation by cardiac catheterisa-
tion started in 1844 when Claude Bernard performed 
retrograde left and right heart catheterisation, from 
the jugular vein and carotid artery, in a horse. Appli-
cation of these principles and techniques in patients 
was made possible by the discovery of X-rays by Wil-
liam Conrad Roentgen (1845–1923) on November 
8, 1895, at the University of Wurzburg. He received 
the Nobel Prize for his discovery in 1901. Roentgen’s 
discovery enabled Werner Forssmann to perform 
the fi rst cardiac catheterisation on himself under 
fl uoroscopic guidance in 1929 in a small hospital in 
Eberswald in Germany. He passed a urethral cath-
eter from an arm vein into his right heart. To do 
this he needed the co-operation of a surgical nurse 
whom he persuaded to help against the orders of 
his hospital chief. Forssmann wrote of his fi ndings 
in 1929 (Forssman 1929); however, the medical es-
tablishment failed to recognise his fi ndings. He gave 
up his work and continued training as a urologi-
cal surgeon. In 1930, O. Klein described right heart 
catheterisation and the use of the Fick principle to 
study cardiac output (Klein 1930).

There was also early research into contrast media 
in 1929. This was fi rst used by Dos Santos to dem-
onstrate the aorta by direct injection into the lum-
bar aorta (Dos Santos et al. 1929). In the late 1930s, 
Robb and Steinberg (1938) demonstrated that the 
heart and central circulation could be opacifi ed by 
an intravenous injection of contrast medium.

Others, notably Andre F. Cournand and Dickin-
son W. Richards, read Forssmann’s work. Cournand 
and Richards performed their fi rst cardiac catheter-
isation procedure on a patient in 1941 (Cournand 
and Ranges 1944). Their work led to a greater un-
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derstanding of the physiology of cardiac circula-
tion and in particular the body’s response to shock. 
These three scientists were jointly awarded the No-
bel Prize for their work in cardiac catheterisation in 
1956. The use of cardiac catheterisation to study the 
functional consequences of congenital disease was 
described in 1944 by Brannon, Weens and Warren at 
Emory University in Atlanta in a patient with atrial 
septal defect (Brannon et al. 1945). The develop-
ment of radiological contrast media had established 
right heart catheterisation and angiography as well 
recognised procedures. The study of the left side of 
the heart was more diffi cult; the fi rst documented 
retrograde left heart procedure was performed 
in 1947 and described by Dr. Henry Zimmerman 
( Zimmerman et al. 1950).

Angiography was advanced by the development 
of percutaneous needle puncture techniques by 
Seldinger, a Swedish radiologist, in 1953 (Seldinger 
1953).

In 1958, Dr. Mason Sones observed that a cath-
eter which was intended to be placed in the aorta 
prolapsed into the right coronary artery. Approxi-
mately 30 cc of Hypaque were injected by accident 
into the artery opacifying it. This caused asystole 
from which the patient recovered by coughing with 
no ill effects. Dr. Sones was the fi rst to demonstrate 
that coronary angiography was possible and went on 
to demonstrate that much smaller doses of contrast 
could be injected into the coronary arteries safely 
and effectively. He started the modern practice of 
coronary angiography via the brachial cut down ap-
proach using his own catheter (Sones et al. 1959). In 
1959, Ross developed transseptal puncture whereby 
a catheter is placed in the left atrium by puncturing 
the intra-atrial septum from the right atrium (Ross 
1959). A percutaneous coronary angiography tech-
nique was developed in 1963 and described in 1967 
by Dr. Kurt Amplatz (Wilson et al. 1967). Dr. Sven 
Paulin, a radiologist who developed a technique for 
coronary arteriography by placing a spiral catheter 
in the aortic root, also promoted work on coronary 
arteriography. He published his thesis on coronary 
arteriography in 1965 and published his fi ndings a 
year later (Paulin 1966).

In 1967, Dr. Melvin Judkins, working in Charles 
Dotter’s department, developed the preshaped cath-
eters for coronary angiography that are the most 
common method of coronary arteriography today. 
His concept was to provide a catheter that was con-
sistent and safe with positive rotational control. 
His original catheter was 8 F with a tip thinned to 

1.8 mm in diameter and 18 mm in length, with a 
catheter body that was 100 cm in length (Judkins 
1967). Right heart catheterisation was further ad-
vanced by the development of fl ow directed cathe-
ters by Dr. Jeremy Swan and combined with the work 
of Dr. William Ganz on the thermodilution method 
of measuring cardiac output (Swan et al. 1970).

2.1.1.1 

Cardiac and Coronary Catheters

Early cardiac catheterisation was carried out using 
ureteric catheters, which were measured tradition-
ally in French gauge. This method of measurement 
has persisted with modern cardiac catheterisation 
and coronary angiography. French gauge is con-
verted into millimetres by dividing by three.

Selective coronary catheters replaced early loop 
or spiral catheters, which injected contrast into the 
aortic root as suggested by Bellman et al. (1960) 
and later by Paulin et al. (1987). The original Sones 
catheters were made in 7- or 8-F sizes and tapered 
towards the tip to a 5-F diameter with two holes 
placed by the tip. They were inserted by a brachial 
arteriotomy. Originally the catheters were straight 
but the last few centimetres were often fi xed into a 
curve by forming the tip in heat by an autoclave or 
steam from a kettle.

Judkins catheters are still the most commonly 
used catheters. The left Judkins catheter is designed 
to be inserted directly into the left coronary ostium 
by placing the secondary curve on the aortic wall 
and the primary curve directs the catheter into the 
coronary ostium. The catheters are manufactured 
in a variety of curve sizes (commonly 3–6 cm). The 
curve size denotes the distance between the primary 
and secondary curve in centimetres to accommo-
date different sized aortic roots. The larger curve 
sizes are used to cannulate a larger aortic root. The 
right coronary catheter has to be manipulated into 
the right coronary artery by clockwise and anterior 
rotation. Originally Melvin Judkins designed the 
catheter to be rotated above the coronary ostium 
so that it would rotate down into the anterior right 
coronary ostium (Judkins and Judkins 1985). Most 
angiographers, however, are now taught to place the 
catheter above the aortic valve and withdraw and 
rotate the catheter. The right coronary catheter also 
has a range of curve sizes, which are measured from 
the primary curve to the midpoint of the secondary 
curve.
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Amplatz catheters are designed such that the sec-
ondary curve of the catheter lies across the aortic 
root and the primary curve points downwards into 
the coronary artery. This type of catheter is less 
frequently used and requires a different technique 
from Judkins catheterisation. Great care should 
be taken in withdrawing the catheter from the left 
coronary ostium as when the catheter is withdrawn 
the tip may plunge deeper into the coronary ostium 
and cause dissection. For that reason it is recom-
mended by some angiographers that the catheter be 
withdrawn by advancing the catheter so that the tip 
prolapses upwards out of the ostium. 

Since the introduction of these basic catheters in 
the 1960s there have been a number of modifi cations 
to catheter shape to account for different permuta-
tions of coronary anatomy. Catheter design has also 
had to take account of a number of issues including 
torsion strength, radio-opacity, thrombogenicity 
and size. In the latter case there has been a gradual 
reduction in French size for coronary angiography. 
Most coronary angiograms are now undertaken 
with smaller French size catheters (usually 5- or 
6-F), but catheters as small as 3-F have been used. 
The smaller size of catheters has resulted in further 
modifi cations of design resulting in proportionately 
larger lumen sizes to the overall catheter diameter.

2.1.1.2 

Cardiac Catheterisation Laboratories

There has been a rapid development of cardiac cath-
eterisation radiological equipment. The resolution 
of a standard coronary image intensifi er should be 
> 3 line pairs. And acceptable signal-to-noise of 
20–25 microR/frame (Moore 1990). The standard 
catheterisation laboratory consists of angiographic 
equipment, which is now usually digital with quan-
tifi cation packages for measurement of coronary ar-
tery diameter together with modern sophisticated 
physiological measuring equipment. Other types of 
imaging and measuring devices are used including 
intravascular ultrasound (IVUS) (Yock et al. 1988) 
and pressure wires (Pijls et al. 1995). It is estimated 
that there are more than 2000 cardiac catheterisation 
laboratories in the USA, many of which provide on 
site cardiac surgery. The ACC/SCA&I expert consen-
sus document published in 2001 states that: In the 
hospital without cardiac surgery capability many 
patients can undergo cardiac procedures safely. Ex-
clusions for cardiac catheterisation in this setting 

include patients with acute coronary syndromes, 
severe congestive heart failure, pulmonary oedema 
due to acute ischaemia, a high likelihood of severe 
multi-vessel or left main stem disease based on non-
invasive testing, severe left ventricular dysfunction 
associated with valvular disease and patients with 
vascular disease. Patients with these problems are 
at a higher risk of developing adverse complications 
(Lasky et al. 1993).

With the introduction of digital radiology some 
had hoped that coronary imaging could be carried 
out by intravenous injection. This has now been 
discarded for adult cardiac disease in favour of 
continuing intra-arterial angiography and pressure 
measurements. Although some information, partic-
ularly on left ventricular contraction and function, 
can be obtained by intravenous injection (Mancini 
1988), adequate visualisation of the coronary arter-
ies, with a view to performing a revascularisation 
procedure, still requires intracoronary contrast in-
jection. Intravenous injection has a role in the as-
sessment of congenital heart disease (Bogren and 
Bursch 1984). Digital imaging does in fact have 
a lower resolution than standard cine fi lm espe-
cially in a 512 matrix, an average resolution being 
0.2–0.3 mm. Newer digital systems with larger ma-
trix sizes and improved TV chains gain resolution 
by noise reduction and optimisation of the imag-
ing pathway. This has resulted in a resolution in the 
range of 0.1–0.15 mm. Digital imaging has allowed 
for a reduction in radiation dose and reduction in 
contrast usage compared to fi lm cine angiography.

There has also been progress in the introduction 
of the DICOM (digital imaging and communication 
in medicine) format and media for the exchange of 
cardiac catheterisation information between labo-
ratories and centres (Tuinenburg et al. 2000), but 
there is still no uniformity of storage methods. 
Many manufacturers are using a web-based format 
for transmission and storage of information, but 
there are signifi cant problems with the transferral of 
non-DICOM image data into DICOM format images. 
Despite this non-uniformity there has been a steady 
growth in the use of telemedicine approaches to the 
transmission of data.

2.1.1.3 

Radiation Safety and Exposure

Coronary angiography and coronary intervention 
result in signifi cant radiation doses to the operators 
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and the rest of the staff in the catheter laboratory and 
this must be considered as one of the main health and 
safety issues in this type of diagnostic and therapeu-
tic procedure. It is also a signifi cant factor in career 
choice for physician’s (Limacher et al. 1998).

Interventional cardiac procedures result in 
0.004–0.016 rem/case to the operator. Background 
radiation exposure is approximately 0.1 rem/year. 
The recommended maximum radiation exposure 
is 5 rems/year. Given that there is a general inter-
national consensus emerging that doctors should 
undertake a minimum of 75 cases for intervention 
a year a cardiac interventionist will be exposed to a 
signifi cant degree of radiation in order to treat pa-
tients and remain within general bounds of accepted 
practice. Figures for a minimum number of cardiac 
catheterisations have not been established but range 
between 75 and 150 per year. The radiation exposure 
of a diagnostic cardiac case is generally lower than 
an interventional case on digital equipment, but 
might be higher on cine angiography.

The increased risk to the operator in terms of de-
velopment of fatal cancer is generally accepted as 
0.04% × total cumulative rem exposure.

The measured exposure for doctors working in 
cardiac catheter laboratories is from 0.2–6 rems/
year with an average exposure of 3 rems/year. Those 
doctors working in cardiac intervention as well as 
diagnosis have a higher exposure and the collar 
level exposure for these physicians is 4–16 mrem/
case (Zorzetto et al. 1997; Huiskens and Hummel 
1995). Since radiation exposure may also increase 
the risk of cataract formation, the maximum recom-
mended exposure for the eye lens is 15 rems/year.

Different views alter the radiation dose to the op-
erator; the left anterior oblique view results in a six-
fold increase in radiation dose compared to the right 
anterior oblique view.

Although the radiation dose is higher during cine 
exposure, fl uoroscopy accounts for a higher opera-
tor dose because of its prolonged use in interven-
tional procedures.

2.1.1.4 

Coronary Contrast Injection

Contrast injection is predominantly carried out 
manually for coronary artery opacifi cation. Usu-
ally 6–9 ml are injected manually into the left coro-
nary artery per coronary ‘run’ and 3–6 ml for the 
right coronary artery per ‘run’. The rate and force 

of the injection can then be adjusted to the coronary 
anatomy being visualised and to account for the 
clinical condition.

Some authors have advocated pump injections for 
coronary visualisation as well as for left ventriculog-
raphy. This approach has the disadvantage of loss 
of control by the operator but has the advantage of 
a known injection rate and amount for quantifi ca-
tion purposes. Newer pumps have been designed to 
account for the loss of operator control and are cur-
rently being introduced to clinical practice. Pump 
injection has been advocated as a means of reducing 
catheter size to 4-F (Arora et al. 2002).

2.1.1.5 

Views for Coronary Angiography

Since the branching of the coronary arteries forms 
a complex three-dimensional pattern, the coronary 
arteries have to be visualised in a number of differ-
ent views to obtain a complete picture of coronary 
anatomy. These views are named after the position 
of the X-ray image intensifi er in relation to the pa-
tient and not as in normal radiological nomenclature 
to the position of the passage of the beam through 
the patient. Therefore, a right anterior oblique view 
relates to the position of the image intensifi er in the 
right anterior oblique position to the patient and is 
located by the degree of displacement from the ver-
tical position. The tube is usually angulated in two 
planes right and left oblique and in caudal or cranial 
tilt, again denoting the position of the image intensi-
fi er from the vertical in relation to the patients head 
(cranial) or feet (caudal). It is usual to perform a 
series of six or more views of the left coronary and 
three views of the right coronary arteries to obtain 
all the necessary information (Grover et al. 1984). 
Multiple views may be required to fully appreciate 
the nature of disease in some patients. Knowledge of 
the normal and abnormal anatomy of the coronary 
tree in these different views is required for full clini-
cal interpretation.

2.1.1.6 

Quantifi cation of Coronary Angiography

All modern cardiac catheterisation laboratories 
contain X-ray equipment, which is equipped with 
measurement packages for two-dimensional (2D) 
quantifi cation of the coronary arteries. These mea-
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surements can be extrapolated to three-dimensional 
(3D) measurements. In this way the equipment 
can measure coronary stenoses and therefore help 
the operator make predictions about the optimal 
balloon and stent sizes for coronary angioplasty 
(Reiber et al. 1993). Digital imaging and quantifi ca-
tion packages combined with injection pumps have 
been used to make measurements of coronary fl ow 
and myocardial perfusion. Most of these measure-
ments have been supplanted by other methodolo-
gies, in the case of coronary fl ow-by-fl ow wires and 
in the case of dynamic measurement of stenoses by 
pressure wires or intravascular ultrasound. In the 
case of myocardial perfusion this is most commonly 
measured by perfusion scintigraphy, stress echocar-
diography, perfusion magnetic resonance imaging 
or by perfusion computed tomography.

 2.1.2 
Normal Coronary Anatomy

The normal human coronary arterial circulation 
has two main coronary arteries. The left coronary 
artery arises from the left posterior aortic sinus (left 
coronary sinus), after a short distance the artery 
divides beneath the left atrial appendage into two 
main branches: the circumfl ex artery and the left an-
terior descending artery. The left anterior descend-
ing artery runs down the anterior intraventricular 
groove to the apex and the circumfl ex artery runs 
posteriorly in its initial course and then down the 
posterior atrioventricular groove. The left anterior 
descending artery gives off septal branches which 
supply the intraventricular septum and diagonal 
arteries which supply the anterolateral wall. The 
right main coronary artery is a single vessel which 
arises from the anterior coronary sinus (right cor-
onary sinus) and which runs anteriorly down the 
anterior atrioventricular groove to the crux where 
the grooves of the heart meet. In most people the 
right coronary artery then continues anteriorly 
in the posterior intraventricular groove to supply 
the inferior surface of the heart and the inferior 
septum via the septal arteries. From the crux the 
right coronary artery also usually gives off the ar-
tery which supplies the atrioventricular node and 
arteries which supply the posterior aspect of the 
left ventricle. The right coronary gives off proximal 
branches to the conus, sinoatrial node (in 55% of 

subjects) and right ventricle. The conus artery may 
have a separate origin or multiple origins. Both the 
left and right coronary arteries supply vessels to the 
atria via atrial circumfl ex arteries. The distribution 
of the coronary arteries describe a loop around the 
intraventricular grooves (left anterior descending 
and posterior descending) and a circle around the 
atrioventricular grooves (circumfl ex and right coro-
nary arteries). This loop and circle model can help 
in the interpretation of coronary artery anatomy in 
oblique views of the arteries (Franch et al. 1982).

 2.1.3 
Arterial Dominance

The proportion of the left ventricle supplied by 
the left and right coronary arteries is variable. By 
convention the artery that supplies the posterior 
descending artery determines arterial dominance. 
If the posterior descending artery arises from the 
right coronary artery the circumfl ex artery is small; 
correspondingly, if the posterior descending artery 
arises from the circumfl ex coronary artery the right 
coronary artery is small and may not contribute any 
branches to the left ventricle. Approximately 80% of 
the population have right dominance, 10% have left 
dominance and 10% are balanced.

2.1.3.1 

Normal Variants

In approximately 1% of coronary angiograms the 
left main stem coronary artery is missing and the 
left anterior descending  and circumfl ex arteries 
have separate origins from the left coronary sinus. 
There are minor variations in location of the ostia 
within the coronary sinus which are of no clinical 
importance but which may necessitate the use of 
specialist catheters for cannulation (Vlodaver et 
al. 1972).

2.1.3.2 

Muscle Bridge

This is a specifi c coronary variant where part of the 
coronary artery runs sub-epicardially or within the 
myocardium. This has been shown to occur in 1% of 
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individuals. A recent study of 3200 angiograms re-
vealed 21 cases (0.6%). The artery usually affected is 
the left anterior descending artery ( Harikrishnan 
et al. 1999). The prognosis for this condition is good. 
Occasionally this condition gives rise to symptoms 
of angina. The usual treatment in these cases is beta-
blockers, placement of a coronary stent or bypass 
surgery.

2.1.3.3 

Coronary Artery Anomalies Presenting 

in the Adult

Coronary artery anomalies account for approxi-
mately 1% of all adult cases undergoing coronary 
angiography; however, some of these cases are 
missed on initial angiography. Estimates of up to 
40% failure to complete visualisation of the whole 
coronary tree at initial angiography have been made 
(Yacoub and Ross 1983). 

In the USA coronary anomalies are found in 1% 
of routine autopsy examinations; however, this rises 
to 4%–15% of patients who suffered sudden death. 
Despite this the majority of coronary anomalies are 
clinically silent, although there are specifi c coro-
nary abnormalities associated with mortality. These 
include: (a) Origin of the left main coronary artery 
from the pulmonary trunk; (b) anomalous shape of 
the ostium; (c) aberrant course of the coronary arter-
ies between the origin of the great vessels; (d) origin 
of the coronary arteries from the wrong coronary 
sinus; (e) large coronary fi stulae (Angelini 1989). 

Other coronary abnormalities may have a lesser, 
but still signifi cant, risk of sudden cardiac death. 
These include abnormally high take-off of the coro-
nary arteries, generally defi ned as being higher than 
1 cm above the sinotubular ridge.

The most common anomaly is the origin of the 
circumfl ex coronary artery from the right coro-
nary sinus; this has been reported to occur on be-
tween 0.37% and 0.67% of coronary angiograms 
and is generally thought to be benign, although the 
proximal segment of the circumfl ex artery often 
develops coronary artery disease and at least one 
case of sudden death with this anomaly has been 
reported ( Donaldson et al. 1982). Less commonly 
the left anterior descending artery arises from the 
right coronary sinus (0.04% of patients). The clinical 
signifi cance of this anomaly depends on the subse-
quent course of the vessel; if it passes between the 
origins of the great vessels the risk of sudden death 

is increased. This abnormality has a high degree 
of association with tetralogy of Fallot. Even rarer 
(0.02%) and of much greater clinical signifi cance is 
the origin of the left main stem from the right coro-
nary sinus, with a course of the left main stem be-
tween aorta and pulmonary trunk which increases 
the risk of sudden death. The right coronary artery 
originating from the left coronary sinus is the rarest 
of the left/right sinus coronary artery anomalies and 
is again also associated with sudden death (Basso et 
al. 2000). This abnormality may be diffi cult to dem-
onstrate angiographically and may be missed more 
frequently than is realised. Finally, a single coronary 
artery is a very rare abnormality and accounts for 
0.02% of the catheterised population. This anomaly 
has a number of variants and its clinical signifi cance 
depends on the type of orifi ce and course.

 2.1.4 
Coronary Abnormalities Presenting in 
Infancy and Childhood

Any of the above abnormalities may present in the 
young, the most common abnormality presenting 
in childhood being the origin of the left coronary 
artery from the pulmonary artery. Usually, the right 
coronary artery arises from the normal right coro-
nary sinus and if this is a large and dominant artery 
this abnormality may not present early. The major-
ity of infants with this abnormality die in the fi rst 
3 months of life as the postpartum pressure in the 
pulmonary artery is not suffi cient to supply fl ow to 
the myocardium (Mintz et al. 1983). Some infants 
survive a period of heart failure and improve due to 
the development of collateral circulation and may 
present later in life or be asymptomatic.

Patients with congenital heart disease (TGA, pul-
monary trunk, Fallot) may also have coronary artery 
anomalies and careful assessment of the coronary 
circulation in congenital heart disease is an impor-
tant part of the assessment of these patients.

2.1.4.1 

Coronary Fistulae

A coronary fi stula is formed from an abnormal 
connection between a coronary artery or branch 
to another structure such as the pulmonary artery, 
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coronary sinus, right atrium or right ventricle. This 
condition is more common in patients with congeni-
tal heart disease and accounts for 0.2%–0.4% of con-
genital cardiac disease. It is one of the most common 
congenital coronary abnormalities accounting for 
approximately 50% of the total of coronary anoma-
lies. In the original studies in the Cleveland Clinic 
15 cases were reported in 6000 angiograms (Effer 
et al. 1967).

Most fi stulae arise from the right coronary artery 
(60%) and terminate in the right heart.

Most fi stulae are benign and asymptomatic, they 
tend to enlarge with time and symptoms occur later 
in life. Patients may develop angina and heart failure 
in later life, and presentation in childhood is usually 
associated with fatigue and dyspnea.

There are rare causes of acquired coronary fi stu-
lae, which include trauma, post-surgery including 
by-pass grafting to a coronary vein and myocardial 
infarction.

 2.1.5 
Risks of Coronary Angiography

Although coronary angiography is generally re-
garded as a safe procedure, it is an invasive proce-
dure. One of the fi rst studies on the complications 
of coronary angiography by Adams et al. (1973) 
demonstrated a mortality rate of coronary angiog-
raphy of 0.44% in a study of 55,640 cases. However, 
by the time a second study had been carried out by 
the same authors a much lower mortality rate of 
0.17% was observed in 35,500 patients (Abrams and 
 Adams 1975). In the USA, the registry of the Soci-
ety for Cardiac Angiography participating centres 
showed that between 1978 and 1981 the risk to life of 
coronary angiography was 0.125% (Kennedy 1981). 
In the Society for Cardiac Angiography registry the 
risk of myocardial infarction was 0.09%, stroke 
0.07% and vascular complications 0.5% (Kennedy 
1983). In the Bristol General Hospital prospective 
data were collected over a 7-year period on patients 
undergoing repair of iatrogenic vascular injury fol-
lowing arterial cannulation. From 9375 procedures 
(7790 coronary angiograms, 835 coronary angio-
plasties, 445 other cardiac catheterisations, 155 
femoral angiograms, 150 peripheral angioplasties) 
surgical repair was required in 26 patients. The over-
all incidence of signifi cant injury was 0.28% and 

higher in therapeutic than diagnostic procedures 
(Waller et al. 1993).

Surveys have shown that the risk of angiography 
rises with the severity of disease and is also inversely 
proportional to the number of cases carried out in 
the centre. The highest mortality risk occurred 
with patients with left main stem disease, which 
was identifi ed as having a mortality rate of 0.86% in 
the Society of Cardiac Angiography data (Kennedy 
1981, 1983).

Specifi c risks are associated with patients with 
systemic disease. Adequate hydration is important 
in patients with renal disease. Diabetic patients on 
Metformin have been reported to develop lactic aci-
dosis, therefore the drug should be withheld on the 
day of procedure and not restarted for 48 h. There 
are also reports of rare but signifi cant complica-
tions of coronary angiography which include air 
embolism (Hung et al. 2002), coronary perforation 
(Timurkaynak et al. 2001), radiation injury (Vano 
et al. 2001), peripheral embolism (Katus et al. 2001), 
cortical blindness (Kwok and Lim 2000), and spinal 
cord infarction (Aramburu et al. 2000). The cur-
rent rate of complications for diagnostic coronary 
angiography should be less than 1%.

2.1.5.1 

Selection of Patients for Coronary Angiography

Over 1 million coronary angiograms were per-
formed in the USA in 1993, representing a fi gure of 
4000 per million of the population. This is projected 
to rise to 3 million procedures in 2010 (Scanlon 
and Faxon 1999).

The ACC expert consensus document suggests 
that, with proper screening and baseline decision-
making prior to catheterisation, the number of nor-
mal coronary angiograms performed should be in 
the range of 20%–27%. There is relatively little infor-
mation available on the documentation of unneces-
sary coronary angiograms, which is not the same as 
the number of normal coronary angiograms. Stud-
ies have reported fi gures of between 2% and 58% of 
unnecessary procedures performed.

It is well established that the risk of coronary an-
giography rises with age and the degree of severity 
of the coronary and cardiac disease present.

It is important that patients should be properly 
investigated prior to coronary angiography in order 
to reduce these risks and to reduce the number of 
events. In recent years the role of screening and risk 
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stratifi cation of patients with coronary disease have 
been investigated.

Despite the fact that coronary angiography is one 
of the world’s most common medical procedures 
the strategies offered for selection of patients varies 
considerably. Chest pain is a common symptom and 
experience with open access chest pain clinics in 
the UK has demonstrated that approximately only 
10% of patients who present with chest pain to an 
open access chest pain clinic have coronary disease 
requiring re-vascularisation

2.1.5.2 

Development of Coronary Revascularisation

The treatment of coronary disease was advanced 
by the development of an effective surgical method 
of bypassing the stenotic or occluded segment of a 
coronary artery by using a vein graft sown from the 
aorta into the distal coronary vessel. This operation 
was fi rst performed by Dr Rene Favarolo in Cleve-
land, USA, in 1967 (Roncroni et al. 1973).

 2.1.6 
Percutaneous Coronary Intervention

Interventional cardiology, defi ned as the applica-
tion of catheter-based techniques to treat cardiac 
disease, was developed as a culmination of the use 
of catheters as instruments for the diagnosis of car-
diac disease (Douglas and King 2001). The earli-
est described procedure was the Raskind balloon 
septostomy to create interatrial defects in patients 
with transposition of the great vessels (Douglas 
and King 2001).

Dotter and Judkins were the fi rst to treat vascu-
lar stenosis in peripheral atherosclerotic disease by 
means of an angioplasty procedure. Although this 
method of multiple catheters to dilate stenotic arter-
ies failed to gain widespread acceptance because of 
frequent complications, the modern era of interven-
tion started as an outgrowth of these ideas ( Dotter 

and Judkins 1964; Gruntzig and Hopff 1974). In 
September 1977 in Zurich Andreas Gruntzig per-
formed the fi rst percutaneous transluminal coro-
nary angioplasty and dilated with success a high 
grade narrowing in the proximal left anterior de-
scending coronary artery of a 37-year-old man 

(Gruntzig 1978). The follow-up angiographies after 
1 month, 1 year, 10 years and even 20 years in this 
fi rst patient have shown sustained resolution of this 
coronary stenosis (Meier et al. 2003).

Since this initial application of balloon angio-
plasty, this fi eld of interventional cardiology has 
grown explosively and current indications for this 
procedure have expanded to include unstable an-
gina and acute myocardial infarction, elderly pa-
tients and those with depressed left ventricular 
function, multivessel coronary artery disease and 
stenosis with complex characteristics (Smith et al. 
2001). Examples are shown in Figure 2.1.1–2.1.7. 
After the development of balloon angioplasty a 
variety of additional new devices for intracoro-
nary intervention or intracoronary diagnosis were 
developed (Simpson et al. 1982; Cumberland et 
al. 1986; Richens et al. 1987; Hansen et al. 1988; 
Stack et al. 1989; Simpson et al. 1988; Sigwart 
et al. 1987;  Michalis et al. 1999; Boehrer et al. 
1995). Diagnostic techniques, including intravas-
cular ultrasound, pressure measurements and fl ow 
assessments have provided a wealth of diagnostic 
and physiologic information, complementary to 
data derived from conventional angiography. Many 
technically very advanced therapeutic alternatives 
to balloon angioplasty, such as lasers, atherecto-
mies, etc., have been developed, but none of these 
have gained widespread acceptance (Douglas and 
King 2001), with the exception of the introduction 
in to clinical practice of coronary stenting. This 
procedure is now used in a large majority of per-
cutaneous coronary interventions. These stents are 
scaffolding devices that prevent elastic recoil and 
can be used to treat fl ow-limiting dissections. 

In the last 10 years the number of percutaneous 
revascularisation procedures have outgrown the 
number of coronary artery bypass surgeries as a 
consequence of the extended technical possibilities 
of the percutaneous procedures. This has been made 
possible by substantial improvements in the quality 
of radiographic imaging in the cardiac catheterisa-
tion laboratory, with the development of high-reso-
lution fl uoroscopy, digital image reconstruction and 
online computerised quantitative analysis. Techni-
cal improvements with regard to the catheterisation 
material, such as guiding catheters, guidewires, low-
profi le balloon catheters (that can take pressures as 
high as 26 atm) and a wide range of designs of coro-
nary stents (Carter et al. 1998), make a large major-
ity of stenotic lesions in coronary arteries amenable 
to percutaneous treatment.
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Fig. 2.1.1a–e. Examples of percutaneous coronary 
interventions. A 67-year-old man presented with sta-
ble angina and non-invasive evidence of myocardial 
ischemia in the inferior and lateral wall. Coronary 
angiography revealed a long diffuse atherosclerotic 
lesion in a large dominant right coronary artery (a). 
After balloon dilatation (b) there was some improve-
ment (c). A 4-mm diameter, 28-mm long stent was 
implanted (d), and gave an adequate angiographic 
result (e)

a b

c d

e
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Fig. 2.1.3a–c. A patient presented with a non-ST 
elevation acute coronary syndrome on the basis of 
a short thrombotic lesion in the proximal left ante-
rior descending coronary artery (a), that was treated 
with primary implantation of a short stent (b,c)

a b

c

Fig. 2.1.2a,b. A 62-year-old man presented with recent onset angina and ST-T segment changes in the inferior 
electrocardiographic leads. Coronary angiography showed a short stenosis in a dominant right coronary artery 
(a) that responded well to primary stenting (b)

a b
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Fig. 2.1.4a–c. A 76-year-old man presented with angina and heart 
failure 11 years after triple vessel coronary bypass grafting. Coronary 
angiography showed triple vessel native disease as well as graft failure 
towards the anterior wall. There was poor antegrade fl ow towards the left 
anterior descending artery due to diffuse disease (a). Following multiple 
infl ations with a 3-mm diameter, 40-mm long balloon (b), prompt an-
tegrade fl ow to the left anterior descending artery and its sidebranches 
was established (c)

a b

c

Fig. 2.1.5a–c. A 72-year-old man, 18 years after triple vessel coronary 
bypass grafting presented with unstable angina. Two venous jump grafts 
showed severe proximal lesions, one of which is shown in (a). Direct 
stenting (b) resulted in good angiographic recanalization (c) and the 
patient had a good clinical outcome

a

cb
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2.1.6.1 

Concomitant Pharmacological Therapy

Antiplatelet therapy with aspirin and clopidogrel 
starting preferably at least 1 day before the pro-
cedure, anti-ischemic therapy with beta-blockers 
and nitrates, peri-procedural heparinisation and 
selective use of glycoprotein 2B, 3A inhibitors have 
put complication rates for large series of patients 
at below 5% (Douglas and King 2001; Smith et 
al. 2001;  EPIC Investigators 1994; EPISTENT 
Investigators 1997), and a large majority of 
complications can nowadays be managed in the 
catheterisation laboratory. Acute cardiac surgical 
intervention for angioplasty complications has be-
come rare. Pathological studies have shown that 

angioplasty is effective by fi ve different mecha-
nisms: plaque compression, plaque fracture, me-
dia dissection, stretching of diseased segments of 
the arterial wall and stretching of plaque-free ar-
terial segments (Douglas and King 2001). Given 
these rather crude modes of action of angioplasty, 
it is understandable that scaffolding devices in the 
form of stents have become an essential part of a 
large majority of procedures. Provided that they 
are adequately placed and that all metal is well im-
pressed into the wall, stenting results in improved 
clinical outcome. Stent thrombosis, a catastrophic 
complication that occurred frequently in the early 
years of stenting, has now become rare, although 
the occasional patient with a stent thrombosis is 
still the interventional cardiologist’s nightmare. 

Fig. 2.1.6a–c. A 69-year-old woman presented with 
a large anterior myocardial infarction and was re-
ferred for primary angioplasty. Coronary angiogra-
phy showed a totally occluded left anterior descend-
ing artery (a), with a partly restored patency after 
passing a fl oppy wire through the lesion (b). This 
allowed primary stenting with good results (c)

a b

c
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2.1.6.2 

Long-Term Outcome

Among patients who have undergone successful 
coronary angioplasty, the incidence of death or 
non-fatal infarction in the years after the procedure 
is low. The most frequently occurring problem is 
the development of reoccurrence of stenosis at the 
treated site. Elastic recoil, negative remodelling and 
ingrowth of tissue induce this re-stenotic process. 
The fi rst two mechanisms are effectively controlled 
by stenting; however, most types of stent induce an 
exaggerated tissue growth response, making the 

problem of in-stent restenosis a frequent clinical 
issue that, in particular in long stented segments, 
is associated with impaired clinical outcome. Re-
cent attempts with drugs loaded on the stents show 
promising results with regard to a reduction in tis-
sue ingrowth. However, some types of drug eluting 
stents have been associated with serious hazards 
such as late stent thrombosis, and late malapposition 
of stents. Therefore, although they induce a reduced 
rate of restenosis, an improved clinical outcome is 
not always the fi nal result. Nevertheless, theoreti-
cally these developments will resolve the important 
clinical issue of restenosis over the coming years.

Fig. 2.1.7a–d. A 52-year-old man was referred for primary angioplasty for a large anterior myocardial infarction 
complicated by cardiogenic shock. Coronary angiography demonstrated a very large left anterior descending 
coronary artery with acute occlusion (a). A wire was passed to the distal vessel and following balloon infl ation 
(b) fl ow was re-established (c). Following stent implantation (d) a widely patent artery was obtained and the 
patient made an uneventful recovery

a
b

c d
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2.1.6.3 

Comparison with Bypass Surgery

Many randomised trials have compared current day 
percutaneous coronary intervention with coronary 
artery bypass surgery (Douglas and King 2001). 
With regard to major clinical endpoints, such as 
death and myocardial infarction, most of these stud-
ies do not show a difference. Most studies show a dif-
ference with regard to more morbidity in the surgical 
group around the surgical procedure and a higher 
rate of repeat procedures for recurrent ischemia in 
the percutaneous coronary intervention groups. In 
daily practice, patient and physician preferences 
usually determine the mode of revascularisation 
therapy chosen for an individual patient.

2.1.6.4 

Percutaneous Coronary Intervention 

Versus Conservative Therapy

Randomised studies of patients with stable coronary 
artery disease have confi rmed that angioplasty results 
in less ischemia and a somewhat better clinical out-
come compared to medical therapy alone in selected 
patients with proven myocardial ischemia (Douglas 
and King 2001; Smith et al. 2001). In this type of pa-
tient with stable coronary artery disease, there is no 
proof that angioplasty lowers mortality. In patients 
admitted to hospital with an unstable coronary syn-
drome, randomised trials in recent years have con-
fi rmed that in patients with unstable angina or non-ST 
elevation myocardial ischemia, and objective evidence 
of ischemia, for instance ECG changes and/or positive 
troponins, intervention with a percutaneous coronary 
procedure results in a lower incidence of the combina-
tion of death and non-fatal myocardial infarction. 

Finally, many studies have confi rmed the important 
benefi ts of percutaneous coronary intervention in the 
setting of acute myocardial infarction in comparison 
with thrombolytic therapy (Keeley et al. 2003). Per-
cutaneous intervention results in a higher rate of suc-
cessful reperfusion of the epicardial coronary artery, 
consequently resulting in a smaller infarct size, better 
clinical outcome and improved short- as well as long-
term mortality. The acute coronary syndromes are 
therefore the main indications for angioplasty. Today, 
careful attention to the concomitant pharmacological 
therapy in these patients is of utmost importance and 
in most countries the majority of angioplasties are 
performed for these indications (Smith et al. 2001).

 2.1.7 
Alternative Strategies to the First Line Use 
of Coronary Angiography

Ideally, only patients with coronary disease who 
require treatment dependent on the angiographic 
appearances of the coronary tree should undergo 
this procedure. This would reduce the requirement 
for coronary angiography and reduce the general 
population risk. It would also be desirable to have 
advanced knowledge of conditions that increase risk 
in coronary angiography, particularly left main stem 
disease. Signifi cant valve abnormalities and poor 
left ventricular function can be diagnosed prior to 
coronary angiography by echocardiography. Sig-
nifi cant ventricular arrhythmias can be diagnosed 
by electrocardiography. Prior to the introduction 
of new cross-sectional imaging techniques by MRI 
and spiral and electron beam CT it was diffi cult to 
diagnose coronary disease and the main method of 
investigation was exercise testing. This is an impre-
cise method and is poorly sensitive in some groups of 
patients. Results from chest pain centres in the USA 
have shown a range of sensitivity from 29% to 73% 
and a specifi city of 50%–99% (Gibbons et al. 2002).

It has been demonstrated that the appropriate use 
of imaging in a chest pain clinic may improve the 
sensitivity and specifi city of patient selection for an-
giography (Rees and Cripps 2002). The use of new 
imaging techniques has been demonstrated to score 
the probability of coronary disease (Agatston et al. 
1991), while even newer technologies such as multi-
slice CT and faster MRI may be able to select out pa-
tients who are at high risk from adverse complica-
tions at coronary angiography.
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2.2 Quantitative Coronary Arteriography

Johan H. C. Reiber, Joan C. Tuinenburg, Gerhard Koning, Johannes P. Janssen, 

Andrei Rare, Alexandra J. Lansky, and Bob Goedhart

 2.2.1 
Introduction

The dynamics of coronary atherosclerosis, that is 
to say the progression and regression of coronary 
atherosclerotic lesions, the healing of lesions, and 
the development of new ones, have intrigued car-
diologists since the time that this process could be 
followed by repeated coronary arteriographic X-ray 
examinations (Bruschke et al. 1981; Jukema et al. 
1996).

A complicating factor in the evaluation of severity 
and extent of the degree of coronary atherosclero-
sis is the occurrence of compensatory mechanisms, 
which is nowadays denoted by the term coronary 
artery remodeling. Glagov et al. (1987) were the 
fi rst to describe that compensatory enlargement of 
the human atherosclerotic coronary arteries occurs 
during the early stages of plaque formation, followed 
by Stiel et al. (1989). This compensatory enlarge-
ment results in the preservation of a nearly normal 
lumen cross-sectional area so that an atherosclerotic 
plaque will have less haemodynamic effects. This 
“outward” growth process stops at a certain point in 
time as it reaches the maximal stretching capacities 
of the vessel, followed by subsequent further “in-
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ward” growth of the plaque. Once the lumen of the 
vessel becomes impaired, it becomes visible by X-ray 
arteriography, which is a two-dimensional projec-
tion technique, allowing only the visualization of 
the contrast-fi lled lumen. For this reason, the X-ray 
arteriogram is often also called a “luminogram”.

Usually, atherosclerosis is present as a focal nar-
rowing over a limited length, superimposed on a 
diffuse atherosclerotic process within the entire ar-
tery. Because X-ray arteriography only depicts the 
remaining opening of an artery, it underestimates 
the presence of diffuse atherosclerosis and is unable 
to detect the early stages of coronary atherosclero-
sis. Until recently, cross-sectional imaging of the 
individual coronary arteries and the assessment of 
the arterial wall was the exclusive domain of intra-
vascular ultrasound (IVUS). IVUS is able to provide 
real-time high-resolution (pixel size about 0.1 mm) 
tomographic images of sections of the arterial wall 
and to demonstrate the presence or absence of com-
pensatory arterial enlargement. Recent develop-
ments with IVUS include the assessment of the stiff-
ness of the vessel wall using palpography (Schaar 
et al. 2004, 2006), and the composition of the plaque 
derived from the original high frequency signal con-
tent (virtual histology) (Nasu et al. 2006). Intravas-
cular ultrasound has proved to be very important 
for the development and validation of new coronary 
interventional devices (in particular stents) and is 
used as a gold standard for the validation of new non-
invasive coronary visualization techniques [multi-
slice computed tomography (MSCT) and magnetic 
resonance imaging (MRI)]. Another recently de-
veloped intravascular approach with even higher 
resolution but less vessel wall penetration is optical 
coherent tomography (OCT) (Pinto and Waksman 
2006), although in practical terms it is still limited 
by the fact that the vessel needs to be fl ushed with 
saline to obtain acceptable image quality.

With the extremely rapid developments in MSCT 
over the last several years, there has been enormous 
interest in the non-invasive three-dimensional (3D) 
visualization and quantitation of the coronary ar-
teries plus the plaque burden and the presence of 
calcium. The great advantage of MSCT is of course 
the 3D visualization of the entire heart and its sur-
roundings (Leber et al. 2006). Although the resolu-
tion is far behind that of invasive arteriography, the 
technique is rapidly improving with 256-slice MSCT 
becoming available in 2007. Also, MRI is a powerful 
and harmless technique to visualize the cardiovas-
cular system and in particular the vessels by mag-

netic resonance angiography (MRA), certainly in 
combination with vessel wall imaging (VWI), which 
has the highest potential to accurately describe the 
composition of the vessel wall and to assess changes 
in the wall as a result of therapies (Adame et al. 
2006).

In general, the purely visual interpretation of im-
ages is subjective and therefore associated with sig-
nifi cant inter- and intra-observer variations (Reiber 
and Serruys 1991). There has been continuing inter-
est in developing robust and automated segmenta-
tion techniques to obtain objective and reproducible 
data for all imaging modalities. In fact, X-ray left 
ventriculography was one of the very fi rst arising car-
diovascular imaging fi elds, which led to signifi cant 
activities in the quantifi cation of the regional left 
ventricular function and the automated segmenta-
tion of the left ventricular contours in the 1960s and 
1970s (Heintzen 1971; Reiber et al. 1986). Despite 
these early efforts, very few, if any, of the quantitative 
approaches developed have proved to be ideal: each 
technique requires a certain amount of user interac-
tion, as well as corrections to the detected contours 
in a signifi cant percentage of the cases. Recently, we 
developed an entirely new approach based on sta-
tistical models of the left ventricle (so-called active 
appearance models, or AAMs), that has proved to 
be quite robust and requires minimal user interac-
tion. A semi-automated version with manual model 
initialization showed a success rate of 100% for end-
diastolic frames and of 99% for end-systolic frames 
in a study based on image data of 70 patients, while a 
fully-automated version gave success rates of 91% and 
83%, respectively (Oost et al. 2006).

In the late 1970s, quantitative coronary arteriogra-
phy (QCA) was developed to quantify vessel motion 
and the effects of pharmacological agents on the re-
gression and progression of coronary artery disease 
(Brown et al. 1977). So far, QCA has been the only 
technique that allows the accurate and reliable as-
sessment of arterial dimensions within the entire cor-
onary vasculature over time (regression/progression 
studies), despite its known limitations (de Feyter et 
al. 1993). For the main coronary segments, quantita-
tive coronary ultrasound (QCU) has also been used 
with analytical software packages based on auto-
mated detection of lumen, vessel and stent contours 
(Tardif and Lee 1998; Dijkstra et al. 1999). 

In interventional cardiology, QCA has been used 
for on-line vessel sizing for the selection of interven-
tional devices and the assessment of the effi cacy of 
the individual procedures; for the on-line selection 
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of patients to be included or excluded in clinical 
trials based on quantitative parameters (e.g. small 
vessel disease); and for training purposes. But, in 
particular, it has been applied worldwide in core 
laboratories and clinical research sites to study the 
effi cacy of these procedures and devices in smaller 
and larger patient populations.

The goal of this chapter, therefore, is to provide an 
overview of the basic principles of QCA, including 
the latest applications in both coronary and periph-
eral vessels; drug eluting stent and brachytherapy 
(straight) analyses; ostial and bifurcation analyses; 
and fi nally, to present some of the results from vali-
dation studies.

 2.2.2 
Analog or Digital Image Acquisition and 
Analysis

In the current era, previously widely used cinefi lm-
based X-ray systems have been largely replaced by 
complete digital systems. For that reason we will not 
describe the cinefi lm-based approaches anymore. If 
needed, the reader is referred to one of our previous 
publications in this fi eld (Reiber et al. 1994a). 

In the digital approach, the output image of the 
image intensifi er is projected onto the input target 
of a video camera. The analog video output signal 
is modifi ed electronically in the so-called white 
compression unit, resulting in greater contrast 
differences in the parts with high X-ray absorp-
tion (e.g. vertebrae and contrast fi lled arteries or 
the ventricle) and lower contrast differences in the 
areas with low X-ray absorption (e.g. lung area). 
This markedly improves the image quality of the 
images. Next, the resulting video signal is digitized 
at a resolution of 512 � 512 pixels � 8 bits on most 
X-ray systems or up to 1024 � 1024 pixels � 12 bits 
on some other X-ray systems and stored on the 
high-speed disks (RAID system) of the digital im-
aging system for subsequent review and possibly 
quantitative analysis. An entire patient study can 
be stored in DICOM format on CD-R after the pro-
cedure or stored in a picture archiving and com-
munication system (PACS) by means of the DICOM 
messaging protocol for the exchange of image data 
over a network.

New developments in the technology of digital 
X-ray imaging systems have resulted in the replace-

ment of the conventional vacuum-tube image inten-
sifi er [in combination with a CCD (charge-couple 
device)-based camera, an A/D (analog-to-digital) 
converter, etc.] by a completely digital fl at-panel 
detector. The main advantages of these fl at-panel 
detectors, among others, are the ability to preserve 
signifi cantly more of the original signal, e.g. due to 
the large reduction of veiling glare (the scattering 
process within the image intensifi er) and the abso-
lute absence of spatial distortions, e.g. the magnetic 
fi eld distortion and pincushion distortion (the lat-
ter being due to the curvature of the input screen 
of the image intensifi er) (van der Zwet et al. 1995; 
 Holmes et al. 2004), providing better image qual-
ity and enabling further image enhancement. In 
clinical practice, this means improved visibility of 
vessels, lesions, and guide-wires, even at reduced X-
ray dose levels (Geijer 2002; Tsapaki et al. 2004). 
Typical matrix sizes for the fl at panel systems nowa-
days are 1024 � 1024 pixels at 12.5–30 frames/s, or 
512 � 512 at 60 frames/s with 8-, 10- or 12-bit depth 
for cardiac acquisitions.

From the user’s point of view, the evidently bet-
ter image characteristics of the fl at-panel-based im-
ages [e.g. they are distortion free, have an excellent 
contrast resolution, a large dynamic range, a high 
sensitivity to X-rays, a spatial resolution that is de-
termined by the actual size of the detector elements, 
etc. (Holmes et al. 2004; Spahn et al. 2003)] do not 
have any signifi cant infl uence on the results of QCA 
and QVA analyses. In fact, we have demonstrated 
that the data obtained from both image intensifi er-
based and fl at-panel-based X-ray systems can be 
used collectively in (multi-center) clinical trials 
(Tuinenburg et al. 2006).

 2.2.3 
Brief History of 
Quantitative Coronary Arteriography

Since the fi rst papers on QCA were published in 
1977 and 1978, this fi eld has grown substantially 
(Brown et al. 1977; Reiber et al. 1978). First-gen-
eration QCA systems, developed in the 1980s, were 
based on 35-mm cinefi lm analysis. Second-gener-
ation systems (1990–1994) were characterized by 
further improvements in the quality of the edge 
detection, often applied to digital images, and in-
cluded corrections for the overestimation of the ves-
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Fig. 2.2.1a,b. The wavefront pathline detection. a The arrow indicates the proximal point of the segment. b The local ar-
rival times of the wavefront (traveling faster through darker regions and slower through brighter regions) and the pathline 
representing the fastest route

a b

sel sizes below approximately 1.2 mm (Reiber et al. 
1994a). It should be noted that the edge-detection 
algorithm for the cinefi lm analysis could not simply 
be applied to digital images, which have other image 
characteristics [e.g. well-defi ned and constant non-
linear functions (white compression), the absence of 
fi lm grain noise, a dark structure on a bright back-
ground, and the possibility of edge enhancement]. 
Therefore, digital images required further tuning 
of these algorithms. Third-generation (1995–1998) 
QCA systems provided solutions for the quantita-
tive analysis of complex lesion morphology using, 
for example, the gradient fi eld transform (GFT®) 
(van der Zwet and Reiber 1994) and improved di-
ameter function calculations (Reiber et al. 1996a). 
With the establishment of DICOM for digital im-
age exchange and HL7 for administrative data, the 
need for integration of QCA systems into the com-
plex environment of the hospital was recognized. 
Finally, with the greatly enhanced capabilities of 
modern workstations, fourth-generation QCA sys-
tems have been available since 1999. These sys-
tems are characterized by simplifi ed portability to 
digital DICOM viewers, network connectivity, im-
proved reporting and database storage functions, 
and options for specialized QCA functions, such 
as brachytherapy analysis (Lansky et al. 2002). Al-
though most modern QCA packages are based on 
the linear programming approach, i.e. minimum 
cost algorithm (MCA), for contour detection, there 
are still differences in the quality of these pack-

ages, which need to be documented by extensive 
validation reports (Reiber et al. 1994b). Finally, the 
fi fth generation systems became available in around 
2005, characterized by further extensions towards 
ostial and bifurcation analyses, an option for drug 
eluting stents (DES), the applicability towards both 
coronary and peripheral vessels all in one and in 
the same analytical software package, the develop-
ment of a new robust pathline technique, as well as 
further improved diameter function calculations, 
and fi nally the quantifi cation of both obstructive 
and aneurysmal lesions. These developments will 
be described in more detail in the following para-
graphs.

 2.2.4 
Basic Principles of 
Quantitative Coronary Arteriography 

2.2.4.1 

Basic Principles of 

Automated Contour Detection

The general principles and characteristics of a mod-
ern QCA software package are best illustrated by the 
QAngio® XA (Medis medical imaging systems bv, 
Leiden, the Netherlands) algorithms developed in 
our laboratory (Reiber et al. 1985, 1993, 2001).
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Fig. 2.2.2a–d. 
Basic principles of the 
minimum cost contour-
detection algorithm 
(of Fig. 2.2.1). a Initial 
segment with pathline. 
b Scanlines defi ned. c 
Straightened for analy-
sis; contours calculated. 
d Contours returned to 
initial image; diameter 
measurements per-
formed

a b

c

d

The QCA operator selects the coronary segment 
to be analyzed by using the computer mouse to de-
fi ne the start and end points of that segment. Next, 
an arterial pathline through the segment of inter-
est is computed based on the wavefront propagation 
principle (‘the wavepath approach’). The algorithm 
is initiated in the proximal point (Fig. 2.2.1a) and ex-
pands through the image (like a wavefront), travel-
ing faster through darker regions and slower through 
brighter regions, and therefore following the vessel 
structures, until the distal point is reached. This 
results in an image that represents the local arrival 
time of the wavefront (Fig. 2.2.1b). Subsequently, a 
traceback is performed on this arrival time image, 
starting at the distal point taking the fastest route 
to the point with the lowest arrival time: the proxi-
mal point. This results in the pathline, representing 
this fastest route (Fig. 2.2.1b) (Janssen et al. 2002, 
2004).

The contour-detection procedure is carried out in 
two iterations relative to a model. In the fi rst iteration, 
the detected pathline is the model (Fig. 2.2.2a). To de-
tect the contours, scanlines are defi ned perpendicular 
to the model (Fig. 2.2.2b). For each point or pixel along 
such a scanline, the corresponding edge-strength value 
(local change in brightness level) is computed as the 
weighted sum of the corresponding values of the fi rst- 
and second-derivative functions applied to the bright-
ness values along these scanlines (Fig. 2.2.3). The re-
sulting edge-strength values are input to the so-called 
minimum cost contour-detection algorithm (MCA), 
which searches for an optimal contour path along the 
entire segment (Fig. 2.2.2c). The individual left and 
right vessel contours detected in the fi rst iteration now 
serve as models in the second iteration, in which the 
MCA contour-detection procedure is repeated relative 
to the new models. At the end this results in initially 
detected arterial contours (Fig. 2.2.2d).
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To correct for the limited resolution of the en-
tire X-ray system, the MCA algorithm is modified 
in the second iteration based on an analysis of the 
quality of the imaging chain in terms of its reso-
lution, which is of particular importance for the 
accurate measurement of small diameters, as in 
coronary obstructions. If such a correction was 
not applied, significant overestimations of ves-
sel sizes below approximately 1.2 mm would oc-
cur. In the literature, other approaches have also 
been described ( Kirkeeide et al. 1982; Sonka et 
al. 1997).

If the QCA operator does not agree with one or 
more parts of the initially detected contours, they 
can be edited in various ways. However, each man-
ual editing is followed by a local MCA iteration, so 
that the newly detected contours are truly based on 
the local brightness information. In other words, the 
operator indicates roughly where the contour should 
be detected, and the MCA algorithm searches for the 
fi nal contour based on the available image informa-
tion. The MCA approach has been demonstrated to 
be very robust.

2.2.4.2 

Calibration Procedure

Calibration of the image data is performed on a non-
tapering portion of a contrast-fi lled catheter using 
an MCA edge-detection procedure similar to that 
applied to the arterial segment. In this case, how-
ever, additional information is used in the edge-
detection process because this part of the catheter is 
known to be characterized by parallel boundaries. It 
should also be recognized that the catheter calibra-
tion procedure is the weakest link in the analysis 
chain because of the variable image quality of the 
displayed catheters. Another potential problem with 
calibration is the out-of-plane magnifi cation, which 
occurs when the catheter and the coronary segment 
of analysis are positioned at different distances from 
the image intensifi er. Biplane calibration could over-
come this problem (Reiber et al. 2001; Büchi et al. 
1990; Wahle et al. 1995), but is rarely applied in 
routine QCA. A number of recommendations for 
catheter calibration are reviewed in Sect. 2.2.5.1.

2.2.4.3 

Coronary Segment Analysis

From the left- and right-hand contours of the ar-
terial segment, a diameter function is determined 
(Fig. 2.2.4a), which is not a trivial task, certainly not 
in a situation of complex anatomy or strongly curved 
vessels (Reiber et al. 1996a). To calculate the diam-
eter function (the width of a vessel segment along 
its trajectory from proximal to distal), the exact 
centerline of the vessel is derived from the arterial 
contours, followed subsequently by the assessment 
of the width values at every pixel distance along the 
centerline and measured perpendicular to this cen-
terline. This represents the diameter function.

In conventional X-ray imaging, pincushion dis-
tortion caused by the convex input screen of the im-
age intensifi er may be present, which may infl uence 
the diameter calculations. Correction for this dis-
tortion should not be applied in routine single-plane 
QCA, as this may introduce more artifacts rather 
than resolve problems (van der Zwet et al. 1995). 
It should also be noted that the pincushion distor-
tion is minimal in modern image intensifi ers, and 
certainly absent in the latest solid-state fl at-panel 
detectors. 

The most widely used parameter to describe the 
severity of a coronary obstruction is the percentage 

Fig. 2.2.3. The edge strength values along a scanline. Sche-
matic representation of the brightness profi le of an arterial 
vessel assessed along a scanline perpendicular to the local 
pathline direction and the computed 1st derivative, 2nd de-
rivative, and the combinations of these 1st and 2nd derivative 
functions; the maximal values of the last functions deter-
mine the edge positions
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of diameter stenosis. Calculation of this parameter 
requires that a reference diameter value is computed, 
for which two options are available: (1) a user-de-
fi ned reference diameter as positioned by the user at 
a so-called normal portion of the vessel, and (2) the 
automated or interpolated reference diameter value. 
In practice, this last approach is preferred because 
it requires no user interaction and takes care of any 
tapering of the vessel. For that purpose, a reference 
diameter function is calculated by an iterative re-
gression technique and displayed in the diameter 
function as a straight line. The iterative approach 
has been used to exclude the infl uence of any ob-
structive or ectatic areas (Fig. 2.2.5a,b) as much as 
possible, so that it represents a best approximation 
of the vessel size before the occurrence of the focal 
narrowing or aneurysm. Moreover, this approach 
works also if both obstructive and ecstatic areas are 
present in one and the same vessel segment.

Now that the reference diameter function is 
known, reference contours can be reconstructed 
around the actual vessel segment, representing the 
original size and shape of the vessel before the focal 
disease occurred. However, the possible presence of 
any diffuse atherosclerosis along the vessel segment 
cannot be corrected for as it is not visible by X-ray 
imaging. Finally, the difference in area between the 
detected lumen contours and the reference contours 
is a measure for the atherosclerotic plaque in this 
particular angiographic view and is shaded in Fig-
ure 2.2.5a.

The actual reference diameter value correspond-
ing to a selected obstruction is now taken as the 

value of the reference diameter function at the site of 
the obstruction, so that neither overestimation nor 
underestimation occurs. From the reference diam-
eter value and the obstruction diameter, the percent 
diameter stenosis is calculated. This automated ap-
proach has been found to be very reproducible.

A few years ago, we introduced and validated a 
new quantitative parameter, the diffuse index (DI), 
which allows us to differentiate objectively whether 
in-stent restenosis is focal or diffuse in nature. It was 
demonstrated that the DI correlates very well with 
the plaque area in the stent, regardless of the type 
of stent implanted. This parameter combines two 
angiographic factors: the longitudinal morphology 
of the stenosis and the plaque area in the stent. In 
addition, the combination of the DI and percent-
age plaque area was found to have a strong correla-
tion with subsequent major adverse cardiac events 
(MACE), including target lesion revascularization 
(TLR), myocardial infarction, and death. Therefore, 
the DI is an objective parameter that works comple-
mentary to the percentage diameter stenosis, espe-
cially in cases of TLR, to indicate whether additional 
therapies are necessary or not (Ishii et al. 2001).

2.2.4.4 

The Flagging Procedure

In the vast majority of QCA analyses, the calculation 
of the reference diameter function and the recon-
struction of the reference contours provide a reliable 
representation of the vessel segment. However, over-

Fig. 2.2.4a,b. The diameter function. a The contours and the diameter function of a straight analysis. b The contours and 
the diameter function of an ostial analysis

a b
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dilated stents, vessels with extremely ectatic areas, 
overlap of vessel segments, and so forth, negatively 
infl uence the calculation of the reference diameter 
function. This is illustrated in Figure 2.2.6a: The 
ectatic area distal of the obstruction results in a sig-
nifi cant tapering of the reference diameter function, 
such that the normal vessel size would not be mea-
sured correctly. In this case, a stenosis of 41% would 
be measured (obstruction diameter of 2.27 mm, ref-
erence diameter of 3.84 mm); this is a very undesir-
able situation. Therefore, another option called the 
“fl agging” procedure has been implemented. The 
user can “fl ag” the portion of the vessel segment (in 
Fig. 2.2.6b, the ectatic area), and the corresponding 
diameter values are excluded from the subsequent 
calculation of the reference diameter function. The 

correctly calculated reference diameter function 
and reconstructed reference contours are presented 
in Figure 2.2.6b, which is more in line with what 
one would expect. For this case, a narrowing of 34% 
(obstruction diameter of 2.27 mm, and reference di-
ameter of 3.43 mm) is measured.

From the calculated diameter function, many 
parameters are derived automatically, including the 
site of maximal percentage of stenosis, the obstruc-
tion diameter, the corresponding automatically de-
termined reference diameter, and the extent of the 
obstruction (Reiber et al. 1993). Additionally, other 
derived parameters include obstruction symmetry, 
infl ow and outfl ow angles, the area of the athero-
sclerotic plaque, and functional information, such 
as the stenotic fl ow reserve (SFR) (Fig. 2.2.7). The 

Fig. 2.2.5a,b. Lesion types. a Obstruction type. b Aneurysmatic type

a b

Fig. 2.2.6a,b. Example of a vessel with an ectatic area. a The initial (interpolated) reference diameter function would lead 
to arbitrary, erroneous results, in this case in signifi cant tapering of the reference diameter function. b By “fl agging” the 
ectatic area, a proper tapering of the reference diameter function is obtained. The reference diameter changed from 3.84 mm 
before fl agging to 3.43 mm after fl agging

a b
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SFR describes, on the basis of a mathematical/physi-
ological model, how much the fl ow can potentially 
increase under maximal hyperemic conditions in 
that particular coronary segment due to that single 
obstruction. It can also be described as a wind tun-
nel test of that stenosis under standardized condi-
tions (Kirkeeide 1991). In a disease-free segment, 
the SFR equals 4–5, a value that decreases as the se-
verity of the obstruction increases.

2.2.4.5 

Complex Vessel Morphology

As explained earlier, modern contour detection ap-
proaches are based on the MCA algorithm, which 
has been demonstrated to be fast and robust for 
images that may vary signifi cantly in image quality. 
This approach has been shown to work very well as 

long as the vessel outlines are relatively smooth in 
shape. However, complex vessel morphology may 
occur after coronary intervention (e.g. when a dis-
section occurs).

In its design, the MCA technique is hampered when 
tracing very irregular and complex boundaries. First, 
the algorithm can select only one point per scanline. 
However, when the coronary artery has irregular 
boundaries, for example, at a complex lesion, this 
condition may not be satisfactory (see Fig. 2.2.8; light 
blue contour). Second, the edge strength or derivative 
values are calculated only along the direction of the 
scanlines, whereas the highest edge strength values 
may occur in other directions. Third, the results are 
therefore highly dependent on the actual directions 
of these scanlines; a slight change in direction may 
result in other contour points. To circumvent these 
problems and limitations, and as a result be able to 
adequately analyze such very irregular stenoses, we 

Fig. 2.2.7a,b. The obstruction and fl ow 
parameters (of Fig. 2.2.6).

a b
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developed a more complex algorithm, the GFT (van 

der Zwet and Reiber 1994), which is illustrated by 
the graphic example given in Figure 2.2.9.

Scanlines are defi ned perpendicular to the path-
line as in standard MCA. The closed circles in Fig-
ure 2.2.9 represent pixels along the scanlines. Pixel A 
is a contour point under consideration. When search-
ing for the next point of the arterial boundary, the 
MCA algorithm would only consider points C7, C8, 
and C1. In contrast, the GFT algorithm takes all of its 
eight neighboring points (C1–C8) into account. Each 
branch from a particular scan point to a neighboring 
scan point is assigned a different cost value (a math-
ematical technique), which is a function of its edge 

strength and the angle between the direction of the 
edge and the direction of the branch. The goal of the 
algorithm now is to fi nd an optimal path between one 
node on the fi rst scanline of the vessel segment and 
one node on the last scanline of this segment.

In practice, the entire contour detection procedure 
is applied twice to a coronary segment: the fi rst time 
the detected pathline is used as a model and the GFT 
is carried out. In the second iteration, the initially de-
tected contours are again used as models for the sub-
sequent detection of the arterial boundaries, this time 
using the standard MCA algorithm. This approach 
enables the GFT to follow more irregular arterial 
boundaries and even follow reversal of the contour 
direction, for example, to follow fl aps. An illustrative 
example of the GFT is given in Figure 2.2.8.

The obstruction diameters of complex lesions as-
sessed by GFT analysis are, on average, 0.25 mm 
smaller than those detected by the MCA algorithm 
(van der Zwet and Reiber 1994). The detected con-
tours are a little more irregular because the algorithm 
is more sensitive to noise in all possible spatial direc-
tions. However, we believe that these data represent 
a correct refl ection of the vessel’s morphology. These 
irregularities may also provide prognostic informa-
tion (Kalbfl eisch et al. 1990). This is a subject that 
needs to be investigated in future studies.

Our experiences with GFT analyses indicate that 
this approach is recommended for the analysis of 
complex lesions and radiopaque stents. For the lat-
ter, GFT analysis is able to follow the outer bound-
aries of the stent struts and the contrast lumen in 
between the stent struts.

2.2.4.6 

Densitometry

Because the X-ray arteriogram is a two-dimensional 
projection image of a three-dimensional structure, 
measured vessel sizes may be of limited value in ves-
sels with very irregular cross sections. For many years, 
great efforts have been devoted in trying to derive in-
formation about the path lengths of the X-rays through 
these vessels from the brightness levels within the cor-
onary arteries (Reiber and Serruys 1991). If such a 
relationship could be established, one would obtain the 
information required to compute the cross-sectional 
areas from a single angiographic view. This approach 
is called the densitometric measurement technique.

Theoretically, densitometry would seem the ul-
timate solution for the computation of the vessel’s 

Fig. 2.2.8. Example of outcome of gradient fi eld transform 
(GFT) analysis on a vessel segment with very severe com-
plex stenosis. Conventional approaches with the minimum 
cost algorithm (MCA) are not able to follow automatically 
the abrupt changes in morphology. The light blue contour is 
MCA, and the yellow contour is GFT

Fig. 2.2.9. Schematic representation of a vessel with its pathline, 
the scanlines, and the search directions for the GFT algorithm
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cross-sectional area from a single angiographic 
view. However, so far, densitometry has not pro-
vided reliable results to the extent that it can be 
used in clinical trials and research. Too many 
problems remain to make this an acceptable tech-
nique, i.e. the nonlinear transfer functions of the 
X-ray system, the diffi culties in correcting for the 
variable background beyond the vessel of inter-
est in these morphologically complex images, etc. 
(Reiber 1991). 

2.2.4.7 

Standardized QCA Methodology for 

Assessing Brachytherapy Trials

Although brachytherapy is hardly used anymore in 
interventional cardiology, its requirements a num-
ber of years ago led to the design of a new way of 
analyzing sequential images, which at a later point 
in time became useful in an adapted format for DES. 
For that reason, a short paragraph is devoted to this 
subject, followed by a more generous explanation for 
the DES application. 

The angiographic evaluation of brachytherapy 
trials became challenging due to the extent of the 
segment receiving therapy (up to 60 mm in length) 
and the multiple associated landmarks (lesion, bal-
loon injury, stent, and radiation delivery). Conven-
tional QCA analysis was limited in this regard due to 
the extensive editing and reanalyses that would be 
required to execute these multiple segmental analy-
ses. 

Based on a consensus of experts (Ravello, Italy, 
March 2000), new terminology was defi ned for 
vascular brachytherapy (VBT) studies, based on 
markers or physical landmarks obtained during 
the vascular intervention, in an attempt to achieve 
global consistency in the angiographic analysis and 
reporting of VBT trial results. Under the guidance 
of world-renowned brachytherapy experts, this new 
terminology was incorporated in the VBT analysis 
of the QAngio XA. It features comprehensive subseg-
ment analyses required for a thorough evaluation 
of the interventional brachytherapy (Lansky et al. 
2002). The main advantage of this VBT analysis is 
the reduced interface required by the QCA analyst 
in obtaining all segmental results. From a practi-
cal standpoint, all parameters can be derived from 
the same diameter function, which results in higher 
consistency, while simplifying and minimizing the 
user interface. 

2.2.4.8 

Standardized QCA Methodology for 

Drug-Eluting Stent Analyses

In the last few years, the use of DES has demonstrated 
a dramatic expansion worldwide. It already became 
clear at the beginning of the fi rst DES trials  that the 
angiographic evaluation of DES trials required new 
parameters and that multiple associated landmarks 
(lesion, balloon injury and stent) had to be dealt with, 
which is not possible with the conventional QCA 
analysis (only the lesion). As a result, the previously 
used extensive editing for bare metal stent analyses 
was not acceptable for DES analyses anymore.

Building upon the previously established termi-
nology for VBT (Lansky et al. 2002), a new termi-
nology for DES has been defi ned, based on markers 
or physical landmarks obtained during the vascular 
intervention, in an attempt to achieve global con-
sistency in the angiographic analysis and reporting 
of DES trial results. Under the guidance of world-
renowned DES experts, this new terminology has 
been incorporated in the DES analysis of the QAngio 
XA. It features comprehensive subsegment analyses 
required for a thorough evaluation of the interven-
tional drug-coated stent therapy.

The main advantage of this DES analysis module is 
the reduced interface required by the QCA analyst in 
obtaining all segmental results. Guided by a detailed 
drawing demonstrating the precise location of each 
one of the landmarks, the QCA analyst will perform 
a single DES analysis (at baseline, post-intervention 
or at follow-up) of the entire coronary segment of 
analysis, while indicating with pairs of markers the 
positions of the procedural landmarks in the vessel 
or corresponding diameter function. From a practi-
cal standpoint, all parameters can be derived from 
this same diameter function, which results in higher 
consistency, while simplifying and minimizing the 
user interface. To properly understand all the fea-
tures of the DES analysis of the QAngio XA, the new 
nomenclature needs to be explained in detail.

2.2.4.8.1 

Defi nition and Assessment of the Segments Based on 

Markers or Physical Landmarks

The coronary segment of analysis is the part of the 
target vessel that is used for QCA analysis. In prac-
tice, the start- and end-points of the contours defi ne 
this segment (in other words, the total segment). 
Within a coronary segment of analysis, there are 
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Fig. 2.2.11. DES analysis 
segment defi nitions based 
on markers or physical 
landmarks (shifted case)

three different segments that can be identifi ed based 
on markers or physical landmarks (Fig. 2.2.10).

The 1. obstructed segment is the part of the coronary 
segment of analysis showing the lesion intended 
for treatment (i.e. the only segment part used in a 
conventional QCA analysis).
The 2. stented segment is the part of the coronary 
segment of analysis extending from the most 
proximal to the most distal stent edge/marker, 
when one or more drug-eluting stents have been 
deployed or already exist as for in-stent resteno-
sis. The unique pathophysiology of intimal hyper-
plasia within stented segments is the rational for 
distinguishing this segment from adjacent non-
stented vessel segments, where combined hyper-
plasia and negative remodeling contribute to late 
lumen loss. The effect of the pharmacologic agent 
within stented versus non-stented arterial seg-
ments can thereby be differentiated.
The 3. injured segment is the part of the coronary 
segment of analysis that extends from the most 
proximal to the most distal marker or landmark 
of any physical vessel injury caused by one or 
multiple balloon infl ations during PTCA, stent 
placement, a drug delivery balloon, by the use of 
atherectomy devices, etc. Analysis of the zones 
of injury may provide insight into the interac-
tion between vessel injury and some of the phar-
macologic agent solely, with the caveat that this 
parameter is entirely dependent on the operator’s 
compulsive recording of all components of the 
intervention. In practice, this aspect is no routine, 
with the result that the injured segment is quite 
often omitted from a study set-up. Nevertheless, 
the most important (drug-eluting) stent related 

parameters are still obtained within a relatively 
short analysis time.

In the ideal situation each segment described is 
included in, or is equal to, its successor, i.e. the ob-
structed segment is included in the stented segment, 
which is included in the injured segment, which in 
turn is included in the coronary segment of analy-
sis (see Fig. 2.2.10). However, in practice, this may 
not be the case and segment shifts (i.e. where an ob-
struction segment is not included in its successor(s) 
and/or its boundaries do not coincide) may occur 
(see Fig. 2.2.11).

2.2.4.8.2 

Defi nition and Assessment of the Segments Based on 

Biologically Relevant Landmarks

Within a coronary segment of analysis, there are 
two biologically relevant segments (being proximal 
and distal of the stent) that can be derived from the 
stented segment, and one segment that is derived 
from these segments. All these segments are defi ned 
by the extent of drug elution (see Fig. 2.2.12):

The1.  DES edge segments are segments positioned 
adjacent to the proximal and distal boundaries of 
the stented segment. The length of the proximal 
and distal DES edges depends on the study design. 
Usually, the proximal and distal DES edge seg-
ments will be set by default at 5 mm, immediately 
adjacent to the outer side of the stented boundar-
ies, both proximally and distally.
The 2. analyzed segment is the injured segment, includ-
ing the proximal and distal DES edge segments. 
In practice, this means that the two outer-most 

Fig. 2.2.10. DES analysis 
segment defi nitions based 
on markers or physical 
landmarks (ideal case)
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Fig. 2.2.12. DES analy-
sis segment  defi nitions 
based on biologically 
relevant landmarks 
(ideal case)

Fig. 2.2.13. DES analy-
sis segment defi nitions 
based on biologically 
relevant landmarks 
(shifted case)

boundaries of any of the segments used (except the 
obstructed segment) defi ne the analyzed segment.

In a theoretically “ideal” situation, each segment 
described is included in, or is equal to, its successor 
(see Fig. 2.2.12). However, in practice, this may not 
be the case and segment shifts may occur. In that 
case, the analyzed segment will extend from the 
most proximal boundary (e.g. of the proximal DES 
edge) to the most distal boundary (e.g. of the injured 
segment) (see Fig. 2.2.13).

2.2.4.8.3 

Defi nition and Assessment of the “Normal” Segment

The  � proximal and distal normal reference seg-
ments are segments of 5 mm length (default), 
both proximal and distal to the analyzed segment 
(default), which represents the most normal ref-
erence vessel segment. These normal segments 
represent the normal “non-diseased” vessel (i.e. 
showing normal progression/regression of the 
vessel), which have not been touched at all by any 
of the devices (see Fig. 2.2.14).

The position and length of the normal segments 
will be user-defi ned and can be set independently 

from each other, based on the appearance of the 
coronary artery. The average of the mean diameters 
of the proximal and distal normal segments (i.e. av-
eraged mean normals) or the interpolated diameter 
of the proximal and distal normal segments (i.e. 
interpolation on normals) can be used for compari-
son purposes. Because the fi rst approach does not 
take any vessel tapering into account, theoretically 
its value is only correct for the center position along 
the vessel. On the other hand, the automatic interpo-
lated reference diameter approach, which provides a 
reference diameter value for each position along the 
vessel, thereby corrected for any possible vessel ta-
pering at each individual position, is the fi rst choice 
for the correct percent diameter stenosis measure-
ments.

2.2.4.8.4 

Defi nition and Assessment of the Related Parts

The Injured-not stented (I-nS) segment is the part 
of the coronary segment of analysis that has been 
subjected to injury, but that has not been stented. 
In practice, this means that the boundary of the 
injured segment and the corresponding boundary 
of the stented segment defi ne the I-nS segment (see 
Fig. 2.2.15).
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Fig. 2.2.16. Defi nition of the dis-
tance L (in millimeters) between 
the minimal lumen diameter 
(MLD) within the drug eluting 
stent (DES) edge and the stented 
segment boundary

2.2.4.8.5 

Data Collection and Reporting for 

Drug-Eluting Stent Trials

For each of the defi ned segments (11 in total), the 
following 10 parameters are reported:

(1) the minimal lumen diameter (MLD), (2) the 
position of the MLD relative to the start position of 
the coronary segment of analysis, (3) the obstruc-
tion length of the MLD, (4) the mean diameter, (5) 
the reference diameter corresponding to a particu-
lar MLD (i.e. the reference diameter measurements 
will be based on a user-defi ned reference diameter 
or, preferably, on an interpolated reference diam-
eter, including the use of fl agging), (6) the percent 
diameter stenosis derived from the MLD and its cor-
responding reference diameter at the site of MLD, (7) 
the individual segment length, (8) the position of the 
proximal boundary of an individual segment rela-
tive to the start position of the coronary segment of 
analysis, (9) the plaque area (in the projected plane), 

and (10) the percentage area stenosis (in the trans-
versal plane).

For the proximal and distal DES edge segments 
one additional parameter will be calculated: The dis-
tance (L) between the MLD of these edge segments 
and the accompanying boundary of the stented seg-
ment (see Fig. 2.2.16).

For the total segment one additional parameter 
will be calculated: The DI (see Sect. 2.2.4.3). 

All these data will be reported automatically dur-
ing a DES analysis. See Figure 2.2.17 for an example 
of an actual DES analysis.

2.2.4.9 

Ostial Analysis

For the quantitation of a true ostial lesion, whether 
in a coronary or peripheral vessel, the ostial analysis 
option was developed. The particular advantage of 
this option is that the contours of the arterial seg-

Fig. 2.2.14. The normal 
segments defi nition

Fig. 2.2.15. Defi nition of 
the injured-not stented 
(I-nS) segment
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Fig. 2.2.17a–c. Example of a drug eluting 
stent (DES) analysis on coronary artery

a

b

c
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ment are properly detected at the ostium, which is 
not possible with the conventional straight analysis 
approach (see Fig. 2.2.4a,b).

An example of an ostial analysis on a renal artery 
is given in Figure 2.2.18. In this ostial analysis, the 
user is requested to provide three points to defi ne 
the arterial segment: two start points in the mother 
segment at either side of the side branch, and one end 
point distally in the side branch. Subsequently, two 
pathlines are determined (Fig. 2.2.18a) and the cor-
responding arterial contours detected. From these 
contours, the ostial diameter function is calculated. 
In such an ostial case, we must make sure that the 
arterial diameter function includes the proximal 
part at the ostium (which can be strongly curved). 
Therefore, fi rstly the exact location where the vessel 
separates from the main vessel and the direction of 
the vessel at that location are determined. Secondly, 
the position where a straight analysis would start in 
this case is calculated. This information is then used 
to interpolate the diameter values near the ostium 
(pink lines), which results in a complete arterial di-
ameter function (Fig. 2.2.18b). However, a straight 
tapering reference diameter function (red line) 
would not be the best approximation in such cases. 
At the position near the ostium, the direction of the 
reference diameters changes in order to match the 
direction of the main vessel. Therefore, the reference 
diameter function is adjusted according to a model 
that takes into account the angle between the side 
branch and the main vessel. Because of the increas-
ing arterial diameter function at the ostium, this 
part is fl agged by default (pink lines) in order to ob-
tain a suitable reference diameter function, leading 

to a proper assessment of the percentage narrowing 
(Fig. 2.2.18b).

2.2.4.10 

Bifurcation Analysis

For the quantifi cation of true bifurcating arterial 
segments, for example in the carotid arteries, and 
with the increasing interest for a bifurcation applica-
tion in the coronary arteries [due to the increased 
use of bifurcation stenting in clinical studies (Lefe-

vre et al. 2001)], it became clear that a special bifur-
cation analysis option had to be developed. The fi rst 
approach that we developed, particularly having in 
mind the clinical research on (coronary) bifurca-
tion stenting, is the so-called three-section analysis 
model. The particular advantage of this model is 
that it combines the proximal and two distal artery 
segments (fragments) with the central fragment of 
the bifurcation, resulting in three separate analyses 
(sections) each with its own set of parameters, all 
derived in one analysis procedure.

An example of a bifurcation analysis on a coro-
nary artery is given in Figure 2.2.19. In this bifurca-
tion analysis, the user is requested to provide three 
points to defi ne the arterial bifurcation segment: one 
start point in the proximal segment and an end point 
in each of the two distal segments. Subsequently, two 
pathlines are detected (see Fig. 2.2.19a) and the cor-
responding arterial contours determined. Next, the 
central fragment of the bifurcation is defi ned by three 
automatically determined delimiters: one distally in 
the proximal segment and two proximally in each 

Fig. 2.2.18a,b. Example of an ostial analysis on a renal artery. a Pathlines of the ostial analysis. b The contours and  diameter 
function of an ostial analysis

a b
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distal segment (see Fig. 2.2.19b). The other three frag-
ments combined with this central fragment form the 
three sections of the bifurcation analysis. 

From the section contours, three arterial and 
reference diameter functions are calculated. As in 
our conventional QCA approach, the reference di-
ameter function is calculated by an iterative regres-
sion technique, which excludes any obstructive area 
as much as possible. In our three-section bifurca-
tion analysis the reference diameter function should 
only be based upon the arterial diameters outside 
the central fragment, since the normally increasing 
arterial diameters in the central fragment are not 
representative for the fragments outside the central 
fragment. Therefore, the central fragment arterial 
diameters are all fl agged by default in the analyses 
of all three sections (see Fig. 2.2.19c).

 2.2.5 
Guidelines

2.2.5.1 

Guidelines for Catheter Calibration

The calibration procedure is one of the most impor-
tant procedures in any QCA or QVA analysis pro-
cedure. The goal of the calibration procedure is to 
assess the size of each picture element or pixel in the 
image as expressed in millimeters per pixel based 
on the calibration device with known dimensions. 
Therefore, any error in the calibration will directly 
translate into an error in the absolute measures of 
the arterial segment. For that reason, extra attention 
to the quality of the outcome of the calibration is 
really mandatory. The most widely used objects for 
calibration are the coronary catheters for coronary 
applications, and either one of the following for pe-
ripheral applications: marker catheter or guidewire, 
cm-grid or ruler, or sphere or coin of known size.

For the coronary applications, a frame is chosen 
in which the contrast fi lled catheter is in a “stable” 
position, i.e. minimal motion with respect to neigh-
boring frames to prevent motion blur. Following 
these rules will result in an image in which the im-
age contrast of the catheter and the sharpness of the 
edges are maximal. Other restrictions have been 
formulated as to the size and type of the catheters, 
resulting in so-called QCA-approved catheters 
( Lespérance et al. 1998). 

Fig. 2.2.19a–c. Example of a bifurcation analysis on coro-
nary artery. a The pathlines of the bifurcation analysis. 
b The delimiters of the bifurcation analysis. c The three 
 diameter functions for each section. In this case the distal 
1 section is selected

a

b

c

Our recommendations for coronary applications 
include the following: (1) only catheters of size 6-F 
or bigger should be used to prevent large unknown 
variations in the calibration factors, (2) if only 
smaller catheters (5-F) are available, a test to verify 
the suitability of these catheters should be carried 
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out, and (3) the variability in repeated calibration 
measurements (minimal three times) in digital im-
ages should be less than 0.01 mm/pixel.

For peripheral applications other devices might 
be used for calibration as well. The advantage of 
each of these devices is that the distance over which 
the calibration is carried out is larger than in the 
diameter measurements in the coronary applica-
tions, leading to more accurate calibration factors. 
An example of a calibration on a marker catheter is 
illustrated in Figure 2.2.20a. Here, the average dis-
tance between the automatically detected markers 
is calculated in pixels and divided by the true dis-
tance in millimeters, leading to the calibration fac-
tor in millimeters per pixel. The advantage of the 
marker catheter is that it is inside and very close to 
the arterial segment of interest, thereby avoiding 
any out-of-plane errors. One disadvantage is the 

use of a more expensive marker catheter. Examples 
of using the centimeter ruler and the sphere for 
calibration purposes are given in Figure 2.2.20b,c, 
respectively.

2.2.5.2 

Guidelines for QCA Acquisition Procedures

The primary objective of QCA measurements in clin-
ical trials is to allow more precise and reliable analy-
ses of the real changes after interventions, namely, 
acute lumen gain, late lumen loss, and net lumen 
gain expressed in millimeters. This is best achieved 
when exactly the same setting is applied during the 
procedure at baseline and at the follow-up stud-
ies, that is, replication of same angiographic X-ray 
views, same doses of intra-coronary nitroglycerin, 

Fig. 2.2.20a–c. Examples of calibration ob-
jects. a Marker catheter. b cm-ruler. c Coin

a b

c
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same contrast agent, same catheter type or material, 
and, if feasible, same catheterization room (Reiber 
et al. 1996b).

 2.2.6 
QCA Validation

Whichever QCA analytical software package is be-
ing used, it will always produce numbers describing 
the morphology of the coronary segment analyzed. 
However, validation studies must demonstrate the 
true strengths and weaknesses, as well as the clinical 
validity of such analytical package.

It has been well accepted that the results from vali-
dation studies on clinical materials are to be described 
in terms of the systematic error or accuracy, defi ned as 
the average signed difference between repeated mea-
surements (i.e. measurement 1 minus measurement 
2), and the random error or precision, is defi ned as the 
standard deviation of these signed differences. For ob-
jects with known dimensions, such as phantoms, the 
systematic error is defi ned by the average signed dif-
ference between the measurement and the true phan-
tom tube size, and the random error is defi ned by the 
pooled standard deviation of these measurements. 
For a QCA technique to be acceptable, guidelines for 
systematic and random error values of absolute vessel 
dimensions have been established. These guidelines 
are shown in Table 2.2.1 (Reiber et al. 1993, 1994a,b; 
Tuinenburg et al. 2002). The systematic error values 
for the Plexiglass phantom apply to each of the indi-

vidual measurements. Over the many years that we 
have developed QCA analytical software, extensive 
calibration procedures have always been carried out 
and described in publications (Lespérance et al. 
1998; Reiber et al. 1993, 1994a). We will describe in 
the following paragraphs some of the results of valida-
tion studies. 

2.2.6.1 

Plexiglass Phantom Studies

The QAngio XA analytical package was validated 
using a coronary Plexiglass phantom with tube sizes 
in the range of 0.80–5.00 mm. The tubes were fi lled 
with 100% contrast medium and positioned hori-
zontally and vertically in the image. The data was 
obtained at 60, 75, and 90 kV, using both 5� and 7� 
image intensifi er sizes. Analyses were carried out 
on three different image types: (1) digitized 35 mm 
cinefi lm images, (2) digital 5122 images, and (3) 
digital 10242 images. The results are presented in 
Table 2.2.2.

The data from Table 2.2.2 can be summarized as 
follows: Both systematic and random errors were 
within the guidelines for all three acquisition modes. 
Variability or random errors increased with increas-
ing kilovolt level due to the decreasing image con-
trast levels. The lowest variability was obtained with 
the digital 5122 images, although the differences are 
small. The overall variability was found to be slightly 
higher when the phantom was positioned on a pa-
tient’s chest compared with an off-patient situation 
(data not presented here) (Reiber et al. 1994a).

Table 2.2.1. Guidelines for systematic and random errors of a state-of-the-art quantitative coronary arteriog-
raphy system

Systematic error 
(mm)

Random error (mm)

Type of study Guidelines Result ranges

Plexiglass phantom, off patient <0.10 0.10–0.13 0.06–0.12

Plexiglass phantom, on patient <0.10 0.10–0.13 0.10–0.11

Guidelines Dobs Dref

Intra-observer variabilities 0.10–0.15 0.10 0.13

Inter-observer variabilities 0.10–0.15 0.11 0.13

Short-term variabilities 0.15–0.25 0.19 0.22

Medium-term variabilities 0.20–0.30 0.18 0.34

Inter-core lab variability 0.14 0.15
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2.2.6.2 

In Vivo Plexiglass Plugs

The ultimate test for a QCA system is the analysis 
of clinical images of obstructions with known di-
mensions. For this purpose, small Plexiglass plugs 
(outer diameters: of 2.5–3.5 mm, inner diameters of 
0.5–1.57 mm, length of approximately 7.5 mm) were 
introduced with a catheter into the coronary arteries 
of dogs. Images were acquired on cinefi lm, as well as 
in digital format. From the obstructive region, the 
mean diameter and the standard deviation of the 
diameter measurements were assessed. The mean 
diameter was compared with the known true inner 
diameter of the plug. Systematic and random er-
rors were of the same magnitude as the results from 
the coronary Plexiglass phantom on a homogenous 
background and on patient anatomy (Reiber et al. 
1994a).

2.2.6.3 

Inter- and Intra-observer and Short- and 

Medium-term Variabilities

Extensive data on inter- and intra-observer and on 
short- and medium-term variabilities are available 
(Reiber et al. 1993). The inter- and intra-observer 
variability studies on a set of routinely obtained 
digital coronary arteriograms demonstrated that 
the systematic errors were approximately zero; in 
other words, no systematic differences were found. 
The random errors for the obstruction diameter 
were less than 0.11 mm, and for the interpolated 
reference diameter these were less than 0.13 mm. 
Larger variabilities were observed when the study 

was extended to so-called “short-term” investiga-
tions with repeated angiographic acquisition after 
5 min, and “medium-term” investigations, with 
repeated acquisitions at the end of the catheteriza-
tion procedure under standardized circumstances. 
These larger variabilities can be explained mainly 
from variations in the repeated calibration proce-
dures based on the catheter.

2.2.6.4 

Inter-laboratory Variability

With the widespread use of QCA in different labora-
tories, the question came up of how well the results 
from these QCA laboratories correlate. This is of 
particular relevance for core laboratories, which at 
a certain point in time may wish to combine their 
QCA data from similar trials for meta-analysis pur-
poses or otherwise want to compare data, for ex-
ample, from angiographic procedures, carried out 
in different countries. Systematic differences most 
likely exist in the absolute dimensions between the 
two laboratories. Hopefully, the two laboratories 
show the same trends between baseline and fol-
low-up studies. However, these assumptions can-
not be taken for granted. Validation studies need to 
be carried out to demonstrate the differences in an 
objective manner.

If two laboratories use the same equipment, differ-
ences will exist in the image quality of the coronary 
arteriograms, in the way the angiograms are ana-
lyzed in terms of the frame selection, frame digitiza-
tion (for cinefi lm), and the defi nition of the coronary 
segments, and in the experience of the technicians 
in the actual analysis of the images. Studies have 
clearly demonstrated that signifi cant analysis dif-
ferences may occur between different angiographic 
core laboratories, particularly when different QCA 
systems are used (Beauman et al. 1994).

Two core laboratories, Heart Core B.V. (now 
Bio-Imaging Technologies) in Leiden, the Nether-
lands, and the Montreal Heart Institute in Montreal, 
Canada, standardized their entire QCA procedure 
through the implementation of common standard 
operating procedures (SOPs) and the subsequent val-
idation (Tuinenburg et al. 2002). The errors between 
the two sites for the most important QCA parameters 
are given in Table 2.2.3. These data indicate that the 
systematic errors between the two sites are very small 
and that the random errors are within ranges simi-
lar to earlier reported inter-observer variabilities 

Table 2.2.2. QCA results for a Plexiglass phantom acquired 
on a homogeneous background

Digital 512 Digital 1024 Cine fi lm

II-Size kV-Level S.E.±R.E. S.E.±R.E. S.E.±R.E.

5“ 60 kV 0.00 ± 0.04 0.00 ± 0.04 0.04 ± 0.04

75 kV 0.00 ± 0.07 0.00 ± 0.09 -0.01 ± 0.07

90 kV -0.03 ± 0.11 -0.02 ± 0.12 -0.04 ± 0.10

7“ 60 kV 0.02 ± 0.04 0.03 ± 0.04 0.05 ± 0.04

75 kV 0.01 ± 0.07 0.01 ± 0.08 0.00 ± 0.08

90 kV 0.00 ± 0.11 0.00 ± 0.12 -0.04 ± 0.11

S.E., systematic error; R.E., random error.
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(Reiber et al. 1993). It should be noted that an addi-
tional potential error source was the different video 
systems on the cinefi lm digitizers (PAL and NTSC) 
used by the two sites. Nowadays, with digital data, 
this error source has disappeared. From this study, 
it can be concluded that inter-laboratory variabilities 
between highly organized and standardized QCA 
core labs can be in the same range as the reported 
inter- and intra-observer variabilities (Reiber et al. 
1993;  Tuinenburg et al. 2002). Furthermore, it is 
clear that regular testing of the entire analysis proce-
dure is necessary to remain within the standards that 
have been set. In practical terms this means that the 
two sites can function as a single “global” core lab.

 2.2.7 
Applications of QCA: Off -Line and On-Line

QCA is clearly used in different ways, which we will 
refer to for reasons of simplifi cation by the notations 
“off-line QCA” and “on-line QCA”.

By off-line QCA, we mean one or more QCA work-
stations that are not directly connected to the im-
age-generating X-ray system in the catheterization 
laboratories. Furthermore, it is possible that mul-
tiple QCA workstations are connected to an internal 
network to exchange image data with a fi le server 
for central storage purposes. The coronary arterio-
grams are thus analyzed after the catheterization 
procedure, and the QCA results have no effect any-
more on the actual (interventional) procedure. 

Typical applications for such off-line worksta-
tions include core laboratory activities and smaller, 
single-center clinical research studies in a particu-
lar cardiology department. Also, the quantitative 
data can be used for quality assurance purposes 
in the catheterization laboratory, as well as used as 
supportive data in cases of questionable lesions. A 
schematic diagram of such a set-up is shown in Fig-
ure 2.2.21. A QCA workstation should be able to ac-
cept all available forms of image media.

In recent years we have seen increased use of 
QCA in the review stations used by the PACS. The 
availability of patient studies is no longer a prob-
lem, since these are stored in the (cardio-) PACS by 
default nowadays. Thus, patient studies can be re-
trieved anywhere within the hospital, a QCA analy-
ses can be applied and the results can also be stored 
in the PACS. DICOM offers several possibilities for 
this purpose: as a DICOM structured report (SR), a 
DICOM secondary capture (SC) image or simply as 
a DICOM encapsulated PDF report. In this way, the 
results are available for every other user of the PACS 
and beyond (referring physician).

By on-line QCA, we mean a situation in which the 
QCA workstation is directly connected to the image-
generating X-ray system in the catheterization labo-

Table 2.2.3. Inter-laboratory systematic and random errors 
in the individual measurements for two highly standardized 
and collaborating core labs

n = 63 Systematic 
error

Random 
error

Obstruction diameter (mm) –0.06 0.14

Reference diameter (mm) –0.02 0.15

Percentage diameter stenosis (%)   1.83 4.96

Mean segment diameter (mm)   0.00 0.10

Fig. 2.2.21. Off- 
and on-line appli-
cations of QAngio 
XA workstations
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ratory. This connection can be realized in different 
ways, from a simple analog video connection to the 
output of the X-ray system, which requires a selected 
frame to be digitized [analog-to-digital conversion 
(A/D)] by the QCA workstation, to a preferred digi-
tal connection to the imaging system using DICOM 
exchange protocols. A schematic diagram of a net-
worked on-line set-up is also given in Figure 2.2.21.

Typical applications of on-line QCA include sup-
port of clinical decision-making during the proce-
dure, (e.g. vessel sizing and length measurement of 
stenosis for the optimal selection of an interven-
tional device), an immediate assessment of the ef-
fi cacy of the intervention, in- or exclusion of patients 
for clinical trials based on vessel size (e.g. small ves-
sel disease) or percentage diameter stenosis, and 
training purposes of fellows. New developments 
may lead to integration of functional indices with 
the morphologic information.

It is evident that the great advantage of having the 
same brand of workstation for on- and off-line ap-
plications is that the same software package is being 
used. As a result, the outcomes of these analyses are 
directly compatible and comparable.

 2.2.8 
Future QCA Directions

For the next several years, developments in the fol-
lowing directions can be expected: (a) further optimi-
zation of the bifurcation analyses both for coronary 
and peripheral applications; (b) 3D reconstruction 
of the coronary vessels from biplane views or rota-
tional angiography with subsequent derivation of op-
timal angiographic views; (c) from a research point 
of view, the fusion of X-ray angiographic and IVUS 
or OCT data; (d) transfer of the techniques to other 
non-invasive imaging modalities such as MRA and 
MSCT; and fi nally, (e) extension towards other ap-
plication areas such as the assessment of aneurysms 
in the cranial arteries. These different issues will be 
discussed briefl y in the following sections.

Bifurcation analyses: Worldwide there is a lot of 
interest in coronary bifurcation stenting. There is 
a need for quantitative support, which can be used 
both in clinical decision making and for the many 
clinical trials that will be carried out in the coming 
years. We have developed a fi rst solution for these 
applications; however, given the complex morpholo-

gies of these possible cases, further refi nements/ex-
tensions will be developed and validated extensively 
in the coming few years so that these are applicable 
in a robust manner for all clinical and research ap-
plications with minimal user interactions.

3D reconstruction: Solutions have been provided 
for the 3D reconstruction of coronary segments 
based on biplane acquisitions or rotational angiog-
raphy. The goal of such analysis is the assessment of 
the optimal views, particularly for bifurcating ves-
sels, where overlap and foreshortening limit the pos-
sibilities of the 2D approach. Although visualization 
of the vessels is attractive, the true diagnostic value 
and accuracy of QCA analyses are still to be deter-
mined. For the calculation of the optimal views, it 
would be suffi cient to have the centerlines only.

Fusion of X-ray and intravascular data: Certainly 
for research purposes, there is a need for fusion of 
the 3D ultrasound data with the reconstructed X-
ray angiographic data from biplane angiography 
or rotational angiography. Typical applications in-
clude: computational haemodynamics to calculate 
wall shear stress, analyses to determine the correla-
tion between vessel curvature and circumferential 
plaque distribution and simulation of intravascular 
procedures. Furthermore, from the 3D description 
of the coronary system, other interesting data can be 
derived, such as wall shear stress based on computa-
tional fl uid dynamics, stress and strain on the ves-
sels in relation to the sites of the development of lo-
cal atherosclerosis, etc. (Chen and Carroll 2000).

Transfer of the techniques to non-invasive imag-
ing: Over the last few years there has been tremendous 
interest in attempting to visualize the coronary arter-
ies by MSCT (CTA) and by MRA, being 3D acquisition 
techniques. The additional advantages of these tech-
niques are the potential to visualize the arterial wall 
and possibly the composition of the plaque at the site of 
the stenosis. It will be clear that many basic principles 
of the 2D X-ray-based QCA approaches can be trans-
ferred to these 3D non-invasive techniques (3D QCA). 
CTA and MRA plus vessel wall imaging may provide 
important diagnostic and prognostic information, but 
will not replace 2D QCA for interventional cardiology 
in the coming years. On the other hand, the assessment 
of the composition of the wall by MR vessel wall im-
aging will be of tremendous interest for studying the 
progression of the disease, and particularly the effects 
of interventions. Initially this will be applied to the ca-
rotid arteries, but will be extended towards the entire 
vasculature, including the coronary arteries, although 
the spatial resolution will be the limiting factor here.
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Other applications: In addition to applying QCA 
in peripheral vessels, there is also a growing interest 
in developing approaches for tracking cranial blood 
vessels and quantifying size, shape and volume of 
aneurysms, such that the interventional procedure 
can be optimally prepared. Such approaches can be 
applied to the rotational angiographic data or to the 
MSCT data that is often available prior to treatment 
of such patients.

 2.2.9 
In Conclusion

Semi-automated segmentation techniques are able 
to trace the luminal boundaries of coronary arteries 
from two-dimensional digital X-ray arteriograms 
after minimal user interaction. QCA allows the 
derivation of such luminal dimensions and derived 
indices with small systematic and random errors as 
demonstrated by a range of validation studies. QCA 
can be used in an off-line mode for clinical research 
studies and in an on-line mode during the interven-
tional procedure to support the clinical decision-
making process. New options have become available 
for more extensive analyses in both coronary and 
peripheral vessels, such as the brachytherapy and 
DES analyses, the ostial and bifurcation analyses, 
and the quantifi cation of both obstructive and/or 
aneurysmal lesions.

Over the last few years, QCA tools such as QAngio 
XA have become a commodity of PACS review and 
reporting workstations. This enables the possibility 
of using (off-line) QCA from every workstation in 
the hospital, at any given time. Reports of the QCA 
analysis can be restored back into the PACS/patient 
record, enabling other users to review the results. 

New applications will include integration with 
QCU or OCT, 3D reconstruction and analysis of 
coronary segments, allowing the determination of 
optimal angiographic views, wall shear stress in the 
vessels, and better guidance of the interventional 
procedure, but also transfer of the basic principles 
to non-invasive MSCT and MR applications, result-
ing in 3D QCA, plus the additional advantage of as-
sessing vessel wall characteristics, which will be of 
tremendous research interest. Overfl ow to other ar-
eas are also foreseen, such as cranial interventional 
approaches.
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2.3 Clinical Intracoronary Ultrasound

 Jurgen Ligthart and Pim J. de Feyter

 2.3.1 
Introduction

Intravascular ultrasound (IVUS) imaging is unique 
and provides a clinical method to directly visual-
ize coronary atherosclerosis and other pathological 
conditions within the wall of the coronary arteries. 
Ultrasound penetrates below the luminal surface of 
the coronary artery wall and thus provides tomo-
graphic images not just from the arterial wall but 
also of the coronary atherosclerotic plaques. In the 
mid 1980s various catheter systems were designed 
that could be used to study blood vessels and into 
late eighties intracoronary ultrasound was used in 
humans (Yock et al. 1988; Mallery et al. 1990; 
 Gussenhoven et al. 1989; Pandian et al. 1988; 
 Potkin et al. 1990; Hodgson et al. 1989; Nissen et 
al. 1990).

 2.3.2 
Intracoronary Ultrasound Catheters

Catheter-based intracoronary imaging produces real-
time high resolution cross-sectional tomographic im-
ages from lumen, plaque, and vessel wall.

Current intracoronary ultrasound catheters typi-
cally range in size from 2.6 to 3 F (0.87–1.17 mm in 
diameter) and can therefore only be safely used in the 
proximal and mid segments of the coronary arteries 
and in the presence of less severe coronary stenoses. 
They can be placed in the coronary tree through a 
6-F guiding catheter. An ultrasound investigation 
of a severe stenosis should only be performed in the 
setting of a scheduled intervention because crossing 
with the catheter may cause damage, and obstruc-
tion of the coronary blood fl ow may, depending on 
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the existence of collateral circulation, cause severe 
ischemia.

The images obtained with the currently used high-
frequency (20–50 MHz) transducers are of high qual-
ity with an axial resolution which is depth dependent 
but ranges from 150 to 200 μm and a lateral resolu-
tion of 200–400 μm. The images are produced at 20–
30 frames/s so that they appear as “real-time” images.

There are two types of intravascular ultrasound 
devices:

A mechanical device with a single transducer 1. 
which is rotated at 1800 revolutions/min to gen-
erate a 360° beam (Fig. 2.3.1a).

A solid state device consisting of fi ve integrated 2. 
circuits and an array of 64 transducer elements in 
a cylindrical pattern which are activated consecu-
tively to generate a 360° beam (Fig. 2.3.1b).

The measurements of lumen and wall with ul-
trasound are very accurate and precise because the 
velocity of sound in soft tissue represents a constant 
distance, allowing the construction of a calibrated 
scale across the image (Fig. 2.3.2a,b), which is quite 
unlike the catheter calibration scale used in quanti-
tated coronary angiography, which may induce er-
rors more readily (Fig. 2.3.3a,b).

Fig. 2.3.1a,b. Two types of intravascular 
ultrasound devices: mechanical device (a): 
single transducer (t) rotates at 1800 RPM 
to generate a 360o beam. Solid state device 
(b): 64 transducer elements (t) activated 
consecutively to generate a 360o beam. 
(Courtesy of Maud van Nierop/N. Bom 
University Hospital Rotterdam Dijkzigt/
Erasmus University Rotterdam)

a

b

Fig. 2.3.2. a Right anterior oblique angiogram of the left coronary artery. To perform quantitative coronary analyses 
of the segment marked by an asterisk, catheter calibration has to be done at point x. b Due to this calibration method, 
errors may be induced. b The same left coronary artery from (a) in lateral view, with the segment to analyse marked 
by an asterisk and the calibration point x. In a frontal projection the image intensifi er is positioned at the anterior 
side of the patient, while the X-ray tube is (under the table) posterior from the patient. The catheter tip (x), used as a 
calibration marker has a greater distance to the image intensifi er than the object to analyse (asterisk). The drawing to 
the left illustrates that the calibration marker (A) is enlarged, compared to the object (B). Using this calibration in a 
frontal projection, the size of the object will be underestimated. This may result in the choice of undersized material 
such as stents or PTCA balloons

a b
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Fig. 2.3.3. Because the velocity of sound represent a constant 
distance it is possible to construct a calibrated scale across 
the image. This IVUS cross section shows such a scale with a 
distance of 1 mm between the points, indicated in the bottom 
right part of image (b). Also, when the operator chooses not 
to have this calibration grid in the image, measurements still 
can be performed due to the known calibration number of 
the IVUS system (a). Calibration numbers may vary among 
different types of IVUS machines

Fig. 2.3.4A,B. Right anterior oblique 
angiogram of the left coronary artery 
showing the arterial fi lling (A) and the 
venous fi lling (B). In this example the 
left anterior descending artery (LAD) is 
totally occluded (arrow). The veins will 
often be visible on the IVUS images as 
landmarkings: Anterior interventricular 
veins (a) joining the great cardiac vein (b) which is visible during IVUS pullback of the distal to mid LAD. During IVUS pull-
back, the great cardiac vein “joins” the mid and proximal LAD. In the case of a balanced or left dominant coronary system 
the great cardiac vein also joins the circumfl ex artery. During IVUS pullback side branches emerging from the circumfl ex 
artery opposite the vein are marginal branches. Emerging branches at the site of the vein are atrial (d). The coronary sinus 
(c) is only visible at the very distal part of the circumfl ex artery

Imaging studies are usually recorded on high res-
olution video tape, but digital recording has recently 
become possible.

The ultrasound images are usually obtained us-
ing a motorized pullback device that withdraws the 
catheter at a constant speed (usually 0.5 mm/s).

Sidebranches, calcifi ed plaques and perivascular 
landmarks facilitate interpretation and are neces-
sary for adequate sequential examinations (Yock et 
al. 1988).

The perivascular landmarks including the coro-
nary veins, pericardium and myocardium can be 
used as references for both axial position or to-
mographic orientation within the coronary artery 
(Figs. 2.3.4, 2.3.5).

These extravascular landmarks provide unique 
reference points in each coronary artery, which 
is illustrated in typical examples of imaging 
the left circumflex (Fig. 2.3.6), left anterior de-
scending (Fig. 2.3.7) and right coronary arteries 
(Fig. 2.3.8).

Fig. 2.3.5A,B. Left anterior oblique an-
giogram of the left coronary system (A) 
and venous system (B). The veins will 
often be visible during IVUS pullback 
as landmarks: the two anterior inter-
ventricular veins (a) joining together at 
the great cardiac vein (b). The coronary 
sinus (c) is visible at the very distal 
part of the circumfl ex artery
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Fig. 2.3.6A–C. Part of a pullback through a circumfl ex artery of a balanced or left dominant system, starting at cross sec-
tion A through C. The great cardiac vein (GCV) is imaged at 12 o’clock. Two side branches emerge from this part of the left 
circumfl ex artery. Due to the GCV it is possible to determine that side branch x is an atrial branch, because it emerges from 
the side of the GCV, while the branch marked by an asterisk is a small marginal branch. Marginal branches emerge from 
the opposite side of the GCV (see Fig. 2.3.4)

Fig. 2.3.7A–F. Pullback through the descending anterior artery, starting from cross section A through F. The pullback distances 
are indicated at the bottom right corner of each panel. A The cross section of the distal left anterior descending artery (LAD), 
with the white pericardial line at 3 o’clock. The pericardial effusion is seen at 3 o’clock between the pericardial line and the 
vessel. The anterior interventricular vein (AIV) is seen at 11 o’clock. While progressing the pullback the AIV rotates counter 
clockwise to 7 o’clock and behind this vein a second AIV appears. Opposite, a diagonal branch emerges at almost 90° left from 
the pericardial layer. C The two AIV veins joining at 6 o’clock. More proximally (D), the joined AIV (2) veins rotated further 
counter clockwise, with a third AIV appearing from 5 o’clock. Also the pericardial layer rotated to 11 o’clock. At 7 o’clock, 90° 
away from this pericardium a bigger diagonal branch emerges and a septal branch (s) emerges at the side of the AIV. Reaching 
the proximal LAD, at the bifurcation with the circumfl ex artery (CX) (E), the triangle of Brock and Mouchet (t) is visible. This 
triangle is described by the trajectory of the GCV together with the LAD-LCX geometry and, although it may vary in size, it is 
consistently found on IVUS. Reaching the proximal left main (F) at 1 o’clock, the transverse sinus is visible
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 2.3.3 
Intracoronary Imaging of the 
Normal Coronary Artery

Flowing blood has a typical echogenic appearance of 
fi nely textured echoes moving in a swirling pattern: 
“blood speckle” (Fig. 2.3.9).

The interpretation of coronary IVUS images re-
lies on the fact that the layers of coronary arterial 

wall can be identifi ed separately. An ultrasound re-
fl ection is generated at a tissue interface if there is 
an abrupt change in acoustic impedance. Two inter-
faces are observed in the coronary arteries: one at 
the border between blood and leading edge of the 
intima and one at the leading edge of the external 
elastic membrane at the media-adventitia border 
(Fig. 2.3.10; Table 2.3.1.)

The media stands out as a dark band compared 
with the intima and adventitia. Ultrasonic exami-

Fig. 2.3.8A,B. IVUS cross 
section of the mid-right 
coronary artery (RCA). At 
12 o’clock the right ventricu-
lar marginal branch emerges. 
At the opposite the right ven-
tricular vein drapes around 
the artery in (A), typical of 
IVUS images of the RCA 
veins, “horseshoe” pattern. B 
The same vein indicated by a 
white line

Fig. 2.3.9A,B. Example of different 
fl ow patterns on IVUS: panel A shows 
an IVUS cross section with a concen-
tric soft plaque. The lumen indicated 
in panel A’ shows dark grey speckling, 
indicating suffi cient blood fl ow at the 
location of the cross section . Panel B 
shows an IVUS cross section with an 
eccentric mixed plaque with a super-
fi cial spot of calcium at 5 o’clock. The 
lumen indicated in panel B’ shows a 
bright speckling, caused by slow- or 
not moving blood. This is often seen 
near a stenosis that is totally occluded 
by the IVUS catheter
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Fig. 2.3.10A,B. The top panel shows 
the difference of acoustic impedance 
in different media in table form. The 
acoustic impedance is the product of 
the density and the sound velocity in a 
certain medium. The amount of sound 
refl ection and thus the strength of the 
returned ultrasound signal depends 
on the difference in acoustic imped-
ance and the length of the soundwave. 
Although, for example, the sound ve-
locity through calcium is very high, 
due to its large difference in acoustic 
impedance with other media, most of 
the ultrasound signal will be refl ected 
at the edge of the calcium and will not 
get through the calcium. This is seen 
on the IVUS image as an “acoustic 
shadow”. A An enlargement of the top 
left part of the IVUS cross section in 
(B). The borders of the external elastic 
membrane with the adventitia (1) and 
the border of the leading edge with 
the blood (1) is clearly visible due to 
changes in acoustic impedance

Table 2.3.1. Velocity of sound in air, water and various tissues

Medium Density
(kg/mm3)

Sound velocity
(m/s)

Acoustic 
impedance
(Ns/mm3)

Air 1.20 330 3.96 * 102

Water 1.00 * 103 1480 1.48 * 106

Blood 1.03 * 103 1570 1.62 * 106

Muscle 1.07 * 103 1585 1.70 * 106

Bone (calcium) 1.91 * 103 4080 7.79 * 106

Fig. 2.3.11. A An IVUS cross sec-
tion of a vessel with a normal intima 
visible due to an intimal thickness 
of approximately 0.25 mm. Note the 
thin echolucent media which appears 
as a thin black line between the in-
tima and the adventitia. B The cross 
section in (B) shows an example of an 
intima with a thickness < 160 μm. It 
is not possible to determine the in-
tima although the media is visible as 
a concentric thin black.
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nation of the normal coronary wall of adult pa-
tients typically reveals a three-layered appearance 
(bright-dark-bright) corresponding to the compo-
nents of three wall layers: the intima, the media and 
the adventitia, which possess a variable echogenicity 
(Fitzgerald et al. 1998; Potkin et al. 1990; Tobis et 
al. 1991; Lockwood et al. 1992; St. Goar et al. 1992; 
Fitzgerald et al. 1992) (Fig. 2.3.11a). The three-lay-
ered ultrasound appearance depends on two factors. 
First, the intima must be of suffi cient thickness to 
be detectable by current ultrasound transducers; the 
threshold is around 160 μm. Second, there must be a 
suffi cient acoustic interface between the media and 
the adventitia. It has been shown that there is a pro-
gressive increase in the thickness of the intimal layer 
with age (Nissen et al. 1995). The “normal” intima 
in “adult patients” is reported to have a maximal 
thickness of an average 0.15 ± 0.07 mm, and an up-
per limit of normal of 0.25–0.30 mm (i.e. 2 SD above 
“normal”). If the intima is thin or poorly refl ective, 
the three-layered appearance is not seen and only a 
monolayered appearance is displayed (Fitzgerald 
et al. 1992) (Fig. 2.3.11b).

The media is apparent as a thin middle layer and 
typically is echolucent. The normal thickness of the 
media ranges from 125–350 μm (mean 200 μm). The 
external layer represents the adventitia and peri-
adventitial tissues, principally composed of fi brous 
tissue ranging from 300–350 μm in thickness and 
exhibiting a characteristic “onion-skin” pattern 
(Fig. 2.3.12).

Fig. 2.3.12. Four different IVUS cross sections show-
ing characteristic “onion skin” pattern of adventitia 
and peri-adventitial layers

 2.3.4 
Intracoronary Ultrasound of 
Coronary Atherosclerosis

Ultrasound provides unique insights into the com-
position of the coronary plaque in humans. Differ-
ences in acoustic properties of plaque components 
provide the capability to discriminate between sev-
eral plaques types.

Coronary plaques are schematically classifi ed into 
three categories: soft (echolucent), fi brous (echo-
bright) or calcifi ed (echobright with shadowing) 
according to plaque echogenicity (Hodgson et al. 
1993; de Feyter et al. 1995). Plaques are soft if they 
are less echogenic than the surrounding adventitia. 
Comparative histologic studies have shown that these 
plaques consist either of loose fi brous tissue, lipid ac-
cumulations, or necrotic debris (Pasterkamp et al. 
1995, 1996; Wong 1995; Ge et al. 1995; Hausmann et 
al. 1996; Kimura et al. 1996; Fuster and Lewis 1994; 
Schoenhagen et al. 2000) (Fig. 2.3.13).

Fibrous plaques exhibit an echodensity similar 
to that of the adventitia and correlative histology 
has shown that these plaques contain dense fi brous 
tissue (Tobis et al. 1991; Lockwood et al. 1992; de 

Feyter et al. 1995; Pasterkamp et al. 1996; Wong 
1995; Ge et al. 1995; Hausmann et al. 1996; Kimura 
et al. 1996; Fuster and Lewis 1994; Schoenhagen 
et al. 2000; Gussenhoven et al. 1989; Bartorelli 
et al. 1992; Di Mario et al. 1992; Peter et al. 1994; 
Hiro et al. 1997) (Fig. 2.3.14).

Calcifi ed plaques have similar or more echoden-
sity than the adventitia but, because calcium does 
not allow transmission of the ultrasonic beam, there 
is acoustic shadowing of the deeper wall structures. 
The calcium may be distributed in the plaque in sev-
eral ways: as a superfi cial rim at the luminal surface, 
as a deeper deposit at the intima-media border or as 
a concretion with a plaque (Nissen et al. 1995; Mintz 
et al. 1992; Friedrich et al. 1994) (Fig. 2.3.15).

Lipid depositions within a plaque are poorly 
echorefl ective and may be suspected when an echo-
lucent zone is clearly “visible” within an echorefl ec-
tive plaque (Fig. 2.3.16).

However, with the current level of technology it 
is usually not possible to clearly discriminate lipid 
pools (de Feyter et al. 1995).

Measurements of coronary plaques are obtained 
from the two ultrasound interfaces: the leading inti-
mal edge and the elastic external membrane (EEM) 
(see Table 2.3.2). By convention the media is included 
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Fig. 2.3.14A–C. Examples of fi brous plaques, appearing as tissue with a density equal to the adventitia. A An IVUS cross 
section with an eccentric fi brous plaque from 3 to 8 o’clock. B An eccentric fi brous plaque from 9 to 3 o’clock with some cal-
cifi cation, determined by the acoustic shadow at 12 o’clock. C A concentric fi brous ring on top of a concentric soft plaque

Fig. 2.3.13. A–F Different appearances of soft plaque. A–C Concentric soft plaque. D–F Eccentric soft plaque. Note how the 
soft plaque is always darker than the adventitia
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Table 2.3.2. Commonly used coronary ultrasound measurements as approved by both the European Society of Cardiology 
(Di Mario et al. 1998; Mintz et al. 2001)

Measurement Units Defi nition

Lumen area mm2 Area inside the intimal leading edge

EEM area (total vessel area) mm2 Area inside the leading edge of the adventitia

Stent area mm2 Area inside the stent struts

Plaque plus media area mm2 Difference between EEM area and lumen area in a corresponding cross section

In-stent neointimal area mm2 Difference between stent area and lumen area in images acquired late 
after stent deployment

Percentage plaque area % Percentage of EEM area occupied by plaque and calculated as: 
(EEM area – lumen area)/EEM area � 100

Percentage intimal volume in-stent % (Stent area – lumen area)/stent area � 100

EEM, external elastic membrane

Fig. 2.3.15A,B. Calcium, due to its very high acoustic impedance compared with other tissue, returns most of the ultrasound 
signal, creating a bright refl ex and acoustic shadowing. A An IVUS cross section with an almost 360o concentric superfi cial 
calcifi ed plaque (“napkin ring”) at the ostium of a right coronary artery. The aorta entrance is visible at 1 o’clock. B A 180o 
superfi cial calcifi ed plaque from 12 to 6 o’clock. C 270o Deep calcium from 12 to 8 o’clock. Soft tissue is present on the cal-
cium. Note the reverberation artefact at 1 o’clock

Fig. 2.3.16A,B. Two ex-
amples of suspect lipid de-
posits within a plaque. A A 
fi brous cap is visible from 4 
to 8 o’clock, covering a small 
echolucent zone at 6 o’clock. B 
A cross-sectional image with 
a concentric mixed plaque. 
At 1 o’clock 45o of calcium is 
visible. From 12 to 5 o’clock a 
thin fi brous cap with an echo-
lucent zone is visible
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Fig. 2.3.17A–C. IVUS cross sections where the leading edges of the intima are indicated by white arrows, while 
the black arrows indicate the external elastic membrane. Panels A’, B’ and C’ show the measuring lines of the 
lumen and total vessel. Note the thin media in A’ and the unsharp trailing edge of the intima in C’

into the plaque measurements because the media 
cannot always be distinguished as a sono-lucent 
layer, the trailing edge of the intima may be unsharp 
due to “blooming” of the ultrasound signal into the 
media, and the media is often “thinned” due the ath-
erosclerotic process itself. Coronary atherosclerosis 
can be quantifi ed in individual cross sections to 
provide area-measurements and three-dimensional 
reconstructed imaging obtained from a motorized 
IVUS pullback to provide volumetric measurement 
(Figs. 2.3.17 and 2.3.18). A signifi cant limitation of 
quantifi cation is the presence of calcium with its at-
tendant shadowing which precludes detection of the 
outer border of the calcifi c plaque (Fig. 2.3.19).

Cross-sectional imaging of the coronary lumen 
and wall perfectly allow to investigate the complex 
interplay of plaque growth, lumen, lumen narrow-
ing and vessel wall remodelling.

Vessel wall remodeling was initially described by 
Glagov et al. (1987) and since the introduction of 
IVUS into the clinical area this phenomenon has in-
variably been demonstrated to be present in all parts 
of the coronary tree (Fitzgerald et al. 1998; Pas-

terkamp et al. 1995; Hermiller et al. 1993; Losordo 
et al. 1994; Gerber et al. 1994; Nishioka et al. 1996).

Positive remodeling is the compensatory en-
largement of the vessel wall associated with the ac-
cumulation of the plaque to maintain the “normal” 
cross-sectional area of the coronary lumen at the 
coronary plaque (Figs. 2.3.20, 2.3.21). This phenom-
enon occurs in particular in the earlier stages of the 
disease and is the reason why angiography (only 
visualizing the lumen) severely underestimates 
the extent and severity of coronary atherosclero-
sis (Topol and Nissen 1995). Indeed, ultrasound 
imaging of angiographically “normal” appearing 
coronary segments often demonstrates already 
diseased vessel wall in symptomatic high risk pa-
tients (Wong et al. 1995; Ge et al. 1995; Hausmann 
et al. 1996; Kimura et al. 1996; Mintz et al. 1995) 
(Fig. 2.3.22a–c).

At more advanced stages of the disease this com-
pensatory enlargement falls short and lumen ob-
struction commences. IVUS studies have further 
increased our knowledge of remodeling of the coro-
nary wall by demonstrating also the phenomenon of 
vessel negative remodeling of shrinkage, i.e. at dis-
eased sites the total vessel area (EEM) actually de-
creases in size, contributing to the luminal obstruc-
tion (Pasterkamp et al. 1995) (Fig. 2.3.23).
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Fig. 2.3.18A–D. Example of a volumetric analysis of a vessel segment. The cross-sectional images were digitally grabbed 
during a motorized pullback through a vessel segment, creating a longitudinal reconstruction (D). After measuring the total 
vessel area (external elastic membrane) and lumen area of each cross-sectional image a graphic reproduction of the values 
can be made (top right panel) and the volumes of the lumen, total vessel and plaque can be calculated with the determined 
length of the analysed vessel segment. B The cross section with the minimal luminal area. A,B Distal and proximal locations, 
respectively, from cross section (C). The total vessel, luminal and plaque areas of these cross sections are given

Fig. 2.3.19A,B. Calcium may be a limitation for measurements. A A cross-sectional image with an eccentric 
superfi cial calcifi ed plaque from 12 to 6 o’clock. A reverberation artefact is visible at the asterisk, creating a 
double image of this plaque. The vessel lumen is easy to determine (B); however, it is not possible to measure 
a reliable total vessel area due to the presence of an almost 180o acoustic shadow at 3 o’clock
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Fig. 2.3.20. A Compensatory enlargement 
by accumulating of the plaque to main-
tain a “normal” cross-sectional area. A–D 
Note the oval shape of the external elastic 
membrane, indicated by the white line in 
all images. The lumen remains more or 
less circular

Fig. 2.3.21A–C. Positive remodelling in the proximal anterior descending artery. The top panel shows a longitudinal recon-
struction. A long soft plaque is extending between a and c at the lower part of this reconstruction. The arrow points to an 
enlargement of the outer vessel wall, indicating positive remodelling. Cross sections A–C (located in the longitudinal recon-
struction by the corresponding characters) show an eccentric soft plaque from 3 to 8 o’clock (A), an eccentric soft plaque from 
12 to 10 o’clock with a small lumen (B) and an eccentric soft plaque from 12 to 6 o’clock (C), respectively. C The fi rst diagonal 
branch at 11 o’clock. Proximal total vessel area (TVA) is 9.7 mm2 (A). TVA at the stenosis is 12.3 mm2 (B) and the distal TVA 
(C) is 8.6 mm2. Note the larger TVA of (B) compared to the TVA at the proximal (A) indicating  positive remodelling
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Fig. 2.3.22. A Left coronary an-
giogram in left superior oblique. 
Panel A shows a short lesion in 
the mid left anterior descending 
artery (LAD) (arrow). Panel B 
shows a good angiographic result 
post implantation of a 3.0×13 
mm stent. The quantitative anal-
yses of the proximal LAD (insert) 
shows a minimal luminal diam-
eter of 1.85 mm with a reference 
vessel size of 2.4 mm (between 
asterisks). B Longitudinal recon-
struction of an IVUS pullback in 
the same vessel described in (A), 
showing a diffusely diseased, cal-
cifi ed LAD. The arrow indicates 
the implanted stent. The white 
lines in the bottom panel indicate 
the lumen and vessel wall. The 
average diameters in the seg-
ment indicated by an asterisk are 
2.2 mm for the lumen, matching 
the size measured by quantita-
tive coronary arteriography 
(A) and 4.2 mm (!) for the total 
vessel diameter, indicating that 
angiography underestimated the 
extent and severity of the disease 
in this vessel segment. C The 
same longitudinal reconstruc-
tion as in (B), completed with the 
matching IVUS cross sections in 
panels A–D. The cross section in 
panel A is located in the proxi-
mal LAD. Two guidewires are 
visible at 9 and 11 o’clock. One 
guidewire was placed to protect 
the fi rst diagonal branch, the 
second guidewire is to guide the 
IVUS catheter (Boston Scientifi c 
40-Mhz Atlantis  short monorail 
system). From 6 to 12 o’clock 
a mixed plaque is visible with 
a spot of superfi cial calcium at 
7 o’clock. Panel B shows 20º of 
superfi cial calcium at 7 o’clock 
and from 9 till 1 o’clock deep cal-
cium covered with soft material. 
Panel C shows eccentric mixed 
plaque from 6 to 1 o’clock. Panel 
D shows the implanted stent 
covering an eccentric calcifi ed 
plaque. Note the small lumina in 
panels B and C indicating that 
very short narrowings can be 
missed by angiography
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 2.3.5 
IVUS and Vulnerable Plaque

The underlying pathology of acute coronary syn-
dromes is plaque rupture or erosion with intrac-
oronary thrombus formation, which may be ei-
ther occlusive or subocclusive (Fuster and Lewis 
1994). Vulnerable plaques are considered to be 
plaques prone to rupture. Vulnerable plaques have 
several morphologic and functional markers (see 
Table 3.2.3) (Fig. 3.2.4). A prominent lipid core is 
associated with echolucent zones on IVUS images; 
however, although this is nowadays considered as 
a lipid core one should keep in mind that this can-
not be distinguished from thrombus, bleeding or 
necrotic tissue. Unfortunately a prominent feature 
of the vulnerable plaque is a thin and infl amed fi -

brous cap which cannot be detected by intracoro-
nary ultrasound. Recently, it has been shown with 
IVUS that unstable plaques exhibit more positive 
remodeling than stable plaques (Schoenhagen et 
a. 2000).

Fig. 2.3.23A–C. Negative remodelling or shrinkage of a diseased segment. The top panel shows a longitudinal 
reconstruction of an IVUS pullback. The location of the IVUS cross sections (A, B and C) in the reconstruction 
corresponds to a, b and c. B A concentric plaque with a fi brous ring. The total vessel area (TVA) at this point is 
7.2 mm2, while the distal reference segment (C) has a TVA of 10 mm2  and the proximal reference segment has a TVA 
of 13 mm2. The fact that the TVA of the diseased segment is smaller than the TVA of the distal reference segment 
indicates negative remodelling

Table 2.3.3. Morphologic and functional markers of vulner-
able plaques and the role of intracoronary ultrasound.

Morphology Intracoronary ultrasound

Eccentric, long lesions +

Prominent lipid core + ?

Thin fi brous cap (< 60 μm) –

Presence of infl ammation –

Remodelling (positive) +
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Fig. 2.3.24. A,B Ruptured plaque: Left anterior oblique angio of the right coronary artery shows 
an irregular shape of the lumen (arrow), the appearance fi ts with a dissection. IVUS shows a 
ruptured plaque. The “double lumen”, indicated by an asterisk and x, is visible at cross sections 
(C) and (D) and at the longitudinal reconstruction. Cross section (E) shows the loose fl ap at the 
ruptured area (arrow). The arrow in the longitudinal reconstruction shows the loose fl ap

Improved radio frequency analysis, such as inte-
grated back scatter analyses and attenuation slope 
mapping may distinguish between fi brous, necrotic 
or fatty plaque (Bridal et al. 1997) and using angle 
dependent echo intensity variation colour mapping 
it may be possible to more accurately determine 
the thickness of the fi brous cap (Hiro et al. 2001). 
Yamagishi et al. (2000) considered an echolucent 

eccentric plaque with remodelling as a dangerous 
plaque and they demonstrated that during follow-
up of 2 years these plaques were more frequently 
associated with the occurrence of an acute coro-
nary syndrome. Ruptured plaques can be recog-
nized by ultrasound, but these features occur only 
infrequently (Kearney et al. 1996; Kotani et al. 
2003).
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 2.3.6 
IVUS for In-Stent Restenosis

The most widespread application of IVUS in inter-
ventional cardiology is in conjunction with coro-
nary stenting. The metal struts of stents are intensely 
echorefl ective and provide a distinctive ultrasound 
appearance (Fig. 2.2.25). It has been shown that in-
stent thrombosis (early and late) (Fig. 2.3.26) or in-
stent restenosis is often related to incomplete stent 
deployment, incomplete apposition or asymmetric 
expansion of the stent (Fig. 2.3.27) to the wall, all of 
which phenomena can be relatively easily detected 
by IVUS (Colombo et al. 1995). Although, accord-
ing to these data, the usefulness of IVUS to guide 
stent-implantation may seem obvious, this could 
not be confi rmed in a large randomized trial. The 

OPTICUS-trial (optimization with IVUS to reduce 
stent restenosis) randomized 550 patients to exam-
ine if IVUS-guided stent implantation would reduce 
in-stent restenosis. However, there was no difference 
between IVUS guided stent-implantation compared 
to angiographic guided stent-implantation (Mudra 
et al. 2001). Also, in-stent restenosis following im-
plantation of drug-eluting stents is associated with 
gross stent underexpansion and a threshold of mini-
mal luminal cross-sectional area within the stent of 
4.0 mm2 has been advocated to minimize or even 
prevent in-stent restenosis.

IVUS may be useful in case of in-stent restenosis 
which occurs after drug-eluting stent-implantation 
because it offers knowledge about underexpansion, 
hyperplasia, edge problems, incomplete lesion cov-
erage, all of which may be helpful to select size and 
length of a new drug-eluting stent.

Fig. 2.3.25A,B. Distinc-
tive appearance of stent 
struts. A Enlarged high-
lighted square as shown 
in the cross section of 
(B). The arrows indicate 
the echorefl ective stent 
struts of a metal stent

Fig. 2.3.26. Longitudinal IVUS reconstruction showing stent thrombosis in an underdeployed stent. Thrombus is indicated 
by the arrowheads
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Fig. 2.3.27A–C. Three possible risks for in-stent thrombosis or in-stent restenosis. A Stent malapposition. The free space 
between the lumen wall and the stent is indicated by an asterisk. B An underdeployed, but well apposed stent. Arrow 1 
indicates the stent diameter (2.45 mm), arrow 2 indicates the size of the vessel wall (4.1 mm). In this case the stent could be 
expanded to 3.5 mm. C An asymmetrically expanded stent. Arrow 1 is the maximum stent diameter in this cross section 
(3.9 mm), arrow 2 shows the minimum stent diameter (1.39 mm)

 2.3.7 
IVUS for Intermediate Lesions

It is sometimes diffi cult to determine from angiog-
raphy whether a lesion is fl ow limiting and requires 
percutaneous coronary intervention. IVUS may then 
be useful and an intervention may be carried out if 

Fig. 2.3.28. A The angiogram shows an intermediate lesion in the left circum-
fl ex artery (arrow). B The IVUS cross section on the indicated spot, revealing an 
eccentric calcifi ed lesion. The measured minimum luminal area was 2.47 mm2, 
indicating signifi cance. C Longitudinal IVUS reconstruction with calcifi c le-
sion (b)

the lumen cross-sectional area is 4.0 mm2 or less in 
the native coronary segments of the right coronary 
artery, left circumfl ex artery and left descending 
coronary artery (Abizaid et al. 1999) (Fig. 2.3.28). 
However, a threshold of < 5.9 mm2 (< 2.8 mm diam-
eter) is recommended for percutaneous treatment of 
the left main coronary artery (Jasti et al. 2004).
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 2.3.8 
IVUS and 
Transplant Coronary Artery Disease

Diagnostic angiography is the mainstay of diag-
nosis of accelerated vascular disease in transplant 
patients. But the diffuse nature of the disease sig-
nifi cantly limits angiographic detection of the ex-

act extent and severity of the disease and abnormal 
thickening of the intima is seen more frequently 
using IVUS (Pinto et al. 1994) (Fig. 2.3.29).

IVUS is well suited to documenting the presence 
of coronary atherosclerosis in young donor hearts. 
In one study the mean donor age was 32 years and 
the frequency of atherosclerotic lesions was 56% 
(Yeung et al. 1995).

Fig. 2.3.29. A The left coronary angiography in RAO of a patient 14 days post heart transplant. The donor age was 38 years. 
The angiogram showed no disease. IVUS pullback through the left anterior descending artery (LAD), however, exhibited 
extensive disease, as shown in the longitudinal reconstruction (B). Disease is visible near c (mixed plaque), d ( calcifi ed) 
and e (calcifi ed). The corresponding IVUS cross-sectional images show an eccentric fi bro-calcifi c plaque (C, 9 o’clock), 90o 
superfi cial calcium (D, 3 o’clock) and eccentric fi bro-calcifi c plaque with compensatory remodelling (E, 10 o’clock)

 2.3.9 
Limitations of Intracoronary Ultrasound

The safety of IVUS is well documented (Hausmann 
et al. 1995; Peters et al. 1997). Transient spasm due 
to catheter manipulation is the most frequently oc-
curring complication which often responds rapidly 
to intracoronary nitroglycerin (Figs. 2.3.30, 2.3.31).

Occasionally a major complication (dissection or 
even vessel closure) may occur due to intracoronary 

ultrasound examination, usually in the setting of an 
interventional procedure during attempts to cross a 
severe obstruction. This is usually remedied by bal-
loon angioplasty or stent implantation without the 
occurrence of adverse sequelae. There is no evidence 
that instrumentation with IVUS catheters leads to 
accelerated progression of coronary atheroma.

Intracoronary ultrasound has two distinct limi-
tations that negatively affect image quality. First: 
non-uniform rotational distortion (NURD), caused 
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by mechanical friction of the catheter drive shaft, 
may cause distortion of images which, in particu-
lar, may occur in tortuous calcifi ed vessels. The 
image appears to be “circumferentially stretched” 
on one part of the wall, and it is compressed at the 
contra-lateral wall (Fig. 2.3.32). This image distor-
tion occurs only with the mechanical device. Sec-
ond: a transducer ring-down artefact, inherent to 
all ultrasound devices, which arises from acoustic 
oscillations in the piezo-electric transducer mate-

rial adversely affects the “near fi eld” of the image 
(Fig. 2.3.33a,b).

This makes “the acoustic size” of the transducer 
slightly larger than its physical size and creation of 
an image of structures immediately adjacent to the 
transducer is impossible.

Distortion of images may occur due to mal align-
ment of the catheter in the vessel, so that the nor-
mally round structure of the coronary vessel ap-
pears ellipsoid (Fig. 2.3.33c).

Fig. 2.3.30. A A longitudinal reconstruction of an IVUS pullback through a distal anterior descending artery. The asterisk 
indicates the second diagonal branch. B–D IVUS cross-sectional images located at b, c and d in the longitudinal reconstruc-
tion. The vessel itself is normal; however, in the distal left anterior descending artery there is an abrupt decrease in the size 
of the vessel wall (arrow). D The cross-sectional image of this area, with the vessel wall “crimped” around the IVUS catheter. 
Due to this spasm the IVUS catheter occludes the lumen, which causes an area of slow or non-moving blood proximal to this 
occlusion (A, (c) and C). B More proximal location, showing normal blood fl ow due to the presence of a side branch

A
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Fig. 2.3.32A–C. Non-uniform rotational distortion (NURD). The classic appearance of this distortion is visible in (A). A 
“smearing” effect is visible due to irregular (slower) rotation of the catheter from 6 to 3 o’clock. Another effect of NURD is visible 
in (B). The “arrow shaped” structure at 8 o’clock is the image of the epicardial line. At that point, due to the sudden release after 
some friction, the catheter abruptly accelerates in rotational speed (jump) for a short period. C The situation after resolution of 
the problem by stretching the catheter outside of the patient. The epicardial line can be recognized again at 7 o’clock

Fig. 2.3.31A–D. Identical fi gure to Fig.2.3.24 after the intracoronary admission of 3 mg of Isosorbine Dinitrate . The IVUS 
cross section in (D) shows the vessel wall after relaxation, allowing suffi cient blood fl ow. [Compare (C) with Fig. 2.3.24]. The 
longitudinal reconstruction (A) shows a normal aspect of the lumen at location c compared to Fig. 2.3.24
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Fig. 2.3.33. A A typical ring-down artefact, caused by acoustic oscillations in the piezo-electric transducer. B The same im-
age after hiding the ring-down artefact by means of digital subtraction. C The effect of misalignment of the IVUS catheter. 
This almost 360o calcifi ed vessel appears ellipsoid instead of showing a normal round structure

 2.3.10 
Conclusion

IVUS has dramatically improved our understand-
ing of coronary atherosclerosis and its response to 
therapeutic (pharmacological or mechanical) inter-
ventions.

IVUS is accurate in determining the dimensions 
of vessel wall structures, is able to crudely distin-
guish between tissue components and is uniquely 
suitable to assess vessel wall remodeling. Unfortu-
nately, IVUS is not able to accurately identify vul-
nerable plaque.

Future developments in catheter miniaturiza-
tion, image quality, tissue characterization and 3D 
reconstruction (Peters et al. 1997; Roelandt et al. 
1994; Mintz et al. 2001), will further increase our 
insights into progression/regression of coronary 
atherosclerosis.
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2.4 Quantitative Coronary Ultrasound (QCU)

Nico Bruining, Ronald Hamers, Sebastiaan de Winter, 

and Jos R. T. C. Roelandt

 2.4.1 
Introduction

Why use three-dimensional (3D) reconstruction 
techniques for quantitative analysis of intracoro-
nary ultrasound (ICUS) images? In clinical practice 
an ICUS catheter is used to examine and interro-
gate a segment of a coronary vessel by moving the 
catheter manually forwards and backwards. Since 
ICUS images show only very thin cross-sectional 
slices of the coronary vessel (lateral image width 
approximately 200 �m), it is diffi cult for the ob-
server to mentally build up a 3D representation of 

the investigated segment. Digitization of a stack of 
two-dimensional (2D) cross-sectional images (e.g. 
a tomographic image data set) makes it possible 
to create a 3D reconstruction using the computer 
memory. From this 3D reconstruction several 2D 
cut-planes through the coronary vessel can be 
computed, also known as longitudinal views (L-
views) (Rosenfi eld et al. 1991; Di Mario et al. 
1995; Roelandt et al. 1994; von Birgelen et al. 
1995a; Mintz et al. 1993). The role of ICUS for se-
rial studies and quantitative measurements is well 
appreciated (Sousa et al. 2001; Nissen and Yock 
2001; Slager et al. 2000; Takagi et al. 1999). An 
L-view also makes it easier to re-study and ana-
lyze segments in follow-up studies. Furthermore, 
measurements of the target area (lesion and stent 
lengths) are easily obtained from L-views.

 2.4.2 
ICUS Image Acquisition

The analysis of a coronary segment with ICUS re-
quires a pullback with the ICUS catheter and faith-
ful reconstruction. In recent years, several pullback 
systems have been developed:

Manual pullback �
Manual pullback with the ICUS catheter shaft  �
placed in a catheter displacement-sensing device 
(van Egmond et al. 1994).

Motorized pullback by a constant speed velocity  �
motor, applying a pullback speed of 1 or 0.5 mm/s2.
Motorized pullback at a constant speed of  �
0.5 mm/s in combination with an electrocardio-
gram (ECG) labelling device. This enables selec-
tion of only the end-diastolic cross-sections for 
subsequent analysis (“pseudo-gating”) (von 

Birgelen et al. 1995b).
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These 3D systems are based on an image acquisi-
tion with a pullback device that withdraws the ICUS 
catheter at a constant speed (0.5 mm/s). However, 
artifacts and inaccurate measurements of the 3D re-
construction may result from the systolic-diastolic 
changes of the vascular dimensions, cardiac motion, 
the respiration and the cyclic axial and rotational 
movement of the catheter (Roelandt et al. 1994; 
Bruining et al. 1996). This problem can be solved by 
using an ECG-gated acquisition system of an ICUS 
study (Bruining et al. 1995).

Motorised ECG-gated pullback using a stepping- �
motor and a dedicated workstation (Bruining 
et al. 1995, 1996, 1998, 1999; von Birgelen et al. 
1997a,b).

Another method to perform gating is the recently 
developed image-based gating method at the Tho-
raxcenter called Intelligate.

Image based retrospective selection of near end- �
diastolic generated ICUS frames from a non-gated 
data set (De Winter et al. 2004).

2.4.2.1 

Interventional Laboratory “Hardware” Set-Up

In the interventional laboratory only an ICUS con-
sole is necessary to perform an ICUS examination. 
However, for an ECG-gated study an extra 3D work-
station is needed (Fig. 2.4.1). Currently, there are two 
major ICUS ultrasound console and catheter manu-
facturers (CVIS, Sunnyvale, CA, USA) and Volca-

noTherapeutics (Santa Clara, CA, USA). The CVIS 
catheters are 30- or 40-MHz mechanical rotating 
element systems. The VolcanoTherapeutics system 
is made of an electronic circular 20-MHz phased 
array transducer. Both manufacturers are delivering 
constant speed pullback devices with their ultra-
sound consoles.

We have developed a custom-made pullback 
device for ECG-gated studies at the Thoraxcen-
ter, which is controlled by the EchoScan system of 
TomTec (TomTec GmbH, Unterschleissheim, Ger-
many). The mechanical rotating element catheters 
have an external echo-transparent sheath with an 
independent imaging cable inside and are routinely 
used for ECG-gated studies. This design guarantees 
that a pullback over a defi ned distance in a coronary 
segment at the proximal end of the catheter results 
in an equivalent movement of the tip of the catheter. 
The pulses to activate the stepping motor are gen-
erated by the steering logic in the 3D workstation 
where the scan distance, longitudinal step resolu-
tion, ECG and, optionally, the respiration intervals 
can be set (Bruining et al. 1996; von Birgelen et 
al. 1997b,c).

2.4.2.2 

Image Acquisition

Constant pullbacks: the non-ECG-gated pullbacks 
by the constant speed motorized devices at 0.5 mm/s 
require a time of 20 s per cm pullback. Although the 
images are mostly stored today on CD-ROM, there 

Fig. 2.4.1. The setup 
in an interventional 
laboratory. For an 
electrocardiogram 
(ECG)-gated acquisition 
a 3D image acquisition 
workstation (Echoscan, 
TomTec GmbH) is used 
(displayed at the right-
hand side). This 3D 
reconstruction station 
receives and digitizes 
the analog video output 
of the ICUS console and 
the patient’s ECG signal 
to control the stepping 
motor. The ICUS images 
are digitized on-line
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may still be some systems which store the data on 
S-VHS videotape for off-line processing. However, 
the process of translating the digital video images to 
analog videotape and subsequently digitizing them 
again for off-line quantitative analysis deteriorates 
image quality.

Today, the latest generation ultrasound consoles 
are capable of building up an L-view in real-time for 
direct on-line analysis.

ECG-gated: the time to acquire longitudinal dis-
crete intervals of 0.2 mm over 1 cm of axial vessel 
length is about 1 min. The ICUS images are digitized 
in real-time and are saved in a 4D (3D + time) tomo-
graphic data set (Fig. 2.4.1). The image resolution is 
256���256 pixels with 8 bits per pixel, and a maxi-
mum of 25 images per R-R cycle is acquired. In prac-
tice it is possible to acquire almost every consecutive 
heartbeat. This results in a pullback time, at a heart 
rate of 70, of 70���0.2 mm = 14 mm/min.

 2.4.3 
Quantitative Analysis

The most simple way of performing cross-sectional 
and volumetric analysis is by analyzing a stack of 2D 
cross-sectional images (e.g. to draw the lumen, stent 
and vessel areas on the ICUS console), to note the 
outcome of the area measurement and to forward 

the videotape with 2 s, assuming the catheter was 
pulled back over 2 s���0.5 mm/s = 1 mm. Accumu-
lating all the found areas for a fi nal calculation of 
volumetric parameters gives:

where V = volume; A = area of EEM boundary, 
lumen or stent in a given cross-sectional ultrasound 
image; H = the thickness of the coronary artery slice 
that is represented by this digitized cross-sectional 
ICUS image; and n = the number of digitized cross-
sectional images encompassing the volume to be 
measured.

Other more sophisticated approaches use dedi-
cated computer-assisted software packages for quan-
titative analysis. Videotape-stored studies needs to 
be digitized applying a computer equipped with a 
frame grabber before they can be analyzed. There are 
only a few commercial software packages available 
to help identify the lumen, stent and external elastic 
membrane (EEM) boundary contours. This process is 
known as image segmentation and is mostly done in 
a or semi-automatic fashion. The software packages 
are based on a mix of 2D contour detection in the L-
views and in the cross-sectional slices.

However, analyzing in the L-views of non-gated 
ICUS data sets is diffi cult, not to say impossible. 
The catheter displacement during the cardiac cycle 
causes a saw-tooth shape appearance of the coro-
nary vessel wall (Fig. 2.4.2b). This also prohibits ac-

Fig. 2.4.2. a A lon-
gitudinal (L-view) 
reconstructed from 
an electrocardiogram 
(ECG)-gated data set is 
presented. b The longi-
tudinal reconstruction 
of the same segment is 
presented, but obtained 
with a non-ECG-gated 
image acquisition. This 
results in a saw-tooth 
shape appearance of the 
vessel wall. This makes 
it diffi cult, or even im-
possible, to perform an 
automated detection in 
these L-views

a

b
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curate automatic contour detection in the L-views, 
which is a pity, since all the individual cross-sections 
must now be analyzed individually. This can be a 
very time-consuming process, since thousands of 
frames can be present in a pullback since 30 frames 
per second are generated. A gating method, on-line 
hardware gated (Bruining et al. 1998) or off-line 
retrospectively gated, can solve this problem (De 

Winter et al. 2004).
Contour detection: The QCU approach devel-

oped at the Thoraxcenter by Li et al. (1994) and von 

Birgelen et al. (1996, 1997d) is based on a two-step 
analysis approach, and modifi ed versions are now 
commonly used. After loading the images in the 
computer memory, two perpendicular L-views of the 
coronary vessel are displayed (Fig. 2.4.3). With help of 
a semi-automated lumen and EEM contour detection 
algorithm, the observer must identify and indicate 
the lumen and EEM boundaries in these two L-views. 
The second step is the detection of the lumen and 
EEM boundaries in each individual cross section, for 
which the minimum-cost algorithm is applied. The 
contours are forced to go through the four-contour 
points, which were transposed from the L-views on 
the individual cross sections. After automated de-
tection, the observer can inspect all individual cross 
sections and is able to manually correct them in case 

the automated contour detection was imprecise. This 
package makes it possible to analyze up to a maxi-
mum of 200 individual cross-sectional images.

2.4.3.1 

QCU Developments

Developments of quantitative software address-
ing new clinical needs are currently underway at a 
small number of companies and a few research insti-
tutes. We developed and validated a new quantitative 
software package at the Thoraxcenter in collabora-
tion with CURAD (Curad B.V., Wijk bij Duurstede, 
Netherlands) (Fig. 2.4.4). The set-up of the analysis 
process differs from earlier described methods. The 
basic idea behind most QCU programs is to manually 
trace, or to use semi-automatic software to detect, 
areas in a stack of 2D cross-sectional ICUS images, 
with or without an L-view as a reference. Thus dif-
ferent contours of corresponding structures must be 
traced, or corrected, in many frames resulting in a 
time-consuming procedure. In order to be more ef-
fi cient, our novel approach exploits a semi-automatic 
contour tracing method in several reconstructed 
L-view displays. The L-view images augment the 
feasibility to recognize relevant tissue structures, 

Fig. 2.4.3. Contour detection by LI. et al. (1994). From the tomographic image data set (top), 
two reconstructed longitudinal views are created (left). The intima leading edge and the ex-
ternal elastic contour of the vessel are interactively detected in these planes (minimum-cost 
algorithm). The contour information, using the four-edge points derived from the longitudinal 
contours (A and B) is used to guide detection in the individual cross sections (right). Contour 
detection is then performed in the individual cross-sectional images. The result of this auto-
mated contour detection can be checked and corrected by the observer
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especially when an ECG-gated acquisition is used. 
For non-gated data, the method allows the use of 
data sets consisting of many frames (> 1000), which 
enhances structure recognition (due to a higher 
temporal resolution) and minimizes the disconti-
nuities caused by catheter motion, without prolong-
ing analysis time. The edge-detection method uses 
a digital fi lter that reduces noise and enhances true 
boundaries. The identifi ed contour points are subse-
quently mapped to the individual 2D images, serving 
as control points for a fi tted analytical spline rep-
resentation of contours in the 2D images. For each 
structure, quantities of interest, such as 2D areas, are 
calculated from the mathematical contour descrip-
tion (Fig. 2.4.4). Although as many as 72 L-views can 
be used, the optimal performance in terms of accu-
racy and analysis time has been reached by tracing 
eight to nine contour lines in four to fi ve L-views. 2D 
images are displayed simultaneously to help navigate 
through the data set and inspect the results, and 
are not used for correction in the 2D cross-sectional 
contours. This software package translates both 
videotaped and digitally acquired images (such as 
the ECG-gated sets) to images complying with the 
DICOM medical image standard (Fig. 2.4.5). The 
image data set is stored on an ICUS image server 

connected to the hospital network, which incorpo-
rates a database containing the quantitative results. 
On quantitative workstations throughout the Tho-
raxcenter, the QCU software can import these data 
sets for further analysis. Results with this software 
package did not show loss in accuracy and the speed 
of analysis is greatly improved. A time of less than 
20 min to complete an analysis of an ECG-gated data 
set was found, independent of the total of individual 
cross sections included.

As already pointed out, the non-ECG-gated pull-
back can suffer from artifacts resulting in inaccu-
rate measurements (Bruining et al. 1996, 1998; von 

Birgelen et al. 1997a,b). The motion of the catheter 
with respect to its longitudinal position to the coro-
nary vessel (the z-axis) results in typical saw-tooth 
(or parabolic) shaped appearances of the coronary 
vessel wall in L-views. This makes it diffi cult to 
develop a robust contour-detecting algorithm. In 
Figure 2.4.2, the differences in L-view appearance 
of both acquisition methods (gated and non-gated) 
are presented. The methodology applied for contour 
detection is similar to the non-gated approach. The 
use of ECG-gated ICUS image data sets is thus of 
particular interest when potentially small volumet-
ric changes, such as those expected in progression-

Fig. 2.4.4. This is a screenshot of the new quantitative coronary ultrasound program. The 
investigated coronary segment can be divided in multiple parts to make later statistical analy-
sis more convenient. Here the segment is divided into a distal, target and proximal part. The 
contour detection in the cross-sectional images can be checked in the panel at the top left side. 
However, the idea is not to make changes in these individual 2D cross-sectional images, but 
only in the longitudinal reconstructed images (called L-views)



96 N. Bruining, R. Hamers, S. de Winter, J. R. T. C. Roelandt

regression studies of atherosclerosis, are being in-
vestigated. In addition to the display of the smooth 
appearance of the EEM boundary being closer to re-
ality, there is a signifi cantly reduced analysis time. 
It was demonstrated that there is improved accu-
racy in quantitative results (von Birgelen 1997a,b; 
 Bruining et al. 1998).

Currently there are four QCU soft- and hardware 
packages commercially available:

Indec, for add-on equipment for “on-line” analy- �
sis of non-ECG-gated data sets plus QCU software 
for off-line analysis. The add-on equipment can 
be of interest for institutes not wanting to buy a 
complete new ICUS console but wishing to refur-
bish their existing equipment. The system shows 
an on-line non-ECG-gated L-view, for analysis in 
the cathlab, and can store analyzed data digitally. 
However, the method is based on analysis of a 
stack of 2D images and is not a true 3D based 
system.
Medis (Medis, Leiden, The Netherlands) for off- �
line analysis. 

Tomtec, a 3D workstation for acquisition and on-  �
and off-line analysis of ECG-gated data sets.
CURAD (Pie Medical Imaging BV, Maastricht,  �
Netherlands), the described CURAD/Thoraxcen-
ter approach.

 2.4.4 
Limitations

Potential pitfalls in the described QCU software 
packages are:

Curvatures of the coronary segment are not taken  �
into account and an artifi cially straightened L-view 
is produced. In a curve of the vessel the ICUS slices 
are no longer parallel to each other due to the 
fact that the catheter is no longer perpendicular 
to the vessel wall. This results in a distortion of 
the volumetric analysis since volume segments at 
the inner side of the vessel, related to its curva-

Fig. 2.4.5. This is a schematic overview of our intracoronary ultrasound (ICUS) image data 
fl ow. The pullback information is either delivered digitized by the ICUS console itself or digi-
tized later by a workstation from S-VHS videotape. Both image modalities are translated into 
the DICOM image standard and are stored on an ICUS DICOM server connected to the hos-
pital network. Analysis stations can retrieve the data from this server for further quantitative 
coronary ultrasound analysis. Statistics can be performed by retrieving numerical data via the 
standard query language (SQL)
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ture, will be overestimated and fragments at the 
outer side underestimated. However, the resulting 
error seems to be rather small (Schuurbiers et 
al. 2000). Visualization of the true curvature of the 
coronary artery segment can only be accomplished 
by combining bi-plane angiography with the 3D 
ICUS image data sets (Slager et al. 2000).
ECG-gated acquisition time takes longer when  �
compared to constant velocity pullbacks.
In still ICUS frames it is sometimes diffi cult to  �
determine the exact luminal border, especially 
when there is an area of slow blood fl ow and 
presence of echolucent tissue. A rule in software 
engineering is that if one is not able to identify a 
contour by eye, it is not possible to develop a soft-
ware algorithm for it. This requires that experi-
enced observers still correct for fl aws in the auto-
mated software detectors. Therefore, most QCU 
programs are called semi-automated. 
It is not possible to look behind a calcifi ed area of  �
the vessel and thus see and detect the EEM bound-
ary with ICUS; interpolation of the EEM contour 
is necessary in this situation.
Due to the nature of the ultrasound beam and  �
its interaction with the struts of stents, they have 
a very bright (e.g. blooming) appearance on the 
ICUS images. For this reason it can be diffi cult 
to precisely determine the correct stent contours. 
An eccentric catheter position can also cause false 
strut image appearances.

 2.4.5 
Future Developments

The industry is constantly working to improve 
their catheters (higher frequencies, > 40 MHz), 
ultrasound consoles (digital imaging, storage and 
image transfer, on-line analysis), add-on equip-
ment (improved and smaller pullback devices) and 
software for imaging, image acquisition, analysis 
and 3D reconstruction. Disadvantages, such as oc-
cluding the vessel by means of the catheter, could 
be prevented by using an imaging guide-wire or a 
forward scanning catheter (Evans et al. 1994; Ng et 
al. 1994; Degewa et al. 2001). In this case the site of 
the stenosis is not occluded during an acquisition. 
Further improvements could be found in improved 
on-line quantifi cation and incorporation of ECG-
gating functionality in the ultrasound consoles.

 2.4.6 
Conclusion

Quantitative ICUS is an important analysis tool for 
the assessment of coronary vessels being treated 
with new pharmaceutical agents or interventional 
techniques. The feasibility of ECG-gating, hard- 
and/or software based, makes it possible to obtain 
high-quality image data sets with smooth contours 
suitable for accurate quantitative analysis.
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3.1 Multi-Detector Row Computed Tomography – 
 Technical Principles, New System Concepts, and Clinical Applications

 Thomas Flohr and Bernd Ohnesorge

 3.1.1 
Introduction

Coronary artery imaging is a demanding applica-
tion for any non-invasive imaging modality. On 
the one hand, high temporal resolution is needed 
to virtually freeze the cardiac motion and to avoid 
motion artifacts in the images. On the other hand, 
suffi cient spatial resolution – at best sub-millime-
ter – is required to adequately visualize small and 
complex anatomical structures such as the coronary 
arteries. The complete coronary artery tree has to 
be examined within one short breath-hold time to 
avoid breathing artifacts and to limit the amount of 
contrast agent if necessary. In 1984, electron beam 
computed tomography (EBCT) was introduced as 
a non-invasive imaging modality for the diagno-
sis of coronary artery disease (Boyd and Lipton 
1982;  Agatston et al. 1990; Achenbach et al. 1998, 
Becker et al. 2000a). The temporal resolution of 
100 ms allowed for motion-free imaging of the car-
diac anatomy in the diastolic heart phase even at 
higher heart rates. Due to the restriction to non-spi-
ral scanning in electrocardiogram (ECG)-synchro-
nized cardiac examinations, a single breath-hold 
scan of the heart required slice widths not smaller 
than 3 mm. The resulting through-plane (z-axis) 
resolution was limited and not adequate for 3D visu-
alization of the coronary arteries. Initial attempts to 
use 3rd generation single-slice CT systems, based on 
the mechanical rotation of X-ray tube and detector, 
for cardiac imaging were not convincing due to poor 
temporal resolution and insuffi cient volume cover-
age with thin slices (Becker et al. 2000b; Bahner 
et al. 1999). Since 1999, four-slice CT systems with 
higher volume coverage speed and improved tem-
poral resolution of 250 ms and less owing to shorter 
gantry rotation times (0.5 s) have been clinically used 
for ECG-triggered or ECG-gated multi-detector row 
CT (MDCT) examinations at low to moderate heart 
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rates (Ohnesorge et al. 1999, 2000, 2002; Klingen-

beck et al. 1999; Kachelrieß et al. 2000). Due to 
the increased scan speed with four simultaneously 
acquired slices, coverage of the entire heart volume 
with thin slices (i.e. 4 � 1 mm or 4 � 1.25 mm col-
limation) within one breath-hold became feasible. 
The improved through-plane resolution allowed for 
high-resolution CT imaging of the heart and the 
coronary arteries (Knez 2000, 2001; Nieman et al. 
2001, Kopp et al. 2002; Becker et al. 2002). First 
clinical studies demonstrated MDCT’s potential to 
not only detect but to some degree also characterize 
non-calcifi ed and calcifi ed atherosclerotic plaques 
in the coronary arteries based on their CT attenu-
ation (Schröder et al. 2001). Despite all promising 
advances, challenges and limitations with respect 
to motion artifacts in patients with higher heart 
rates, limited spatial resolution and long breath-
hold times up to 40 s remained for four-slice cardiac 
CT (Nieman et al. 2001). In 2000, shorter exami-
nation times for coronary CT angiography (CTA) 
were realized with an MDCT offering 8 � 1.25 mm 
collimation. Introduced in 2001, 16-slice CT sys-
tems with sub-millimeter collimation (16 � 0.5 mm, 
16 � 0.625 mm, 16 � 0.75 mm) and gantry rotation 
times down to 0.375 s provided improved spatial 
and temporal resolution compared with four-slice 
and eight-slice scanners, while examination times 
were considerably reduced to about 15–18 s (Flohr 
2002a,b). Detection and characterization of coro-

nary plaques, even in the presence of calcifi cations, 
benefi ted from the increased robustness of 16-slice 
technology (Nieman et al. 2002a; Ropers et al. 2003; 
Mollet et al. 2004, 2005a; Kuettner et al. 2004a; 
Hoffmann et al. 2005).

Available since 2004, 64-slice CT systems are a 
further leap in integrating coronary CTA into routine 
clinical algorithms. Two different scanner concepts 
were introduced by the different vendors: the “vol-
ume concept” pursued by GE, Philips and Toshiba 
aims at a further increase in volume coverage speed 
by using 64 detector rows instead of 16, thus pro-
viding 32 mm–40 mm z-coverage, without changing 
other physical parameters of the scanner compared 
with the respective 16-slice version. The “resolution 
concept” pursued by Siemens uses 32 physical de-
tector rows in combination with double z-sampling, 
an advanced z-sampling technique enabled by a pe-
riodic motion of the focal spot in the z-direction, 
to simultaneously acquire 64 overlapping 0.6 mm 
slices with the goal of pitch-independent increase of 
through-plane resolution and reduction of spiral ar-
tifacts (Flohr et al. 2004, 2005). The 64-slice CT sys-
tems provide further improved temporal resolution 
(165 ms and less with multi-segment reconstruc-
tion) due to gantry rotation times down to 0.33 s. 
The wider coverage with thinner slices has short-
ened the examination time to 6–12 s, which is an ad-
equate breath-hold time even for dyspneic patients. 
Figure 3.1.1 demonstrates the improvement in image 

Fig. 3.1.1. Patient examples depicting similar clin-
ical situations (a stent in the proximal left anterior 
descending artery) to compare the clinical perfor-
mance of ECG-gated cardiac CT with a four-slice 
CT system (4 � 1 mm collimation, 500 ms rota-
tion time) and a 64-slice CT system (32 � 0.6 mm 
collimation with double z-sampling, 330 ms rota-
tion time). With the 64-slice system (bottom), the 
in-stent lumen can be evaluated (four-slice case 
courtesy of Hopital de Coracao, Sao Paulo, Brasil; 
64-slice case courtesy of PUMC, Beijing, China)
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quality, in particular with regard to spatial resolu-
tion, from four-slice to 64-slice CT systems. While 
image quality at higher heart rates and robustness 
of the method in clinical routine seem to be signifi -
cantly improved with 64-slice CT systems compared 
with previous generations of MDCT, most authors 
still propose the administration of beta-blockers 
for patients with higher heart rates (e.g. Leber et al. 
2005; Raff et al. 2005; Mollet et al. 2005b).

In 2005, a dual source CT (DSCT) system, i.e. a CT 
system with two X-ray tubes and two corresponding 
detectors offset by 90°, was introduced by one ven-
dor (Flohr et al. 2006). The key benefi t of DSCT for 
cardiac scanning and coronary CT angiography is 
improved temporal resolution. A scanner of this type 
provides temporal resolution of a quarter of the gantry 
rotation time (in this case 83 ms), independent of the 
patient’s heart rate. First clinical studies have mean-
while demonstrated the potential of DSCT to enable 
clinically robust cardiac examinations in patients with 
high and irregular heart rates (Achenbach et al. 2006; 
 Johnson et al. 2006, Scheffel et al. 2006). Scanners of 
this type also show promising properties for general 
radiology applications, such as the potential of dose 
accumulation for the examination of obese patients by 
simultaneously using both X-ray tubes, or the potential 
of dual energy acquisitions for tissue characterization, 
calcium quantifi cation, and quantifi cation of the local 
blood volume in contrast-enhanced scans.

In this chapter, we present the technical principles 
and clinical applications of MDCT in cardiac imag-
ing. We discuss technology and clinical performance 
of 16-slice CT, 64-slice CT and DSCT equipment, as 
well as CT systems with area detector technology, 
and we give a brief overview on clinical applications 
of ECG-synchronized cardiac CT scanning.

 3.1.2 
Technical Principles of 
ECG-Synchronized Cardiac Scanning with 
MDCT

3.1.2.1 

Technology Overview

Electron beam CT (EBCT) was the fi rst cross-sec-
tional non-invasive imaging modality that could vi-
sualize the cardiac anatomy and the coronary arteries 
(Boyd and Lipton 1982). In EBCT, an electron beam 

is emitted from a powerful electron gun and mag-
netically defl ected to hit a semi-circular anode sur-
rounding the patient. The magnetic defl ection sweeps 
the electron beam over the target, thus generating an 
X-ray source that virtually rotates around the patient 
(Fig. 3.1.2). Given the absence of mechanically mov-
ing parts a sweep can be accomplished in 50–100 ms, 
in this way providing images with excellent tempo-
ral resolution. The technical principles of EBCT have 
been discussed elsewhere (McCollough and Zink 
1994; McCollough et al. 1994, 1999). 

EBCT suffers from inherent disadvantages of the 
measurement principle which have prevented a more 
widespread use of these systems in cardiology or gen-
eral radiology. Due to the restriction to non-spiral, 
sequential scanning, a single breath-hold scan of the 
entire heart requires slice widths not smaller than 
3 mm. The resulting limited through-plane resolution 
is suffi cient for Ca scoring; it is, however, not adequate 
for three-dimensional visualization of the coronary 
arteries and for the reliable detection of non-calcifi ed 
atherosclerotic plaques. Image quality is degraded by 
scattered radiation due to missing anti-scatter col-
limator blades on the detector, with typical artifacts 
presenting as hypodense zones in the mediastinum. 
A fi xed beam current of about 640 mA is used, limit-
ing the exposure to 32–64 mAs per slice (Stanford 
and Rumberger 1992). As a consequence, signal-to-
noise ratio is at least problematic, if not insuffi cient 

Fig. 3.1.2. The electron beam CT (EBCT) principle. An elec-
tron beam is magnetically defl ected to hit a semi-circular 
anode surrounding the patient (angular coverage 210°). The 
electron beam is swept over the target in 50–100 ms, thus 
generating an X-ray source that virtually rotates around 
the patient. The temporal resolution of EBCT images is 
50–100 ms
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for larger patients. An EBCT system intended to 
overcome some of these limitations, the Imatron e-
speed (General Electric, Milwaukee, USA), had been 
installed at several research sites, but was never com-
mercially introduced. In summary, the EBCT prin-
ciple is currently not considered adequate either for 
state-of-the-art cardiac imaging or for general radio-
logical applications.

Since 1998, third-generation MDCT systems 
with simultaneous acquisition of 4 (1998), 8 (2000), 
16 (2001) and 64 slices (2004), and minimum rota-
tion times of 500 ms (1998), 420 ms (2001), 375 ms 
(2002) and 330 ms (2004) have been used for ECG-
synchronized examinations of the heart and coro-
nary arteries. Third-generation CT scanners employ 
the so-called “rotate/rotate” geometry, in which both 
X-ray tube and detector are mounted onto a rotating 
gantry and rotate about the patient (Fig. 3.1.3). In a 
MDCT system, the detector comprises several rows 
of 700 and more detector elements which cover a 
scan fi eld of view (SFOV) of usually 50 cm. The X-
ray attenuation of the object is measured by the in-
dividual detector elements. All measurement values 
acquired at the same angular position of the mea-
surement system are called a “projection” or “view”. 
Typically 1000 projections are measured during 
each 360° rotation. A suitable MDCT detector must 
provide different slice widths to adjust the optimum 

scan speed, through-plane resolution and image 
noise for each application. Different manufacturers 
of MDCT scanners have introduced different detec-
tor designs: the fi xed array detector consists of de-
tector elements with equal sizes in the through-plane 
(z-axis) direction, while the adaptive array detector 
comprises detector rows with different sizes in the 
through-plane direction. In order to be able to se-
lect different slice widths, all scanners electronically 
combine several detector rows to a smaller number 
of slices according to the selected beam collimation 
and the desired slice width. Figure 3.1.4 gives an 
overview on the detector designs of three genera-
tions of MDCT scanners. 

The 64-slice systems by GE, Philips and Toshiba 
utilize detectors with 64 rows providing 32 
mm–40 mm z-coverage, and aim at a further in-
crease in volume coverage speed without changing 
other physical parameters of the scanner compared 
with the respective 16-slice version (Fig. 3.1.4, bottom 
right). The Siemens Sensation 64 scanner (Siemens 
Medical Solutions, Forchheim, Germany) utilizes a 
detector with 32 collimated 0.6-mm rows (Fig. 3.1.4, 
bottom left) in combination with a periodic motion 
of the X-ray focal spot in the through-plane direc-
tion (z-fl ying focal spot) to double the number of 
simultaneously acquired slices and to improve data 
sampling along the z-axis (Flohr et al. 2004, 2005). 
By permanent electromagnetic defl ection of the elec-
tron beam in the X-ray tube the focal spot is wobbled 
between two different positions on the anode plate. 
The amplitude of the periodic z-motion is adjusted 
such that two subsequent readings are shifted by 
half a collimated slice width in the patient’s z-axis 
direction (Fig. 3.1.5). Therefore, the measurement 
rays of two subsequent readings interleave in the 
z-direction, and two subsequent 32-slice readings 
with 0.6-mm collimated slice-width are combined 
to one 64-slice projection with a sampling distance 
of 0.3 mm at the iso-center. With this technique, 64 
overlapping 0.6-mm slices per rotation are acquired, 
and the sampling scheme is similar to that of a 
64 � 0.3 mm detector. The clinical benefi ts of opti-
mized z-sampling with the z-fl ying focal spot tech-
nique are improved through-plane resolution at any 
pitch (Fig. 3.1.6) and suppression of spiral artifacts. 
Typical spiral artifacts result from insuffi cient data 
sampling along the z-axis and present as hyper- or 
hypo-dense “windmill” structures surrounding z-
inhomogeneous high-contrast objects such as bones 
or contrast fi lled vessels (e.g. vena cava), which ro-
tate when scrolling through a stack of images. 

Fig. 3.1.3. Basic system components of a modern 3rd gen-
eration CT system, in which both X-ray tube and detector 
are mounted onto a rotating gantry and rotate around the 
patient
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Fig. 3.1.4. Examples 
of fi xed array detec-
tors and adaptive ar-
ray detectors used in 
commercially available 
four-, 16- and 64-slice 
systems

Fig. 3.1.5. Principle of improved z-sampling with the z-fl ying 
focal spot technique. Due to a periodic motion of the focal 
spot in the z-direction two subsequent 32-slice readings are 
shifted by half a collimated slice-width S/2 at the iso-center 
and can be interleaved to one 64-slice projection. Improved 
z-sampling is not only achieved at the iso-center, but main-
tained in a wide range of the scan fi eld of view (SFOV), which 
can be defi ned by a “limiting” radius rlim. The distances of 
both focal spot and detector from the iso-center and the 
widths of the detector rows are true to scale Fig. 3.1.6. Improvement of through-plane resolution with 

the z-fl ying focal spot technique. Scan data for a patient with 
severe calcifi cations in the left anterior descending artery 
was acquired on a CT system with a detector comprising 32 
collimated 0.6-mm rows. Top, reconstruction without z-fl y-
ing focal spot, slice-width ~ 0.8 mm. Bottom, reconstruction 
with z-fl ying focal spot, slice-width ~ 0.6 mm. Ca-blooming 
is signifi cantly reduced. (Images courtesy of Dr. A. Küttner, 
Tübingen University, Germany)
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A key requirement for the mechanical design of 
the gantry is the stability of both focal spot and de-
tector position during rotation, in particular with 
regard to the rapidly decreasing rotation times of 
modern CT systems (from 750 ms in 1994 to 330 ms 
in 2004). Hence, the mechanical support for X-ray 
tube, tube collimator and data measurement system 
(DMS) has to be designed such as to withstand the 
high gravitational forces associated with fast gan-
try rotation (~ 17 G for 0.42 s rotation time, ~ 28 G 
for 0.33 s rotation time). Rotation times of less than 
0.25 s (mechanical forces > 45 G) appear to be be-
yond today’s mechanical limits. 

Currently, two different techniques are employed 
to synchronize data acquisition and image recon-
struction to the patient’s ECG in cardiac CT scan-
ning, namely prospective ECG-triggering and retro-
spective ECG-gating.

3.1.2.2 

ECG-Triggered Sequential MDCT Scanning and 

Image Reconstruction

The most basic approach for ECG-synchronized 
CT data acquisition is prospectively ECG-triggered 
axial scanning, which was previously introduced 
with EBCT and single-slice spiral CT (Boyd and 
Lipton 1982; Achenbach et al. 1998; Becker et al. 
2000a). The patient’s ECG signal is monitored dur-
ing examination, and axial scans are started with a 
pre-defi ned temporal offset relative to the R-waves 
which can be either relative (given as a certain per-
centage of the RR-interval time) or absolute (given in 
milliseconds) and either forward or reverse (Ohne-

sorge et al. 1999) (see Fig. 3.1.7). Data acquisition is 
therefore “triggered” by the R-waves of the patient’s 

ECG signal. Usually, partial scan data intervals con-
sisting of 180° of data plus the total fan angle plus 
a transition angle for smooth data weighting (in to-
tal 240–260° of data) are acquired. The partial scan 
data interval is then used as input for a modifi ed 
half-scan reconstruction which extracts 180° of scan 
data in parallel geometry (Ohnesorge et al. 2000; 
Flohr and Ohnesorge 2001). Using optimized 
half-scan reconstruction algorithms with adequate 
data weighting, a temporal resolution up to half the 
gantry rotation time per image (165 ms for 330 ms 
gantry rotation) can be achieved in a suffi ciently 
centered region of interest. The number of images 
acquired with every scan corresponds to the number 
of active detector slices. In between the individual 
axial scans the table moves to the next z-position, 
the heart volume is therefore covered by a “step-
and-shoot” technique. Due to the time necessary for 
table motion, typically every second heart beat can 
be used for data acquisition (Fig. 3.1.8).

Prospective ECG-triggering combined with “step-
and-shoot” acquisition of axial slices is the most 
dose-effi cient way of ECG-synchronized scanning as 
only the very minimum of scan data needed for image 
reconstruction is acquired in the previously selected 
heart phase. As a drawback, reconstruction of images 
in different phases of the cardiac cycle for functional 
evaluation is not possible, and the method encounters 
its limitations for patients with severe arrhythmia, 
since ECG-triggered axial scanning depends on a re-
liable prediction of the patient’s next RR-interval by 
using the mean of the preceding RR-intervals. 

While ECG-triggered axial scanning was aban-
doned for coronary CTA with four-slice, eight-slice 
and 16-slice CT systems due to long acquisition 
times with thin slices, the method has recently been 

Fig. 3.1.7. Absolute and relative phase setting 
for ECG-synchronized CT examinations of 
the heart
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re-introduced for 64-slice CT systems. They make 
it possible to cover the entire heart with 0.6-mm or 
0.625-mm slices within a reasonable breath-hold 
time at very low radiation dose to the patient (Hsieh 
et al. 2006).

3.1.2.3 

ECG-Gated Spiral MDCT Scanning and 

Image Reconstruction

With retrospective ECG-gating, the heart volume is 
covered continuously by a spiral scan. The patient’s 
ECG signal is recorded simultaneously to allow for a 
retrospective selection of the data segments used for 
image reconstruction (Ohnesorge et al. 2000, 2002; 
Kachelrieß et al. 2000). Phase-consistent cover-
age of the heart requires highly overlapping spiral 
acquisition at low table feed that has to be adapted to 
the patient’s heart rate to avoid gaps between image 
stacks reconstructed at the same relative phase in 
consecutive heart cycles (Fig. 3.1.9).

Image reconstruction for ECG-gated multi-slice 
spiral scanning consists of two parts: multi-slice 
spiral interpolation to compensate for the continu-
ous table movement and to obtain scan data at the 
desired image z-position, followed by a partial scan 
reconstruction of the axial data segments. A “single-
slice” partial scan data segment is generated for each 

image using a partial rotation of the multi-slice spi-
ral scan which covers the given z-position. For each 
projection angle within the multi-slice data segment 
an interpolation is performed between the data of 
those two detector slices that are in closest proxim-
ity to the desired image plane zima (Fig. 3.1.10). The 
temporal resolution is constant and equals half the 
gantry rotation time of the scanner using optimized 
partial scan reconstruction techniques as described 
above. For 330-ms gantry rotation, temporal resolu-
tion can be as good as 165 ms.

At higher heart rates temporal resolution can 
be improved by dividing the partial scan data seg-
ment used for image reconstruction into N = 2–4 
sub-segments acquired in subsequent heart cycles 
(“segmented” reconstruction). Each sub-segment 
is generated by using data from one heart period, 
and there are temporal gaps between the multi-
slice data segments used for image reconstruction 
(Fig. 3.1.11) (Kachelrieß et al. 2000; Flohr and 
Ohnesorge 2001). For each projection angle an in-
terpolation is performed between the data of those 
two detector slices that are in closest proximity to 
the desired image plane. The result are N single-
slice partial scan sub-segments located at the given 
image z-position zima (Fig. 3.1.11), which can be put 
together to build up the partial scan data segment. 
With this technique, the patient’s heart-rate and the 

Fig. 3.1.8. Sequential volume coverage with prospectively ECG-triggered multi-detector row CT scanning. Multiple images 
corresponding to the number of active detector slices (in this case four slices) are acquired with a user-selectable delay after 
a detected R-wave. The images (marked as orange blocks) cover a z-range of the heart that equals the detector z-width at the 
iso-center. Partial scans with optimized image reconstruction are performed to provide a temporal resolution of half the 
gantry rotation time. Due to the necessary table movement from one stationary position to the next, a scan can typically 
be acquired in every other heart cycle
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Fig. 3.1.10. Principle of retrospectively ECG-gated 
spiral scanning with single-segment reconstruction. 
The patient‘s ECG signal is indicated as a function of 
time on the horizontal axis, and the position of the 
detector slices relative to the patient is shown on the 
vertical axis (in this example for a four-slice CT sys-
tem with 0.5-s gantry rotation time). The table moves 
continuously, and continuous spiral scan data of the 
heart volume are acquired. Only scan data acquired 
in a pre-defi ned cardiac phase, usually the diastolic 
phase, are used for image reconstruction (indicated 
as a grey shaded box). The spiral interpolation is il-
lustrated for some representative projection angles �

Fig. 3.1.11. Principle of retrospectively ECG-gated 
spiral scanning with multi-segment reconstruction. 
Spiral interpolation scheme for the example of a four-
slice scanner using N=2 sub-segments of multi-slice 
data from consecutive heart periods for image recon-
struction (compare to Fig. 3.1.10). Both sub-segments 
have to fi t together to build up a partial scan data 
interval. The spiral interpolation is indicated for 
some representative projection angles �

Fig. 3.1.9. Continuous volume coverage 
with retrospectively ECG-gated multi-
detector row CT scanning for the example 
of a four-slice CT system. A spiral scan 
with continuous table feed is performed. 
Stacks of overlapping images (marked as 
orange blocks) can be reconstructed in 
every heart cycle. Optimized image re-
construction techniques provide a tempo-
ral resolution of half the gantry rotation 
time. Continuous 3D imaging in different 
phases of the cardiac cycle is feasible 
by shifting the start points of image 
reconstruction relative to the R-waves. 
The table feed has to be adapted to the 
patient’s heart rate to avoid gaps between 
image stacks reconstructed at the same 
relative phase in consecutive heart cycles
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gantry rotation time of the scanner have to be prop-
erly de-synchronized to allow for improved tem-
poral resolution. Two requirements have to be met: 
fi rst, start- and end-projection angles of the sub-seg-
ments have to fi t together to build up a full partial 
scan interval. As a consequence, the start projec-
tions of subsequent sub-segments have to be shifted 
relative to each other. Second, all sub-segments have 
to be acquired in the same relative phase of the pa-
tient’s heart cycle to reduce the total time interval 
contributing to an image. If the patient’s heart beat 
and the rotation of the scanner are completely syn-
chronous, the two requirements are contradictory. 
For instance, for a heart-rate of 60 beats per minute 
(bpm) and a 360° rotation time of 500 ms, the same 
heart phase always corresponds to the same projec-
tion angle segment, and a partial scan interval can-
not be divided into smaller sub-segments acquired 
in successive heart periods. Then no better tempo-
ral resolution than half the gantry rotation time is 
achieved. In the best case, when the patient’s heart 
beat and the rotation of the scanner are optimally 
de-synchronized, the entire partial scan interval can 
be divided into N sub-segments of equal length, and 
each sub-segment is restricted to a data time inter-
val of 1/(2N) times the rotation time within the same 
relative heart phase. Generally, depending on the 
relation of rotation time and patient heart rate, tem-
poral resolution is not constant but varies between 
one half and 1/(2N) times the gantry rotation time. 
There are “sweet spots”, heart rates with optimum 
temporal resolution, and heart rates where tempo-
ral resolution cannot be improved beyond half the 
gantry rotation time (Fig. 3.1.12). Multi-segment ap-
proaches rely on a complete periodicity of the heart 
motion, and they encounter their limitations for 
patients with arrhythmia or patients with changing 
heart rates during examination. With increased N 
better temporal resolution can be achieved, but at 
the expense of reduced volume coverage within one 
breath-hold time or loss of through-plane resolution. 
To maintain good through-plane resolution and 
thin-slice images, every z-position of the heart has to 
be seen by a detector slice at every time during the N 
heart cycles. As a consequence, the larger N and the 
lower the patient’s heart rate is, the more the spiral 
pitch has to be reduced, resulting in increased ex-
amination times and increased radiation dose to the 
patient. If the pitch is too high, certain z-positions 
will not be covered by a detector slice in the desired 
phase of the cardiac cycle. To obtain images at these 
z-positions, far-reaching spiral interpolations have 

to be performed, which degrade slice sensitivity pro-
fi les (SSPs) and reduce through-plane resolution. 

In general, clinical practice suggests the use of 
N = 1 segment at lower heart rates and N = 2 seg-
ments at higher heart rates. It has been demonstrated 
that multi-segment reconstruction approaches are 
clinically useful only up to a maximum of two seg-
ments for imaging of cardiac and coronary anatomy 
( Greuter et al. 2007). In some CT scanners, the par-
tial scan data segment is automatically divided into 
one or two sub-segments depending on the patient’s 
heart rate during examination [adaptive cardio vol-
ume, ACV, algorithm (Flohr and Ohnesorge 2001)]. 
At heart rates below a certain threshold, one sub-
segment of consecutive multi-slice spiral data from 
the same heart period is used. At higher heart rates, 
two sub-segments from adjacent heart cycles con-
tribute to the partial scan data segment (Fig. 3.1.12). 
In some other CT scanners, the single-segment par-
tial scan images are reconstructed prospectively as 

Fig. 3.1.12. Temporal resolution [full width at half maxi-
mum (FWHM) of the temporal sensitivity profi le (TSP)] as a 
function of the heart rate for the adaptive cardio volume ap-
proach with 0.42-s, 0.375-s and 0.33-s gantry rotation time. 
For lower heart rates, a single-segment reconstruction with 
constant temporal resolution is performed. At higher heart 
rates, data from two consecutive heart cycles are used for 
image reconstruction, and the temporal resolution depends 
on the heart rate. For 0.42-s rotation time, the temporal 
resolution reaches its optimum of 105-ms at 82 bpm. For 
0.375-s rotation time, “sweet spots” with optimum temporal 
resolution of 94 ms are 71 bpm and 92 bpm. For 0.33-s rota-
tion time, the best possible temporal resolution of 83 ms is 
achieved at 66 bpm, 81 bpm and 104 bpm
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base-line images, followed by a two-segment recon-
struction retrospectively for a potential gain of tem-
poral resolution for higher heart rates.

By using ECG-gated spiral acquisition images are 
reconstructed in every heart beat, hence faster vol-
ume coverage than with prospective ECG-triggering 
is possible. Moreover, the continuous spiral acqui-
sition enables reconstruction of overlapping image 
slices, and a through-plane spatial resolution about 
20% below the effective slice-width can be achieved. 
Image reconstruction during different heart phases 
is feasible by shifting the start points of the data seg-
ments used for image reconstruction relative to the 
R-waves. This allows for a retrospective selection of 
reconstruction phases that provide best image qual-
ity in an individual patient and for anatomy with 
special motion patterns (Hong et al. 2001; Kopp et al. 
2001). Besides the morphological information that 
is in most cases derived from images reconstructed 
in diastole, additional reconstructions of the same 
scan data in different phases of the cardiac cycle en-
able analysis of global cardiac function parameters 
such as end-diastolic volume, end-systolic volume 
and ejection fraction. In case of arrhythmia and pre-
mature beats, retrospective ECG-editing can help to 
still achieve diagnostic image quality by discarding 
certain RR intervals for image reconstruction or by 
shifting the reconstruction phases individually in 
different heart cycles, while such techniques are not 
yet fully available for ECG-triggered acquisitions 
(Cademartiri et al. 2006).

As a drawback, relatively high radiation exposure 
is involved with retrospectively ECG-gated spiral 
imaging of the heart due to continuous X-ray expo-
sure and overlapping data acquisition at low table 
feed. To maintain the benefi ts of ECG-gated spiral 
CT but reduce patient dose ECG-controlled dose-
modulation (“ECG-pulsing”) has been developed 
(Jakobs et al. 2002). During the spiral scan, the out-
put of the X-ray tube is modulated according to the 
patient’s ECG. It is kept at its nominal value during 
a user-defi ned phase of the cardiac cycle, in general 
the mid- to end-diastolic phase. During the rest of 
the cardiac cycle, the tube output is reduced. Clini-
cal studies with four-slice CT systems and ECG-
controlled reduction of the tube current to 20% of 
its nominal value have demonstrated dose reduction 
by 30%–50% depending on the patient’s heart rate 
(Jakobs et al. 2002). The image quality of the high-
dose images for morphological evaluation is not af-
fected, while the low dose images are still suffi cient 
for functional evaluation. If functional evaluation 

is not required, further reduction of the tube cur-
rent outside the desired cardiac phases (e.g. to 4% of 
its nominal value), can reduce the radiation dose by 
additional 20%. Similar to ECG-triggered sequential 
scanning, ECG-controlled dose modulation relies on 
a prediction of the patient’s next RR-interval by ana-
lyzing the preceding RR-intervals. Therefore, con-
ventional ECG-pulsing approaches encounter their 
limitations for patients with arrhythmia, which has 
so far prevented a more widespread use in clinical 
practice. Recently, a more versatile ECG-pulsing al-
gorithm has been introduced which reacts fl exibly 
to arrhythmia and ectopic beats and has the poten-
tial to considerably enhance the clinical application 
spectrum of ECG-controlled dose modulation.

3.1.2.4 

Evaluation of Spatial Resolution

While in-plane spatial resolution did not signifi -
cantly change from four-slice CT to 64-slice CT, 
through-plane resolution considerably improved. 
The progress in through-plane resolution from four-
slice CT to 64-slice CT can best be demonstrated 
with a z-resolution phantom, which consists of a Lu-
cite plate with rows of cylindrical holes with differ-
ent diameters aligned in the through-plane  (z-axis) 
direction (Fig. 3.1.13): while the four-slice system 
can resolve the 1-mm cylinders in an ECG-gated 
spiral scan mode with 4 · 1-mm collimation (recon-
struction slice width ~ 1.3 mm), the 16-slice system 
depicts the 0.6 mm cylinders with 16 · 0.75 mm col-
limation (reconstruction slice width ~ 0.85 mm), 
and the 64-slice system can even differentiate the 
0.4 mm cylinders thanks to 32 · 0.6 mm collimation 
in combination with z-fl ying focal spot (double z-
sampling) for the simultaneous acquisition of 64 
overlapping 0.6 mm slices (reconstruction slice 
width 0.65 mm).

A further signifi cant increase in spatial resolution 
for routine cardiac scanning, however, is unlikely. 
Increased spatial resolution goes hand in hand with 
increased pixel noise in the images. Consequently, 
to maintain a given signal-to-noise ratio, one has to 
increase the applied radiation dose. If spatial resolu-
tion is to be doubled in all three dimensions without 
increasing the pixel noise, e.g. to perform routine 
examinations at 0.2-mm isotropic resolution compa-
rable to catheter angiography instead of 0.4 mm, the 
dose needs to be increased 16-fold. It is not expected 
that radiation dose to the patient can be increased 
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this much for routine applications. If – on the other 
hand – spatial resolution is increased without cor-
responding increase in radiation dose, excess image 
noise can severely degrade the visualization of small 
coronary arteries and atherosclerotic plaques, such 
that the gain in spatial resolution will not necessar-
ily translate in improved image quality and clinical 
benefi t (Fig. 3.1.14). 

3.1.2.5 

Evaluation of Temporal Resolution

The temporal resolution at a certain point in the 
SFOV is determined by the acquisition time window 
of the data contributing to the reconstruction of that 
particular image point. Similar to SSPs, temporal 
resolution may be characterized by time sensitiv-
ity profi les (TSPs). The temporal resolution ΔTima 

assigned to an image is the full width at half maxi-
mum (FWHM) of the TSP. For a direct measurement 
of temporal resolution, a thin aluminum cylinder 
mounted on a rotating device can be used. The cyl-
inder performs a rotation with a fi xed radius of e.g. 
5 cm around the iso-center of the scanner. The ro-
tation speed of the cylinder and the gantry rotation 
speed of the CT system have to be exactly synchro-
nized. For every projection angle � the cylinder is 
then seen by the same fan angle (the same detector 
channel), and the rotating cylinder is depicted as 
an arc of a circle in the CT image. The length of the 
arc corresponds to the length of the data interval 
used for image reconstruction. Figure 3.1.15 shows 
an image of the rotating cylinder phantom acquired 
at 0.42-s gantry rotation time and reconstructed 
using an artifi cial ECG-signal with 55 bpm (left). 
On the right side, the normalized CT values of the 
image along a circular path matching the trajec-
tory of the cylinder as indicated by the dashed line 
are shown, which represent the TSP. The measured 
FWHM of the TSP is ΔTima = 208 ms; this is in good 
agreement with the theoretically expected value and 
confi rms that modifi ed partial scan reconstruction 
approaches can provide a temporal resolution of 
half the gantry rotation time close to the iso-center 
(Flohr et al. 2003).

Fig. 3.1.13. Evaluation of the spatial resolution in the z-axis 
direction for ECG-gated cardiac spiral CT with four-, 16- and 
64-slice equipment using a through-plane resolution phan-
tom at rest. The phantom comprises air-fi lled cylinders with 
0.4–3.0 mm diameter that can be examined with multipla-
nar reformation cuts along the scan direction. A maximum 
through-plane resolution of 1.0 mm is achieved with four-
slice CT and 4 · 1 mm collimation. 16-Slice CT provides up 
to 0.6-mm through-plane resolution based on 16 · 0.75 mm 
collimation. 64-Slice CT with 32 · 0.6 mm collimation and 
z-fl ying focal spot enables the visualization of objects down 
to 0.4-mm diameter

Fig. 3.1.14. Multiplanar reformations in the z-direction for a 
computer-simulated left coronary artery phantom with cal-
cifi ed and non-calcifi ed plaques. Top, 0.75-mm slice width, 
image noise corresponding to 120 kV, 185 mAs. Center, im-
proved through-plane resolution with 0.3-mm slice width 
and correspondingly increased radiation dose to maintain 
the image noise level (120 kV, 460 mAs). Bottom, 0.3-mm 
slice width without radiation dose adaptation (120 kV, 
185 mAs). In this case, the gain in spatial resolution does 
not translate into improved image quality. Hence, a further 
signifi cant increase in spatial resolution for routine cardiac 
scanning is unlikely
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 3.1.3 
New System Concepts

3.1.3.1 

CT Systems with Area Detectors

With today’s available detector z-coverage of up to 
40 mm, a retrospectively ECG-gated volume image of 
the heart still consists of several image slabs recon-
structed from data acquired in multiple consecutive 
heart beats (Figs. 3.1.8 and 3.1.9). As a consequence 
of insuffi cient temporal resolution and variations of 
the heart motion from one cardiac cycle to the next 
– in particular in case of arrhythmia – these image 
slabs can be blurred or shifted relative to each other, 
resulting in banding artifacts in multiplanar recon-
structions (MPRs) or volume rendering techniques 
(VRTs). The width of an image slab originating from 
one heart beat is proportional to the detector z-
coverage. With increasing detector z-coverage the 
number of heart beats contributing to the volume 
image decreases, and so does the number of steps in 
case of artifacts. However, as a downside of increas-
ing detector width larger portions of the data can be 
distorted if an ectopic beat occurs during the scan. 
A new level of clinical performance can probably 
be expected from CT scanners with area detectors 
that are wide enough in the z-direction to cover the 
entire cardiac anatomy in a single heart beat without 
movement of the table (Mori et al. 2004, 2006a,b; 

Kondo et al. 2005). With area-detector CT scanners 
high-resolution imaging of the cardiac morphol-
ogy, as well as dynamic and functional assessment 
through repeated scanning of the same scan range, 
may become possible. 

Meanwhile, a CT scanner with 320 · 0.5 mm colli-
mation has been introduced by one vendor (Toshiba 
Medical Systems), after a long evaluation phase us-
ing a prototype with 256 · 0.5-mm collimation. Due 
to effects related to the cone-beam geometry of the 
X-ray beam, the scanner can cover a volume of ap-
proximately 140 mm in the z-direction with one ro-
tation, the resulting volume images have an isotropic 
resolution of about 0.5–0.8 mm (Mori et al. 2006a). 
All scan data are acquired in the same RR-cycle, and 
stairstep artifacts between slabs of images from dif-
ferent heart cycles can be avoided. The diagnostic 
quality of this one shot that covers the entire heart, 
however, depends on the available temporal resolu-
tion, which is 175 ms for single-segment reconstruc-
tion at the fastest gantry rotation time of 0.35 s. In 
the worst case, the entire scan will suffer from re-
duced image quality if it is acquired in a short RR-
cycle with insuffi cient temporal resolution. Ectopic 
beats that would otherwise only degrade the image 
quality of a single image slab and could in many 
cases be corrected for by ECG-editing (deletion of 
the corresponding R-peak; see Cademartiri et al. 
2006) can now render the entire examination non-
diagnostic. 

Fig. 3.1.15. Direct evaluation of temporal resolution. Scan data for a cylinder phantom rotat-
ing at a radius of 5 cm were acquired at 0.42-s gantry rotation time and reconstructed using 
an artifi cial ECG signal with 55 bpm (left). Normalized CT values of the image along a circular 
path matching the trajectory of the cylinder are shown on the right side. They represent the time 
sensitivity profi le TSP. The measured full width at half maximum (FWHM) of the TSP is the 
temporal resolution �Tima = 208 ms, in good agreement with the theoretically expected value
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Another potential advantage of CT scanners with 
area detectors is the ability to evaluate perfusion 
defects, e.g. due to coronary artery narrowing, in 
the entire myocardium. Today only limited ranges 
of the myocardium (3–4 cm depending on the CT 
scanner type and its detector z-coverage) can be 
covered with sequential ECG-controlled scan pro-
tocols without table movement to study dynamic 
contrast enhancement. CT imaging of the myocar-
dial perfusion is conceptually promising, yet it has 
to compete with other well-established modalities 
(in particular magnetic resonance imaging MRI), 
and a number of obstacles have to be overcome to 
prove clinical feasibility. For clinically relevant di-
agnostic information stress perfusion testing at el-
evated heart rates (e.g. after the administration of 
Adenosine) is mandatory, which requires excellent 
temporal resolution – at best below 50–100 ms. The 
expected CT density changes in the myocardium are 

Fig. 3.1.16a–d. Prototype of an area-detector CT system with 256 × 0.5-mm collimation (a) and preliminary in-vivo patient 
results. A four-dimensional data set of the heart and the coronary arteries can be acquired from scans without table-feed. The 
prototype system covers a z-range of about 100 mm in one rotation. Volume rendered visualization of a volunteer’s heart (b), mul-
tiplanar reformation of the left ventricle in a long axis (c) and short axis (d) view. (Data courtesy of Ehime University, Japan)

a

c

b

d

very small, hence CT scan and reconstruction tech-
niques will have to be carefully optimized to reliably 
detect these subtle changes in the presence of partial 
scan artifacts and other artifacts. Most important, 
the radiation dose to the patient has to be limited for 
this special acquisition protocol requiring multiple 
irradiations of the same cardiac volume.

Meanwhile, the scanner and its image recon-
struction have been technically evaluated (Mori 
et al. 2004, 2006a) and fi rst in-vitro studies and 
clinical images of pigs have been presented (Mori 
et al. 2006b). First patient studies using the proto-
type 256-slice version of the scanner (Kondo et al. 
2005) have demonstrated its potential to visualize 
the cardiac anatomy and to assess cardiac func-
tion (Fig. 3.1.16). In a preliminary clinical report 
(Kido et al. 2007), 90.9% of the AHA coronary seg-
ments 1–3, 5–7, 9 and 11 could be evaluated in fi ve 
patients.
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patient’s heart rate (Flohr et al. 2006). For ECG-
synchronized CT image reconstruction, a halfscan 
sinogram of CT data in parallel geometry is required. 
Due to the 90° angle between both detectors, the 
halfscan sinogram can be split up into two quarter 
scan sinograms which are simultaneously acquired 
by the two acquisition systems in the same relative 
phase of the patient’s cardiac cycle and at the same 
anatomical level (Fig. 3.1.18). With this approach, 
constant temporal resolution equivalent to a quarter 
of the gantry rotation time trot/4 is achieved in a cen-
tered region of the scan fi eld of view that is covered 
by both acquisition systems. For trot = 330 ms, the 
temporal resolution is 83 ms. Data from one cardiac 
cycle only are used to reconstruct an image (single-
segment reconstruction). This is a major difference 
to conventional MDCT systems, which can theoreti-
cally provide similar temporal resolution by using 
multi-segment reconstruction. With multi-segment 
approaches, however, optimal temporal resolution 
can only be achieved at few selected heart rates (see 
Fig. 3.1.12), and a stable and predictable heart rate 
and complete periodicity of the heart motion are 
required for adequate performance. With DSCT, a 
temporal resolution of trot/4 is obtained indepen-
dent of the heart rate. Figure 3.1.19 shows axial slices 
and MPRs of a moving coronary artery phantom at 
70 bpm (left) and at 90 bpm (right), both for the DSCT 
system (top) and for a comparable 64-slice single-
source CT system (bottom). The phantom simulates 
realistic coronary artery motion, based on pub-
lished values for the coronary arteries (Achenbach 
et al. 2000). The images at 70 bpm show only slight 

3.1.3.2 

Dual Source CT (DSCT)

Motion artifacts remain the most important chal-
lenge for coronary CTA even with 64-slice MDCT 
systems. Further improved temporal resolution of 
less than 100 ms at all heart rates is desirable to 
eliminate the need for heart rate control. Increased 
gantry rotation speed rather than multi-segment 
reconstruction approaches appears preferable for 
clinically robust improvement of the temporal 
resolution with conventional 3rd generation MDCT 
(Halliburton et al. 2003). 

An alternative scanner concept that does not re-
quire faster gantry rotation, but provides consider-
ably enhanced temporal resolution is a CT system 
with multiple tubes and the corresponding detec-
tors (Robb and Ritman 1979; Ritman et al. 1980). 
In a DSCT, the two acquisition systems are mounted 
onto the rotating gantry with an angular offset of 90° 
(Fig. 3.1.17). In a technical realization (SOMATOM 
Defi nition, Siemens Medical Solutions, Forchheim, 
Germany), one detector covers the entire scan fi eld 
of view (50 cm in diameter), whereas the other de-
tector is restricted to a smaller, central fi eld of view 
(26 cm). Both detectors provide simultaneous acqui-
sition of 64 overlapping 0.6 mm slices by means of 
double z-sampling (z-fl ying focal spot technology). 
The gantry rotation time is 330 ms (Flohr et al. 
2006). 

The key benefi t of DSCT for cardiac scanning is 
improved temporal resolution equivalent to a quar-
ter of the gantry rotation time, independent of the 

Fig. 3.1.17. A dual-source CT using two tubes and two corresponding detectors offset by 90° (left). In a technical realization, 
one detector (A) covers the entire scan fi eld of view with a diameter of 50 cm, while the other detector (B) is restricted to a 
smaller, central fi eld of view (right)



  Multi-Detector Row Computed Tomography 113

Fig. 3.1.18. With a dual-source CT scanner the halfscan data 
segment necessary to reconstruct an image at a certain phase 
within the patient’s cardiac cycle (e.g. at a time �TRR after 
the R-peak) can be split up into two quarter scan segments 
(indicated in green and orange) that are acquired by both 
measurement systems simultaneously. A scanner of this 
type provides temporal resolution equivalent to a quarter of 
the gantry rotation time, independent of the patient’s heart 
rate

Fig. 3.1.19. Axial slices and multiplanar reformations of a moving coronary artery phantom at 70 bpm (left) and at 90 bpm 
(right), for the dual-source CT (DSCT) system (top) and for a comparable 64-slice single-source CT system (bottom), both at 
330-ms gantry rotation time. The phantom consisted of three contrast-fi lled Lucite tubes with a lumen of 4 mm. Coronary 
artery stents were inserted in two of the tubes. One of the stents contained an artifi cial 50% stenosis within the stent. The 
tubes were immersed in a water bath and moved in a periodic manner by a computer-controlled robot arm at an angle of 
45° relative to the scan plane to simulate heart motion. The temporal resolution of the DSCT is 83 ms, the temporal resolu-
tion of the multi-detector row CT (MDCT) using two-segment reconstruction is 140 ms at 70 bpm and 160 ms at 90 bpm. 
The in-stent stenosis (arrow) can be clearly appreciated on the DSCT images both for 70 bpm and 90 bpm, while the MDCT 
images suffer from image quality degradation at 90 bpm due to motion artifacts

motion artifacts with the single-source CT, since its 
temporal resolution with two-segment reconstruc-
tion (140 ms) is suffi cient to adequately visualize 
the moving phantom if the reconstruction phase is 
carefully optimized. At 90 bpm, the single-source 
CT images show increased motion artifacts. Image 
quality is degraded by blurring as a consequence of 
the insuffi cient temporal resolution of 160 ms at this 
heart rate. With the DSCT system, the depiction of 
the moving coronary artery phantom is nearly free 
of artifacts both at 70 bpm and at 90 bpm, thereby al-
lowing for a reliable evaluation of the in-stent lumen 
at both heart rates. Figure 3.1.20 shows a comparison 
of MDCT single-segment and multi-segment recon-
struction and DSCT single-segment reconstruction 
for the same patient with arrhythmia.

Multi-segment approaches can also be applied 
to DSCT systems to further improve temporal res-
olution for advanced functional evaluations of the 
heart, such as the detection of wall motion abnor-
malities, or the determination of parameters such 
as peak ejection fraction. With two-segment recon-
struction, temporal resolution varies between 42 ms 
and 83 ms.

Several clinical studies have meanwhile demon-
strated that DSCT can provide diagnostic results in 
coronary CT angiography examinations irrespective 
of the patients’ heart rate (Achenbach et al. 2006; 
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Johnson et al. 2006; Scheffel et al. 2006). With 
DSCT, image quality seems to be much less dependent 
on heart rate variations than with MDCT, hence clin-
ically robust image quality in patients with high and 
irregular heart rate during the scan can be achieved 
(Fig. 3.1.21). Imaging of the coronary arteries is pos-
sible both in systole and in diastole (Fig. 3.1.22). Di-
agnostic accuracy can also be improved in patients at 
low and normal heart rates. First clinical experience 
indicates that the elimination of cardiac motion due 
to the improved temporal resolution signifi cantly 
reduces Ca-blooming (Fig. 3.1.23), which has so far 
been an obstacle in the assessment of coronary ar-
tery disease in patients with signifi cant calcifi cations 
in the coronary arteries. 

DSCT systems make use of several mechanisms 
to reduce the radiation dose to the patient in an 
ECG-synchronized examination: as a consequence 
of the single-segment reconstruction approach the 
table feed in ECG-gated spiral examinations can be 
signifi cantly increased at elevated heart rates (see 
Fig. 3.1.9), thereby reducing both the examination 
time and the radiation dose to the patient. An ef-
fi cient mechanism for ECG-controlled modulation 
of the X-ray tube output (ECG-pulsing) minimizes 
the length of the high dose intervals, while it reacts 
fl exibly to ectopic beats and heart rate variations. 

Fig. 3.1.20. Volume rendered visualizations of the heart of a patient with severe arrhythmia (varying heart rate from 86 bpm 
to 122 bpm) during scan data acquisition on a dual-source CT system. Left, reconstruction by using data from only one of 
the two measurement systems. This corresponds to a scan acquired on a conventional 64-slice single-source multi-detector 
row CT system with a temporal resolution of 165 ms and single-segment reconstruction. Discontinuities in the coronary 
arteries and blurring (arrows) are caused by insuffi cient temporal resolution. Center, two-segment reconstruction applied 
to the data from one measurement system only. As a consequence of the rapidly varying heart rate, temporal resolution is 
not consistently improved by the multi-segment technique. The visualization still suffers from artifacts. Right, reconstruc-
tion by using data from both measurement systems in a single-segment reconstruction (temporal resolution 83 ms). The 
coronary arteries are now almost free of motion artifacts, despite the patient’s arrhythmia

Fig. 3.1.21. Evaluation of a left internal mammary artery (LIMA) 
graft on a dual-source CT in a patient with rapidly varying heart 
rate. No beta-blocker was used for heart rate control. The pa-
tient’s heart rate during the scan varied between 48 bpm and 
90 bpm, an excerpt of the ECG is shown at the bottom. The anas-
tomosis of the LIMA graft can be clearly evaluated (top right), 
as well as a stent in the proximal RCA (bottom right). (Images 
courtesy of Dr. S. Achenbach, Erlangen University, Germany)
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ECG-gated spiral cardiac examinations with DSCT 
systems result in radiation dose values that are for 
low heart rates similar and for higher heart rates less 
than those obtained with comparable MDCT sys-
tems (McCollough et al. 2007). Another means to 
reduce radiation dose is the use of ECG-triggered se-
quential acquisitions instead of spiral scans for pa-
tients with suffi ciently stable heart rate (Fig. 3.1.24).

DSCT can also be utilized for general purpose 
CT imaging taking advantage of the high power re-
serves of 160 kW for long scan ranges and obese pa-
tients. The possibility of dual-energy acquisition by 
operating both X-ray tubes at different kV-settings 

Fig. 3.1.22. Case study illustrating the 
potential of dual-source CT to provide 
diagnostic cardiac images both in diastole 
and systole. Evaluation of a myocardial 
bridge (arrow) in diastole (left) and end-
systole (right). (Images courtesy of Dr. C. 
Becker, Klinikum Großhadern, LMU Mu-
nich, Germany)

Fig. 3.1.23. Improved visualization of 
calcifi ed plaques (reduced “blooming” 
artifact) at lower heart rates due to im-
proved temporal resolution. A compa-
rable clinical situation (calcifi ed left an-
terior descending artery) is shown both 
for a conventional 64-slice CT system 
with 165-ms temporal resolution (top left) 
and a dual-source CT system with 83-ms 
temporal resolution (top right). The spa-
tial resolution of both systems is similar 
(images courtesy of Dr. S. Achenbach, 
Erlangen University, Germany). At least 
part of the blooming artifact is caused by 
residual coronary artery motion ( arrow). 
This clinical result is supported by a 
computer simulation study of a moving 
coronary artery at identical spatial reso-
lution, but different temporal resolution 
(165 ms, bottom left, versus 83 ms, bot-
tom right)

has the potential to open a new era of clinical appli-
cations. The evaluation of dual energy CT data can 
in principle add functional information to the mere 
morphological information based on different X-
ray attenuation coeffi cients that is usually obtained 
in a CT examination. Dual-energy acquisition can 
support the automatic differentiation of vessels 
and bone and might become useful to differentiate 
vascular lesions or to better quantify myocardial 
enhancement to visualize and evaluate myocardial 
perfusion defects. Clinical research will be needed 
to evaluate the potential of dual energy CT for rel-
evant cardio-vascular applications.



116 T. Flohr and B. Ohnesorge

 3.1.4 
Clinical Applications

3.1.4.1 

Quantifi cation of Coronary Artery Calcifi cation

The quantifi cation of coronary artery calcifi cation 
by MDCT (“Ca-scoring”) is a growing clinical appli-
cation as it has been included as a useful test in the 
guidelines of several leading societies (Mieres et al. 
2005; De Backer et al. 2003; Silber and  Richartz 
2005). Ca-scoring will be covered in a separate chap-
ter of this book, hence it will be omitted here.

3.1.4.2 

CT Angiography of the Coronary Arteries

Non-invasive coronary CT angiography poses high 
requirements on spatial resolution, low-contrast 
detectability and temporal resolution, hence opti-
mization of the examination protocols is of critical 
importance for best examination results.

The fi rst clinical CTA studies of the coronary ar-
teries were performed with four-slice CT scanners 
with gantry rotation times down to 0.5 s  (Ohnesorge 
et al. 2000; Achenbach et al. 2000, Nieman et al. 
2001). They proved the feasibility of coronary CTA 

with MDCT systems, yet the performance param-
eters in terms of spatial resolution, temporal resolu-
tion and breath-hold times were too limited for regu-
lar clinical use. Improvement of diagnostic accuracy 
could be demonstrated for 16-slice CT technology 
with sub-millimeter collimation and rotation times 
of less than 0.4 s (Kuettner et al. 2005; Mollet et 
al. 2005a). Currently, 16-slice systems are considered 
as the entry level for coronary CTA. The further en-
hanced spatial resolution, temporal resolution and 
reduced breath-hold times of recent 64-slice CT scan-
ners resulted in improved image quality at higher 
heart rates and considerably increased robustness 
of the method in clinical routine (Raff et al. 2005; 
Leschka et al. 2005). The availability of a 64-slice 
CT scanner is a prerequisite for imaging of coronary 
stents and analysis of coronary plaques (Fig. 3.1.25). 
Nevertheless, the majority of all studies using four-, 
16- and 64-slice CT for coronary CT angiography 
agree that image quality degrades with increasing 
heart rate and increasing heart rate variability (e.g. 
Hoffmann et al. 2005; Leschka et al. 2006, Winter-

sperger et al. 2006). As a consequence, the admin-
istration of beta-blockers to lower and stabilize the 
patients’ heart rate has become routine clinical prac-
tice. Even with 64-slice CT systems, most authors still 
propose the administration of beta-blockers for pa-
tients with higher heart rates (e.g. Leber et al. 2005, 

Fig. 3.1.24. Case study illustrating the performance of ECG-triggered sequential acquisition (“step and shoot” scanning) 
for coronary CT angiography on a dual-source CT system with 83-ms temporal resolution. A 43-year old woman with a 
family history of coronary artery disease, heart rate during data acquisition 72 bpm. ECG-triggered sequential scanning 
is a means to reduce radiation dose to the patient, provided the heart rate is stable. In this case, 100 kV instead of 120 kV 
were used for further dose reduction, resulting in a patient dose of about 1.5 mSv. (Images courtesy of Cedars-Sinai Medi-
cal Center, Los Angeles, USA)
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Raff et al. 2005;  Mollet et al. 2005b). First clinical 
studies with DSCT have meanwhile demonstrated 
the potential of this technique to provide diagnostic 
results in coronary CT angiography examinations ir-
respective of the patients’ heart rate (Achenbach et 
al. 2006; Johnson et al. 2006; Scheffel et al. 2006). 
With DSCT, the use of beta-blockers can be avoided. 

If the administration of beta-blockers for patient 
preparation is planned, contra-indications [bron-
chial asthma, AV block, severe congestive heart fail-
ure, aortic stenosis, etc. (Ryan et al. 1996)] have to 
be ruled out and informed consent must be obtained 
from the patient. Depending on the patient’s initial 
heart rate, 50–200 mg of Metoprololtartrat may be 
administered orally 30–90 min prior to the inves-
tigation. Alternatively, 5–20 mg of Metoprololtar-
trat can be administered intravenously (Ryan et al. 
1996) immediately prior to CT scanning. 

A homogenous and suffi ciently high vascular lu-
men enhancement is essential for coronary MDCT 
angiography. However, dense contrast material in 
the right atrium may result in streak artifacts aris-
ing from the right atrium and interfering with the 
right coronary artery (Fig. 3.1.26, left). Coronary 
atherosclerosis is commonly associated with calcifi -
cations that may be obscured by dense contrast ma-
terial and hamper the assessment of the residual lu-
men. While a contrast medium fl ow rate of typically 
1 g/s iodine (e.g. 300 mg/ml administered at 3.3 ml/s) 
by peripheral venous injection in an ante-cubital 
vein was commonly used with four-slice CT sys-
tems, resulting in an enhancement of approximately 
250–300 HU (e.g. Schröder et al. 2001), a much 
higher fl ow rate of up to 2 g/s iodine is recommended 
for 64-slice CT and DSCT. Mollet et al. (2005b) use 
400 mg/ml iodine at a mean fl ow rate of 5 ml/s for 
64-slice CT, while Johnson et al. (2006) use 370 mg/
ml iodine at a mean fl ow rate of 5.3 ml/s for DSCT. 

Fig. 3.1.25. Coronary CT angiography examination of a pa-
tient with chest pain, illustrating the performance of 64-slice 
CT with 32 × 0.6-mm detector collimation, simultaneous ac-
quisition of 64 slices by means of a z-fl ying focal spot and 
330-ms gantry rotation time. A thin-slab maximum intensity 
projection visualizes the main coronary artery segments and 
reveals multiple calcifi ed, non-calcifi ed and mixed lesions. 
The non-calcifi ed stenosis in the right coronary (RCA) can 
be readily assessed (arrow). LCX, left circumfl ex artery; LAD, 
left anterior descending artery. (Images courtesy of Dr. U. J. 
Schoepf, MUSC, Charleston, South Carolina, USA)

Fig. 3.1.26. Streak artifacts can arise from dense contrast material in the right atrium and interfere with the right coronary 
artery in the case of sub-optimal timing of the contrast bolus. This was a severe problem with four-slice CT scanners due 
to long acquisition times (left). Complete and homogenous enhancement of the left ventricle and the coronary arteries can 
be achieved with a dedicated contrast media protocol in 16-slice and 64-slice CT (center, 16-slice CT). A fl ush with saline 
can result in a wash out of the contrast medium from the right ventricle (right, 64-slice CT). (Images courtesy of the Dr. C. 
Becker, Klinikum Großhadern, LMU Munich, Germany)
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A saline fl ush is often used to maintain a compact 
bolus. The sequential injection of contrast medium 
and saline allows for selective enhancement of the 
left ventricular system with a wash out of contrast in 
the right ventricular system (Fig. 3.1.26, right).

The fi nal vessel enhancement will depend on the 
patient’s cardiac output. In patients with low cardiac 
output, e.g. under beta-blocker medication, the con-
trast medium will accumulate in the cardiac cham-
bers and lead to a higher enhancement than in pa-
tients with high cardiac output and corresponding 
faster dilution of the contrast agent. The patient’s 
circulation time can either be determined by a test 
bolus of e.g. 20 ml contrast material followed by a 
saline fl ush at the level of the ascending aorta, or the 
MDCT scan can be started by a bolus tracking ap-
proach.

The cranio-caudal size of the heart to be covered 
by the CT scan is in the range 10–14 cm. The typical 
acquisition protocols for coronary CTA with four-
slice, 16-slice and 64-slice CT scanners are listed 
in Table 3.1.1. Today’s 16- to 64-slice CT scanners 
provide a z-axis resolution of 0.6–0.8 mm, based 
on 0.8- to 1.0-mm effective slice-width. For special 
high-resolution reconstructions of stented or heavily 
calcifi ed coronary artery segments down to 0.6 mm 
effective slice width, corresponding to 0.4 mm z-axis 
resolution, can be achieved with 64-slice CT systems 
that apply a fl ying focal spot in the z-direction (see 
Fig. 3.1.13). In order to maximize the iodine contrast-
to-noise ratio a kV setting of 120 kV rather than 
140 kV has been established as the clinical standard. 
Lower kV settings, e.g. 100 kV, have the potential to 
provide further improved contrast-to-noise ratio at 
reduced radiation dose to the patient (Hohl et al. 

2006; Hausleiter et al. 2006); however, the evalu-
ation of these protocols is still on-going. In general, 
they are better suited for small and medium-sized 
patients.

Optimization of scan protocols with regard to 
radiation exposure is particularly important for 
contrast-enhanced CT imaging of the coronary ar-
teries. Various publications are available that dis-
cuss the radiation exposure of MDCT in cardiac ap-
plications (Hunold et al. 2003; McCollough 2003; 
Morin et al. 2003; Hausleiter et al. 2006). Con-
siderable disagreement of dose values can be found 
in the literature, mainly due to a lack of standard-
ization of scan protocols and related parameters 
such as slice-thickness, in-plane resolution, image 
noise, and scan ranges. Table 3.1.2 summarizes es-
timates of the effective patient dose for ECG-gated 
coronary CTA protocols with 16-slice and 64-slice 
CT systems, using the Siemens 16 and 64 scanners 
as representative examples. Calculations of the ef-
fective patient dose for the standard protocols rec-
ommended by the manufacturer were performed 
with WinDose (Kalender et al. 1999). The scan 
range assumed for the dose calculations was 12 cm. 
The effective patient dose is directly related to the 
scan range. Increasing the scan range from 12 cm 
to 14 cm as an example will increase the dose by a 
factor 14/12 = 1.17. The mAs value is calculated from 
the applied mA value and the rotation time and de-
termines the signal-to-noise ratio in the axial image 
slices (mAs = mA x tRot). Some manufacturers such 
as Siemens have introduced an “effective” mAs-con-
cept for spiral scanning which includes the factor 1/
pitch into the mAs defi nition, i. e. they take the dose 
accumulation with decreasing spiral pitch (the spi-

Table 3.1.1. Typical acquisition parameters for coronary CT angiography examinations with four-, 16- and 64-slice CT 
systems

Four slices 16 Slices 64 Slices

Collimation 4 � 1 mm/
4 � 1.25 mm

16 � 0.5 mm/
16 � 0.625 mm/
16 � 0.75 mm

64 � 0.5 mm/
64 � 0.625 mm/
2 � 32 � 0.6 mm
(double z-sampling)

Slice width/
spatial resolution

1.3 mm/
1 mm

0.8–1 mm/
0.6–0.8 mm

0.6–0.8 mm/
0.4–0.6 mm

Rotation time/
Temporal resolution

0.5 s/
250 ms

0.375–0.42 s/
188–210 ms

0.33–0.4 s/
165–200 ms

Scan time to cover the heart volume 40 s 15–20 s 6–12 s 

Contrast protocol (typical) ~ 150 ml @ 3.5 ml/s ~ 110 ml @ 4 ml/s ~ 80 ml @ 5 ml/s
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ral pitch is defi ned as the ratio of the total detector 
z-width at the iso-center and the table feed per rota-
tion) into account (effective mAs = mA x tRot / pitch). 
Some other manufacturers, such as Toshiba and GE, 
stay with the conventional mAs-defi nition, and the 
user has to perform the pitch correction by him-
self. When comparing the scan parameters for CT 
systems of different manufacturers, the underlying 
mAs defi nition has to be taken into account. Due to 
the small pitch values used in ECG-gated cardiac 
scanning (typically 0.2 ≤ pitch ≤ 0.4) the difference 
is signifi cant.

The effective patient dose for cardio-thoracic 
examinations can be estimated by simply multiply-
ing the product of CTDIw (in milliGray) and scan 
range (in centimeters) with the conversion factor 
0.017 mSv/(mGy cm), if software tools such as Win-
Dose are not available. This conversion is averaged 
between male and female models, but it is only valid 
for standard sized patients. It will underestimate ra-
diation dose for small and pediatric patients.

Hausleiter et al. (2006) assessed the effective 
radiation dose of ECG-gated spiral coronary CTA 
in 1035 patients. They found an average dose of 
10.6 mSv and 6.4 mSv for 16-slice CT without and 
with ECG-controlled dose modulation, respectively, 
and 14.8 mSv and 9.4 mSv for 64-slice CT without 
and with ECG-controlled dose modulation, respec-
tively, in good agreement with the values given in 
Table 3.1.2. Use of 100 kV instead of 120 kV further 
reduced the average radiation dose to 5.4 mSv for 64-
slice CT with ECG-controlled dose modulation. In 
a fi rst study using DSCT, Stolzmann et al. (2007) 
found an average dose of 8.8 mSv at a tube voltage 
of 120 kV when using ECG-controlled dose modula-
tion with tube current reduction to 20% outside the 
pulsing window. Using a protocol with tube current 
reduction to 4% outside the pulsing window, average 
estimated radiation dose was 7.8 mSv at 120 kV. The 
mean scan range (z) in this study was 127 mm. All 
patients were in sinus rhythm with a mean heart rate 
of 68 ± 17 bpm. First radiation dose values were re-
ported for the prototype scanner with 256 � 0.5 mm 
collimation (Toshiba Medical Systems). Mori et al. 
(2007) estimate a radiation dose of 14.1 mSv for cor-
onary CTA with the 256-slice system in a cine scan 
mode with 1.5-s total scan time.

Recently, the use of ECG-triggered sequential 
“step and shoot” scanning for coronary CTA was 
re-introduced (Hsieh et al. 2006). With this tech-
nique the entire heart can be covered with sub-mil-
limeter slices within reasonable breath-hold times 

Table 3.1.2. Scan parameters and radiation dose estimates 
for 16- and 64-slice ECG-gated spiral coronary CT angiogra-
phy, using the Siemens 16 and 64 scanners as representative 
examples. Calculations of the effective patient dose for the 
standard protocols recommended by the manufacturer were 
performed with WinDose. The dose estimates are only valid 
for standard sized patients

ECG-gated coronary CTA

Siemens 16-slice Siemens 64-slice

Collimation
(mm)

16 �  0.75 64 � 0.6 (double 
z-sampling)

Reconstructed 
slice (mm)

0.75/1 0.6/0.75

Rotation time (s) 0.42 0.375 0.375 0.33

kV 120 120 120 120

mA 370 413 435 467

mAs 155 155 163 154

Pitch 0.28 0.25 0.24 0.20

Table feed (mm/s) 8 8 12.3 11.7 

Eff. mAs 555 620 680 770

(CTDIw)n (mGy/mAs) 0.078 0.078 0.077 0.077

CTDIw (mGy) 43.3 48.4 52.4 59.3

Eff. patient dose
(mSv), male without 
ECG-pulsing
Scan range 12 cm

9.5 10.7 11.5 13.0

Eff. patient dose
(mSv), female with-
out ECG-pulsing
Scan range 12 cm

13.3 14.9 16.2 18.2

Eff. patient dose
(mSv), male
with ECG-pulsing
Scan range 12 cm

4.8–
6.6

5.4–
7.4

5.8–
8.0

6.5–
9.1

Eff. patient dose
(mSv), female
with ECG-pulsing
Scan range 12 cm

6.7–
9.4

7.4–
10.4

8.2–
11.3

9.1–
12.7

with 64-slice CT systems. The method is restricted 
to patients with low and regular heart rates, and 
functional evaluation is not possible. Nevertheless, 
radiation dose values can be very low. Scheffel et 
al. (2008) performed ECG-triggered coronary CTA 
with DSCT in 120 patients at an average radiation 
dose of 2.5±0.8 mSv.
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3.1.4.3 

Detection of Coronary Artery Stenosis

Signifi cant coronary artery stenosis may cause a 
hemo-dynamically relevant blood fl ow reduction 
that may lead to myocardial ischemia with clinical 
symptoms such as angina pectoris. Figure 3.1.27 is 
a visualization of the cardiac anatomy with volume 
rendering views obtained from a coronary CTA 
examination. Coronary artery segments can be 
numbered according to the model suggested by the 

American Heart Association (Austen et al. 1975) 
(Fig. 3.1.28). A scoring system for lumen narrow-
ing (Schmermund et al. 1998) can be used to de-
scribe different grades of coronary artery stenosis: 
A, angiographically normal segment (0% stenosis); 
B, non-obstructive disease (1%–49% lumen diam-
eter stenosis); C, signifi cant (50%–74%) stenosis; 
D, high-grade (75%–99%) stenosis; E, total occlu-
sion (100% stenosis).

Table 3.1.3 summarizes the key results of 36 clinical 
studies on the detection of signifi cant coronary artery 

Fig. 3.1.27. Visualization of the cardiac anatomy with volume rendering views obtained from a coronary CT angiography 
examination. (Images courtesy of the Dr. C. Becker, Klinikum Großhadern, LMU Munich, Germany, graphics courtesy of 
Siemens Healthcare, Forchheim, Germany)
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Table 3.1.3. Weighted average values for sensitivity, specifi city (both per segment), percentage of evaluable segments and 
mean heart rate during examination, derived from 36 clinical studies on the detection of signifi cant coronary artery stenosis 
with the different generations of CT systems in comparison with conventional catheter angiography

CT system
(number of slices)

Sensitivity Specifi city Evaluable segments Mean heart rate

4 78% 94% 79% (4368/5521) 64.5 bpm

16 87% 93% 95% (10538/11136) 62.0 bpm

64 89% 94% 98% (6472/6602) 62.6 bpm

Dual source (preliminary) 96% 98% 100% (420/420) 70.3 bpm

stenosis (> 50% in diameter) with the different gen-
erations of CT systems in comparison with conven-
tional catheter angiography (for details see Appen-
dix). While specifi city was high even with four-slice 
cardiac CT, there is a signifi cant increase both in sen-
sitivity and in the percentage of evaluable coronary 
artery segments from one scanner generation to the 
next. Interestingly, the mean heart rate in studies per-
formed with 16-slice and 64-slice CT systems is lower 
than in the initial four-slice studies, probably due to 
the more frequent use of beta-blockers. This may be 
one reason for the signifi cantly increased percentage 
of evaluable coronary artery segments, together with 
the improved temporal and spatial resolution of those 
systems. In most studies, coronary artery segments 
were excluded from evaluation because of small size 
and poor image quality, mainly due to motion arti-
facts. The fi rst comparison using a dual source CT 
system (Scheffel et al. 2006) indicates further im-
proved sensitivity and specifi city at higher mean 
heart rate. No beta-blockers were administered in this 
study; the result, however, is preliminary due to the 
low number of evaluated coronary artery segments in 
comparison with the four-, 16- and 64-slice studies. 

Because of the still limited spatial resolution in 
coronary CTA the defi nite assessment of the degree 
of coronary artery stenosis remains problematic 
even with 64-slice CT systems (Leber et al. 2005). 
Extensive calcifi cations may hamper the detection 
of coronary artery stenosis. In patients with dif-
fuse, severe disease, such as in some patients with 
diabetes, the diagnostic value of coronary CTA may 
be limited due to insuffi cient spatial resolution. Pa-
tients with a high clinical likelihood of disease, with 
typical angina or obvious myocardial ischemia on 
exercise testing, and patients with known CAD are 
generally better approached by catheter angiography 
with the option to perform percutaneous coronary 
intervention in the same session. The interpretation 
of coronary CTAs is limited by missing visualization 
of contrast run-off and retrograde fi lling of coronary 
arteries. Furthermore, the hemodynamic relevance 
of coronary artery stenosis cannot reliably be deter-
mined without wall motion or perfusion informa-
tion about the myocardium under rest and under 
exercise. Limitations have also been seen in patients 
with a body mass index above 30 (Raff et al. 2005) 
and absolute arrhythmia (Herzog et al. 2002).

Fig. 3.1.28. Coronary 
artery segment classifi -
cation according to the 
American Heart Asso-
ciation scheme (AUSTEN 
et al. 1975)
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In conclusion, 64-slice MDCT can consistently 
provide good image quality for coronary CTA in pa-
tients with low to moderate heart rates when regular 
sinus rhythm is present. DSCT has the potential to 
enhance the application spectrum of cardiac CT to 
patients with high and irregular heart rates. Accord-
ing to recently published offi cial guidelines (Hendel 
et al. 2006), CT coronary angiography is reasonable 
to rule out coronary artery stenosis in patients with 
low to intermediate pretest likelihood of disease. CT 
coronary angiography is appropriate for the exami-
nation of symptomatic patients who have an unin-
terpretable or equivocal stress test result, who have 
an uninterpretable ECG or are unable to exercise. CT 
coronary angiography can be used for the examina-
tion of patients with acute chest pain and intermedi-
ate pretest probability of CAD, but normal ECG and 
negative serial enzymes. A further application is the 
evaluation of suspected coronary anomalies. 

3.1.4.4 

Evaluation of Atherosclerotic Plaque

While catheter angiography can only visualize the 
contrast fi lled vessel lumen, MDCT as a cross-sec-
tional modality is able to also display the coronary 
artery wall. Coronary calcifi cations, which repre-
sent an advanced stage of atherosclerosis, can easily 
be assessed without application of contrast media. 
However, different stages of coronary atherosclero-
sis may be present at the same time, and the extent 
of coronary atherosclerosis will be underestimated 

by only assessing coronary calcifi cations (Wexler 
et al. 1996). With contrast enhancement, MDCT is 
able to detect (and possibly characterize) also non-
calcifi ed atherosclerotic plaques (Fig. 3.1.29), fi rst 
reported by Becker et al. (2000b).

Histological and intravascular ultrasound (IVUS) 
studies have shown that high atherosclerotic plaque 
burden can be found even in the absence of high-
grade coronary artery stenosis on conventional 
coronary angiography. The correlation between 
acute cardiac events and high-grade coronary ar-
tery stenosis is poor. It has been reported that 68% 
of the patients who received coronary angiography 
by incidence prior to their acute cardiac event did 
not show any signifi cant coronary artery stenosis 
(Ziada et al. 1999). On the other hand, a recent study 
showed that patients with nonobstructive plaques 
in the coronary arteries had a higher cardiovas-
cular event rate than patients without any plaque 
(Pundziute et al. 2007). In early stages of CAD, the 
coronary arteries may undergo a process of positive 
remodeling that compensates for the coronary wall 
thickening and keeps the inner lumen of the vessel 
rather unchanged (Glagov et al. 1987). The underly-
ing type of coronary artery disease may be a fi brous 
cap atheroma with accumulation of cholesterol. In 
case of infl ammatory processes the fi brous cap of an 
atheroma may become thinned, putting the plaque 
at risk for rupture and consecutive thrombosis 
 (Virmani et al. 2000). 

The current gold standard to assess coronary 
atherosclerosis in vivo is IVUS. Recent studies 
( Achenbach et al. 2004; Leber et al. 2004, 2005) 

Fig. 3.1.29. Coronary CT angiogra-
phy examination of a patient with 
severe three-vessel disease, acquired 
on a 64-slice CT with 32 × 0.6-mm 
detector collimation, simultaneous 
acquisition of 64 slices by means of a 
z-fl ying focal spot and 330-ms gantry 
rotation time. Curved multiplanar 
reformation along the right coronary 
artery (RCA) (left) and cross section 
perpendicular to the centerline of 
the RCA at the position of the arrow 
(right) for the analysis of a mixed 
plaque with lipid and calcifi ed com-
ponents. (Images courtesy of Dr. J. 
Breen, Mayo Clinic Rochester, Min-
nesota, USA)
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found sensitivities of 78%–84% and specifi cities of 
87%–92% for the detection of non-calcifi ed plaques 
with 16-slice CT and 64-slice CT compared with 
IVUS. Since lipid rich plaques are assumed to have a 
higher risk of rupture, researchers have tried to dif-
ferentiate plaque types based on their CT attenuation 
(Schröder et al. 2001; Becker et al. 2003; Caussin et 
al. 2004; Leber et al. 2003a, 2006; Carrascosa et al. 
2006; Pohle et al. 2007). These studies demonstrated 
that lipid-rich plaques have lower CT attenuation 
values than fi brous plaques (mean attenuation val-
ues 14–71 HU versus 91–121 HU). Unfortunately, the 
measurement values show a large variability, prob-
ably due to insuffi cient spatial resolution, and only 
limited conclusions concerning plaque characteriza-
tion can currently be drawn from MDCT attenuation 
measurements. Other clinically relevant indicators 
such as the amount of remodeling and the plaque 
volume, however, are readily available with MDCT.

3.1.4.5 

Evaluation of Cardiac Function 

Any contrast-enhanced retrospectively ECG-gated 
MDCT data set that has been acquired to visualize 
the cardiac anatomy can be re-used for the assess-
ment of cardiac function (Kopp et al. 2005). Measure-
ment of global cardiac function and of some regional 
function parameters by MDCT is possible through 
image reconstruction of the heart in different phases 
of the cardiac cycle. Global cardiac function is repre-
sented by end-diastolic volume, end-systolic volume, 
ejection fraction and left ventricular stroke volume, 
which can be derived from reconstructions of the 
left ventricle in the end-diastolic and end-systolic 
phase of the cardiac cycle. These reconstructions 
can also serve for the determination of regional 

function parameters such as wall thickness and 
systolic wall thickening. Image reconstruction at 
multiple equidistant time points throughout the car-
diac cycle can reveal additional information about 
regional wall motion. The functional diagnosis of 
the myocardium may be complemented by fi rst pass 
perfusion information that is included in the initial 
contrast-enhanced study of the cardiac morphol-
ogy. Furthermore, late enhancement of infarcted 
myocardium can be analyzed with MDCT (Kopp 
et al. 2005; Paul et al. 2005). The evaluation of late 
enhancement requires an additional retrospectively 
ECG-gated low-dose acquisition with a 3- to 5-min 
delay after the initial contrast administration.

First studies with four-slice and 16-slice CT scan-
ners demonstrated good agreement of global cardiac 
function parameters derived from MDCT measure-
ments with the gold standard modalities catheter-
ventriculography, echocardiography and MRI in 
patients with suspected or manifest coronary heart 
disease (Juergens et al. 2002, 2004; Heuschmid 
2003, 2005, 2006). However, a systematic overesti-
mation of the end-systolic volume was reported by 
several researchers, probably as a consequence of 
limited temporal resolution (Mahnken et al. 2003; 
Juergens et al. 2004; Kopp et al. 2005). This over-
estimation resulted in a systematic underestima-
tion of the left ventricular ejection fraction (EF) by 
1%–7%. 64-slice CT scanners with rotation times 
down to 330 ms provide improved temporal resolu-
tion for a more accurate assessment of global car-
diac function parameters, and they also enable the 
detection of regional wall motion abnormalities 
(Kopp et al. 2005). The use of multi-segment recon-
struction can increase temporal resolution and can 
thus provide signifi cantly better end-systolic image 
quality (Juergens et al. 2005; Mahnken et al. 2006) 
(Fig. 3.1.30). Protocols that enable image reconstruc-

Fig. 3.1.30. CT angiographic study of a patient 
with a heart rate of 101–108 bpm during examina-
tion. Scan data were acquired on a 64-slice CT with 
32 � 0.6-mm detector collimation, simultaneous 
acquisition of 64 slices by means of a z-fl ying focal 
spot and 330-ms gantry rotation time. The images 
were reconstructed in end-systole for functional 
evaluation. The temporal resolution was 165 ms for 
single-segment reconstruction and 83–105 ms for 
two-segment reconstruction, resulting in sharper 
delineation of the myocardial wall and a reduction 
of blurring caused by cardiac motion. (Case cour-
tesy of Dr. C. Becker, Klinikum Großhadern, LMU, 
Munich, Germany)
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tion with more than two segments, however, are 
usually not recommended as they require scanning 
with reduced pitch values resulting in increased ra-
diation exposure. A fi rst phantom study using DSCT 
(Mahnken et al. 2007) demonstrates a smaller de-
viation from the phantom’s real volumes with DSCT 
than with single-source CT due to better temporal 
resolution. Comparing dual-source data reconstruc-
tion with single-source data reconstruction, the per-
cent deviation from the phantom’s real volumes for 
EF was 0.7% (dual-source, single-segment) and 4.3% 
(single-source). More importantly, there was no cor-
relation between heart rate and EF for dual-source 
data reconstruction, whereas a relevant correlation 
was observed for single-source data reconstruction. 
The authors conclude that DSCT allows reliable 
quantifi cation of global ventricular function inde-
pendent of the heart rate, and that multi-segment 
image reconstruction is not needed for DSCT assess-
ment of global ventricular function.

Both left and right ventricular function param-
eters can be derived from the original axial slices 
or from MPRs orthogonal to the ventricular axes. In 
order to minimize the total amount of reconstructed 
slices in a study it is suffi cient to use a slice width of 
about 2 mm with a slice increment between 1 mm 
and 2 mm for reconstruction of axial slices or MPRs 
that are used as an input for cardiac function analy-
sis. In the case of retrospectively ECG-gated image 
acquisition with ECG-controlled dose modulation 
the evaluation of cardiac function parameters is 
still feasible despite the reduced radiation dose and 
higher image noise during systole. Functional eval-
uation is not possible for ECG-triggered sequential 
coronary CTA, since the scan data cannot be recon-
structed in systole and diastole.

3.1.4.6 

Cardio-thoracic Examinations

ECG-synchronized imaging of the heart and the car-
dio-thoracic vessels with one CT scan can be useful 
for comprehensive diagnosis in patients with chest 
pain, in patients before and after cardio-thoracic 
intervention or surgery, in a variety of cardio-tho-
racic diseases and in adult or pediatric patients with 
suspected or known cardio-thoracic abnormalities 
( Ohnesorge et al. 2005; Gaspar et al. 2005; White 
et al. 2005; Ghersin et al. 2006). With 16-slice CT 
scanners a reasonable breath-hold time below 30 s 
to cover the required scan range of about 300 mm 

can only be achieved with protocols that apply slice 
collimations between 1.0 and 1.5 mm. With these pro-
tocols visualization of the cardiac anatomy is feasible, 
but diagnosis of the coronary arteries will be compro-
mised. However, 64-slice CT scanners can overcome 
these limitations, since they are able to cover the en-
tire chest in an ECG-gated mode with sub-millimeter 
collimation for comprehensive diagnosis of the car-
dio-thoracic vessels including the coronary arteries. 
Thus 64-slice CT enables the rapid triage of patients 
in the emergency room who present with equivocal 
chest pain, non-diagnostic ECG, and negative serum 
markers. Such patients usually undergo a period of 
observation with repeated assessment of ECG and 
cardiac markers and further work-up. Inclusion of 
64-slice CT into the diagnostic algorithm allows for 
rapid diagnosis of common causes of acute chest pain, 
such as pulmonary embolism, aortic dissection, aor-
tic and pulmonary aneurysm or signifi cant coronary 
artery disease (Schoepf 2007) (Fig. 3.1.31). However, 
retrospectively ECG-gated multi-slice spiral scan-
ning with high resolution and long scan ranges can 
result in considerable radiation exposure which is of 
particular concern in patients with low likelihood 
of disease. Therefore, scan techniques and protocols 
for ECG-synchronized CT angiography of the chest 
have to be carefully selected according to the clinical 
indication. Some 64-slice CT systems are equipped 
with special protocols for ECG-gated examinations 
of the chest that utilize higher pitch values up to 0.3 
for increased scan speed and reduced radiation expo-
sure (Johnson et al. 2007). Even if image reconstruc-
tion is then limited to single-segment algorithms, the 
shorter examination time and reduced radiation ex-
posure are clinically benefi cial. In combination with 
the use of ECG-controlled dose modulation radiation 
exposure can be limited to about 12 mSv for a scan 
range of 300 mm (Fig. 3.1.32). 

Dedicated contrast media protocols and accurate 
timing of the contrast bolus are required to enable 
the visualization of both pulmonary arterial and 
systemic arterial circulation of the chest with a single 
injection. In general, more contrast material than for 
pure heart examinations is required since the bolus 
enhancement has to be extended over a longer scan 
time. While 120–150 ml of contrast agent are ade-
quate for 16- to 40-slice CT scanners, the contrast 
volume can be limited to 100–120 ml with 64-slice 
CT scanners. Flow rates of 4 ml/s seem to be feasible 
for all scanner types. The use of a saline chaser bolus 
is recommended. Shorter delay times of 18–20 s are 
normally used to balance the contrast enhancement 
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Fig. 3.1.31. 64-Slice CT as a triage 
tool in the emergency room allows 
for rapid diagnosis of common 
causes of acute chest pain, such 
as pulmonary embolism, aortic 
dissection, or signifi cant coronary 
artery disease. (Courtesy of Dr. 
H. Alkadhi, University Hospital 
 Zurich, Switzerland)

of thoracic aorta, heart chambers, pulmonary arter-
ies, and coronary arteries. 

 3.1.5 
Advanced Image Post-Processing

In addition to the on-going refi nement of CT acqui-
sition technology with the goal of integrating car-

Fig. 3.1.32. ECG-gated acquisition of the chest in a 52-year-old man with a smoking history of 25 pack years who pre-
sented in the emergency department with acute chest pain but had negative serum markers. Scan data were acquired on a 
64-slice CT with 32 · 0.6-mm detector collimation, simultaneous acquisition of 64 slices by means of a z-fl ying focal spot, 
330-ms gantry rotation time and pitch 0.3. Focused reconstruction of the coronary arteries showed mildly obstructive 
atherosclerotic plaque in the left anterior descending artery (center). Lung-window reconstruction of the entire chest re-
vealed incidental squamous cell carcinoma of the left upper lobe of the lung (right). (Images courtesy of Dr. U. J. Schoepf, 
MUSC, Charleston, South Carolina, USA)

diac CT into routine clinical protocols, advanced 
visualization and evaluation tools have been de-
veloped. They provide the user with optimized 
clinical workfl ow solutions, e.g. for vessel segmen-
tation and vessel analysis, and detailed reporting 
functionality. These advanced application pack-
ages make use of all available 3D post-processing 
techniques such as MPRs, MIPs and VRTs to sim-
plify and streamline the clinical workfl ow. Typi-
cally, MPRs and VRTs of a coronary CTA image 



126 T. Flohr and B. Ohnesorge

data set are shown for a fi rst orientation, with the 
rib cage automatically removed. Vessels can then 
be automatically segmented to calculate curved 
MPRs or curved MIPs along the respective center 
lines. Two different types of vessel segmentation 
are currently used. In a vessel probe approach, 
a marker (mouse click) is placed in the vessel of 
interest. A centerline extending on both sides of 
the marker is calculated, and the corresponding 
vessel segment is displayed as a curved MPR. In a 
vessel segmentation approach, the entire coronary 
artery tree is segmented as a fi rst step. Arteries or 
branches that are not initially recognized by the 
segmentation algorithm can usually be appended 

by marking them with a mouse click. The user 
can then defi ne centerlines between two arbitrary 
points on that tree as a basis for further evalua-
tion. MPRs on straight planes perpendicular to the 
centerline of the vessel are shown in addition to 
curved MPRs to facilitate the comprehensive eval-
uation of coronary stenosis and plaques. In some 
of these advanced application packages, the degree 
of a stenosis has to be manually measured (e.g. by 
a length measurement using an electronic ruler), 
in some others, it is automatically determined by 
calculating area ratios of the vessel’s cross sec-
tions. Figure 3.1.33 shows a screenshot of a com-
prehensive cardiac evaluation tool (syngo Circula-

Fig. 3.1.33. Case study demonstrating advanced vessel analysis in a patient with a signifi cant stenosis in the right coronary 
artery (RCA) (courtesy of Dr. S. Achenbach, Erlangen University, Germany). The images are processed using an advanced 
cardiac evaluation package (syngo Circulation, Siemens, Forchheim, Germany). Segmented coronary artery tree with a cen-
terline along the RCA and three markers indicating the high-grade stenosis (bottom right), curved multiplanar reformation 
along the RCA following the centerline (top right) and cross section perpendicular to the centerline of the RCA (top left). 
The red dot marks the position of the cross-sectional image. Cross sections perpendicular to the centerline of a vessel are 
helpful for an evaluation of the vessel, in this case for the grading of the stenosis
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tion, Siemens, Forchheim, Germany). The bottom 
right image represents a VRT of the segmented 
coronary artery tree with a centerline (indicated 
in red) along the RCA. Three markers indicate a 
high-grade stenosis in the RCA. The top right im-
age shows a curved MPR along this centerline. The 
top left image shows a cross section perpendicular 
to the centerline at the position indicated by the 
red dot in the top right image. 

As an addition to vessel segmentation approaches 
the development of advanced evaluation tools is on-
going that help visualize and quantify plaques in 
the coronary arteries. Figure 3.1.34 shows a curved 
MPR along the RCA and a cross-sectional image 
perpendicular to the centerline for the same patient 
as in Fig. 3.1.33. Using a plaque-evaluation tool, the 

voxels belonging to four different ranges of CT num-
bers, that may represent different types of plaques, 
are color-coded. The volume of the compartments 
can be calculated, and an individual “plaque bur-
den” can be derived for the patient. Clinical studies 
are needed to evaluate the potential and the clini-
cal relevance of these plaque quantifi cation tools. 
Ideally, they could, for example, be used to monitor 
the therapy response of patients undergoing medi-
cal treatment aimed at reducing their total plaque 
burden. 

Finally, new post-processing tools enable an au-
tomatic volumetric segmentation of the contrast-
enhanced cardiac chambers and the calculation of 
global cardiac function parameters such as EF or 
stroke volume.

Fig. 3.1.34. Plaque evaluation tool, assigning different colors to voxels within different ranges of CT numbers. In this ex-
ample, a stenosis in the right coronary artery is evaluated (see also Fig. 3.1.33). Dark green is used for voxels with CT numbers 
between –25 HU and 50 HU (potential “lipid” plaques), light green is used for voxels with CT numbers between 50 HU and 
150 HU (potential “fi brous” plaques), orange is used for voxels between 150 HU and 500 HU (contrast fi lled lumen), and 
pink is used for voxels with CT numbers > 500 HU (calcifi cations)
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Appendix. Meta-analysis of 36 clinical studies on the detection of signifi cant coronary artery stenoses (> 50% in diameter) 
with the different generations of CT systems in comparison with conventional catheter angiography, on a per-segment basis. 
The mean values for the respective CT systems (4-, 16-, 64-slices) are weighted by the corresponding numbers of evaluable 
segments

Reference CT
(slices)

Prevalence
CAD

Sensitivity
Specifi city

Assessed 
segments

Minimum
diameter

Mean HR Beta-blocker
prior to scan

Nieman et al. (2001) 4 73%
173/237

Achenbach et al. 
(2001)

4 91%
84%

68%
174/256

2 mm

Knez et al. (2001) 4 70% 78%
98%

94%
358/387

2 mm 65 ± 7

Becker et al. (2002) 4 64% 81%
90%

95%
187/196

1.5 mm 58 ± 8 No, patients 
< 74.5 bpm only

Vogl et al. (2002) 4 75%
99%

100%
1039

1.8 mm 64.2 Yes, > 70 bpm

Nieman et al. (2002b) 4 62% 82%
93%

70%
358/512

2 mm No

Nieman et al. (2002c) 4 75% 84%
95%

68%
505/741

2 mm 68 ± 12.1 No

Leber et al. (2003b) 4 67% 82%
96%

80%
653/795

2 mm 64 ± 7 Yes, > 70 bpm

Morghan-Hughes et 
al. (2003)

4 72%
86%

68%
140/206

Proximal/
mid only

64 ± 12 No, patients 
< 75 bpm only

Kuettner et al. (2004b) 4 100% 66%
98%

57%
487/858

all 67.2 ± 11.3

Gerber et al. (2005) 4 81% 79%
71%

100%
294

1.5 mm 60 ± 7 Yes

Weighted mean 
four-slices

78%
94%

79%
(4368/5521)

64.5

Nieman et al. (2002a) 16 86% 95%
86%

100%
231

2 mm 56 ± 6 Yes, > 65 bpm

Ropers et al. (2003) 16 53% 92%
93%

88%
270/308

1.5 mm 62 ± 10 Yes, > 60 bpm

Mollet et al. (2004) 16 83% 92%
95%

100%
1384

2 mm 57.7 ± 7.7 Yes, > 65 bpm

Hoffmann et al. (2004) 16 67% 63%
96%

100%
530

all 60 ± 7 Yes, > 65 bpm

Dewey et al. (2004) 16 88%
94%

98%
133/136

No

Küttner et al. (2004a) 16 60% 72%
97%

100%
780

all 63.5 ± 10.3 Yes

Martuscelli et al. 
(2004)

16 67% 89%
98%

84%
613/729

1.5 mm 59 ± 5 Yes
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Reference CT
(slices)

Prevalence
CAD

Sensitivity
Specifi city

Assessed 
segments

Minimum
diameter

Mean HR Beta-blocker
prior to scan

Hoffmann et al. (2005) 16 56% 95%
98%

93.6
1296/1384

1.5 mm 68.7 ± 12 Yes, > 75 bpm

Schuijf (2005) 16 98% 98%
97%

94%
298/317

65 ± 7

Mollet et al. (2005a) 16 63% 95%
98%

100%
610

2 mm 57.1 ± 1 Yes, > 70 bpm

Achenbach et al. 
(2005)

16 54% 94%
96%

96%
635/663

1.5 mm 58 ± 6 Yes, > 60 bpm

Dorgelo et al. (2005) 16 100% 94%
96%

98%
257/262

2 mm 64.3 ± 9.1 Yes, > 70 bpm

Kuettner et al. (2005) 16 50% 82%
98%

100%
936

all 64.1 ± 9.2 Yes, > 65 bpm

Dewey et al. (2006) 16 52% 82%
90%

93%
402/430

1.5 mm 70  ± 11

Morgan-Hughes et al. 
(2005)

16 56% 83%
97%

100%
675

all 64 ± 15

Coles et al. (2006) 16 74% 92%
55%

78%
970/1243

all 60 ± 5 Yes, > 65 bpm

Kefer et al. (2007) 16 54% 67%
99%

100%
518

1.5 mm 61 ± 8

Weighted mean 
16-slices

87%
93%

95%
(10538/11136)

62.0

Raff et al. (2005) 64 95%
86%

88%
935/1065

all 65 ± 10 Yes, > 65 bpm

Mollet et al. (2005b) 64 99%
95%

100%
725

all 57.8 ± 5.8 Yes, >70 bpm

Leber et al. (2005) 64 73% 
97%

100%
798

all 62 ± 13 Yes, > 70 bpm

Leschka et al. (2005) 64 94%
97%

100%
1005

1.5 mm 66.3 ± 14.7 No

Ghostine et al. (2006) 64 72%
99%

100%
990

all 67 ± 13 Yes, > 70 bpm

Pugliese et al. (2006) 64 71% 99%
96%

100%
494

all 58 ± 6 Yes, > 70 bpm

Meijboom et al. (2007) 64 85% 92%
91%

100%
1525

all 60 ± 8 Yes, > 65 bpm

Weighted mean 
64-slices

89%
94%

98%
(6472/6602)

62.6

Scheffel et al. (2006) DSCT 96.4%
97.5%

100%
420

1.5 mm 70.3 ± 14.2 No
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3.2 Developments in MR Coronary Angiography

Robert R. Edelman and Debiao Li

There are numerous reasons why a safe, non-invasive 
method for evaluating the coronary arteries would 
be benefi cial. Diagnostic catheter angiography ex-
poses the patient to ionizing radiation, although at a 
reasonably low dose. More importantly, it is an inva-
sive procedure that involves a small risk of compli-
cations such as hemorrhage at the arterial puncture 
site, coronary dissection, and so forth. Although 
generally safe and accurate, it would not be suitable 
as a means to routinely follow the effi cacy of medi-
cal therapy (e.g. lipid lowering therapy to reduce 
plaque burden). In cases where the level of clinical 
suspicion is equivocal, an invasive test would not 
be justifi ed. Intravascular ultrasound provides an 
unparalleled view of coronary plaque, but is also 
invasive and limited in the extent of vessels that 
can be evaluated. Multi-detector CT (MDCT) an-
giography is a powerful new tool for diagnosis of 
coronary artery disease and already has proven ac-
curate for diagnosing native and bypass graft coro-
nary disease (Schoepf et al. 2007). There is little 
doubt that it will soon become a standard tool for 
the evaluation of patients with suspected coronary 
ischemia. Recent evidence suggests that coronary 
CT angiography can eliminate the need for diag-
nostic coronary catheterization in many patients at 
risk of coronary artery disease without any nega-
tive impact on patient outcome (Gilard et al. 2007). 
Nonetheless, signifi cant concerns involve exposure 
to ionizing radiation, contrast-induced nephropathy 
in patients with impaired renal function, fast heart 
rates (at least with single X-ray source systems), and 
coronary calcifi cation that can make diagnosis of a 
coronary stenosis problematic.

Magnetic resonance (MR) coronary angiography 
is a non-invasive procedure that neither requires 
exposure to ionizing radiation nor use of iodinated 
contrast agents (Stuber and Weiss 2007). Given the 
diagnostic tools that are already available, is there a 
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niche for MR coronary angiography? The answer is 
“yes”, but only if the accuracy of MR coronary an-
giography is suffi cient to compete with MDCT. This 
is by no means a trivial task, given that MDCT coro-
nary angiography using 64-slice scanners already 
has a negative predictive value approaching 100% 
(Herzog et al. 2007). Moreover, CT scanning is re-
markably fast, providing evaluation of the entire 
coronary tree and other cardiac structures in under 
10 s. On the other hand, MR coronary angiography 
has strengths that are complementary to coronary 
CT angiography’s weaknesses. For instance, it has 
been shown in some patients with dense coronary 
calcifi cations that MR coronary angiography can 
demonstrate a stenosis not evaluable by coronary CT 
angiography (Langer et al. 2005; Cheng et al. 2007). 

The safety advantages of using MR are clear, given 
the absence of ionizing radiation or risk of contrast-
induced nephropathy. Fast heart rates are generally 
not as limiting for MR as they are for single-source 
CT. On the other hand, MR coronary imaging tech-
niques which involve the use of gadolinium chelates 
entail a risk of nephrogenic systemic fi brosis in pa-
tients with impaired renal function.

In this chapter, we will review the historical de-
velopment of MR coronary angiography, starting 
from the early days of gated two-dimensional (2D) 
spin-echo, with subsequent developments including 
breath-hold 2D segmented gradient-echo, breath-
hold navigator-gated three-dimensional (3D), whole-
heart acquisitions using parallel imaging, and novel 
contrast agents. Potential future developments will 
also be considered.

 3.2.1 
Technical Development

Any attempt to image the coronary arteries must 
contend with the combined challenges of cardiac 
pulsation, respiratory motion, and small vessel di-
ameter (typically 2–4 mm). Spin-echo (SE) (and sub-
sequent turbo SE) methods naturally tend to make 
fl owing blood appear dark. This phenomenon oc-
curs because of gradient-induced dephasing as well 
as outfl ow of excited spins from the imaging plane 
before the signals are refocused by the 180° pulse. 
The fi rst attempts at imaging the coronary arteries 
using MR involved ECG-gated SE pulse sequences 
(Paulin et al. 1987). Although the proximal coro-

nary arteries could occasionally be shown, there 
tended to be marked image degradation from res-
piration. Scan times were too long to permit data 
acquisition during a breath-hold. Moreover, each 
image in a multi-slice acquisition was acquired dur-
ing a different phase of the cardiac cycle, precluding 
3D image processing. Finally, it is generally more 
diffi cult to evaluate the patency of small vessels with 
dark blood than bright blood imaging methods, par-
ticularly since there is little contrast between dark 
blood and dark muscle in the myocardium.

One can make the fl owing blood within the 
heart appear bright using cine gradient-echo im-
aging techniques (Nayler et al. 1986). Cine imag-
ing is used for a wide variety of clinical applica-
tions, such as measurement of ventricular function 
(Lotan et al. 1989). There are clear advantages to 
making the fl owing blood in the coronary arteries 
appear bright. Contrast between vessel and myo-
cardium or dense calcifi cation is improved. Image 
processing is simplifi ed, since a maximum inten-
sity projection or volume rendering technique can 
be used to make a three-dimensional display of the 
vessels. Although portions of the coronary arter-
ies are occasionally seen on standard cine gradi-
ent-echo scans through the heart, the images are 
generally too blurred from respiratory motion to 
permit accurate evaluation. However, two subse-
quent developments largely overcame the problem 
of respiratory motion.

The fi rst approach involved “segmenting” or 
grouping the phase-encoding steps (Atkinson and 
Edelman 1991; Edelman et al. 1991). Instead of ac-
quiring a single phase-encoding step per phase of 
the cardiac cycle within each R-R interval, anywhere 
from 6–12 phase-encoding steps are acquired. The 
duration of each segment is kept below about 150 ms 
to minimize blurring from cardiac motion. The ac-
quisition of each segment is timed to occur during 
mid-to-late diastole when the coronary arteries are 
most quiescent (although the right coronary artery 
is sometimes better seen at end-systole). Although 
the temporal resolution for each phase of the cardiac 
cycle was reduced, the scan time was decreased by 
the same factor of 6–12, permitting scans to be com-
pleted within a reasonable breath-holding period of 
10–20 s. Of course, it is possible to go much faster 
now with the implementation of parallel imaging 
techniques (Sodickson 2006; Pruessmann et al. 
1999). 

With the breath-hold segmented gradient-echo 
method, a series of 2D images spanning the coronary 
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arteries are acquired over a series of breath-holds. 
Although image quality is adequate, it is diffi cult to 
reliably evaluate a tortuous coronary artery because 
of image misregistration between different breath-
holds. Alternatively, one can acquire a thin slab 3D 
acquisition (“VCATS”) with a limited number of 3D 
slices within a single breath-hold (van Geuns et al. 
2000). Because thin, contiguous slices are acquired 
within each breath-holding period, coronary evalu-
ation is more straightforward.

The next step in the technical development was 
the implementation of navigator techniques for 
coronary artery imaging (Wang and Ehman 2000; 
Danias et al. 1997; Stuber et al. 1999a; Li et al. 
1996). Gating techniques involving an external 
bellows device to monitor the stage of respiration 
had been in existence since the early days of MRI 
(Ehman et al. 1984). However, these methods were 
unreliable, for instance being unable to monitor 
respiration in patients who predominant relied on 
their chest muscles for breathing. Navigator meth-
ods involve the detection of a signal at the inter-
face of the dome of the diaphragm and lung tissue. 
The navigator signal can be produced by a slice-
selective 90°–180° radiofrequency (RF) pulse pair, 
where the rectangular slices excited by each pulse 
are oriented to produce a diamond-shaped inter-
section. A more robust approach to producing the 
navigator signal involves the use of a 2D spiral RF 
excitation (“pencil beam”) that excites a narrow 
cylinder of tissue.

Irrespective of the method that is used to pro-
duce the navigator signal, it allows precise moni-
toring of the respiratory phase. By selecting a single 
phase of respiration, one can minimize or eliminate 
blurring due to respiratory motion. The method is 
highly effective in most patients, although it is in-
effective in a minority of patients with inconsistent 
breathing patterns. The main drawback of navi-
gator gating is a reduction in scan effi ciency and 
consequent prolongation of scan time, typically by 
a factor of 2–4. On the other hand, it is typically 
more effi cient than acquiring a series of individ-
ual breath-hold scans, and better tolerated by the 
patient since they merely need to breathe quietly 
for the duration of the scan. Scan effi ciency can be 
improved by accepting a broader range of the respi-
ratory cycle at the expense of increased blurring. 
However, the blurring can be largely avoided us-
ing slice-following techniques that adjust the slice 
position by a factor that depends on the diaphragm 
position (Stuber et al. 1999b).

Using navigator techniques, it is much easier to 
acquire ECG-triggered 3D data sets that span large 
portions of the coronary artery tree. Moreover, one 
can obtain contiguous thin sections with near iso-
tropic spatial resolution, which greatly simplifi es the 
image interpretation. Free-breathing, whole-heart 
coronary acquisitions can be acquired in just a few 
minutes using a combination of parallel imaging 
and partial Fourier techniques (Nehrke et al. 2006). 
Alternatively, breath-hold whole heart MR coronary 
angiography can be performed using a high paral-
lel acceleration factor in conjunction with multi-coil 
arrays having a large number of elements (e.g. 32) 
(Niendorf et al. 2004). However, the signal-to-noise 
ratio (SNR) will be lower than with free-breathing 
techniques. 

 3.2.2 
Pulse Sequences and K-space Trajectories

Most bright blood MR coronary angiography uses 
gradient-echo pulse sequences whereas dark blood 
imaging uses turbo SE pulse sequences. Segmented 
gradient-echo pulse sequences suffer from limited 
SNR as well as saturation effects, particular when 
a 3D volume is acquired. More recently, balanced 
steady-state free precession (also called “trueFISP” 
or “FIESTA”) techniques have been implemented 
(Deshpande et al. 2001). Because the TR is very 
short, scan times are reduced. The technique is re-
sistant to fl ow artifact and provides high SNR. The 
main drawback is its greater sensitivity to static fi eld 
inhomogeneities, resulting in banding artifacts that 
can make an angiogram uninterpretable. Moreover, 
the sequence uses a combination of very short TR 
and large fl ip angles, so that power deposition is 
high. Power deposition becomes a limiting factor 
at 3 Tesla.

A variety of k-space trajectories have been tested 
in an effort to maximize spatial resolution and scan 
effi ciency. Cartesian trajectories (in widespread 
use for clinical MRI throughout the body) acquire 
one or a series of phase-encoding lines within each 
repetition time (or R-R interval for coronary ar-
tery imaging). Non-Cartesian trajectories, which 
include multi-shot echo planar, spiral, and radial, 
each offer potential advantages and disadvantages. 
For instance, high quality images of the coronary 
arteries have been obtained using spiral imaging, 
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which involves simultaneous oscillation of two 
magnetic fi eld gradients during signal readout 
(Meyer et al. 1992). Drawbacks include marked 
sensitivity to off-resonance effects and the need 
for specialized image reconstruction algorithms. 
Radial methods acquire a series of phase-encoding 
lines of data that are oriented in a radial pattern 
(Stehning et al. 2004). Each radial line of data 
passes through the center of k-space. Radial imag-
ing methods naturally are resistant to fl ow-related 
artifacts. In addition, they are particularly useful 
for cine and real-time imaging. Despite these in-
novations, most coronary artery imaging still uses 
Cartesian acquisition methods.

 3.2.3 
Image Contrast

The proximal coronary arteries are typically em-
bedded in epicardial fat, whereas the distal ves-
sels are surrounded by myocardium. Several ap-
proaches have been devised to maximize contrast 
between the coronary arteries and the surrounding 
tissues. These methods include: (a) fat suppression, 
(b) magnetization transfer contrast (MTC); (c) T2-
prep, and (d) administration of MR contrast agents. 
Fat signals can be suppressed by the application of 
a frequency-selective RF saturation pulse or by use 
of a spectral-spatial excitation selective for water 
signals. Given the static fi eld inhomogeneity caused 
by nearby lung tissue, fat suppression may be im-
perfect but is usually adequate over most of the 
coronary tree. 

The distal portions of the coronary arteries are 
embedded in muscle rather than epicardial fat, so 
fat suppression is not suffi cient to maximize vessel 
conspicuity. An additional contrast mechanism is 
to apply a high amplitude RF pulse that is tuned 
hundreds of Hz away from the Larmor frequency. 
This technique, called MTC, causes a reduction in 
the signal intensity of tissues that contain substan-
tial concentrations of macromolecules. MTC im-
proves the conspicuity of the coronary arteries by 
reducing the signal intensity of myocardium while 
causing only a slight reduction in the signal inten-
sity of blood within the coronary arteries (Li et al. 
1993).

T2-prep is a method for reducing the signal in-
tensity of both the myocardium and coronary veins 

(Brittain et al. 1995). It does so by introducing a 
degree of T2 contrast into the image. The method 
involves magnetization preparation consisting of a 
90° RF pulse followed by a series of 180° pulses and 
fi nally another 90° RF pulse. Both myocardium 
and deoxygenated blood in the coronary veins have 
relatively short T2 relaxation times, which results 
in a marked loss of signal intensity with T2-prep. 
There is only a slight loss of signal in the coronary 
arteries, so that contrast between the coronary 
arteries and myocardium is improved. However, 
T2-prep should not be used after administration 
of a contrast agent since the contrast agent sub-
stantially shortens the T2 relaxation time of the 
blood vessels, in addition to shortening the T1 
relaxation time. Examples of coronary artery im-
ages acquired on healthy volunteers using various 
sequences in conjunction with real-time navigator 
respiratory gating during free breathing are shown 
in  Figure 3.2.1.

Vessel contrast for MR coronary angiography 
can be further improved by administering a para-
magnetic contrast agent (Goldfarb and Edelman 
1998). This is routinely done for MR angiography in 
the body, although without the complicating factors 
of cardiac motion and requirement for ECG trigger-
ing. An inversion pulse can be applied prior to each 
data acquisition to maximize the contrast between 
the blood vessel and surrounding tissues (Hofman 
et al. 1999). Unfortunately, standard gadolinium 
chelates rapidly redistribute out of the intravascu-
lar compartment, so that maximum effect is only 
obtained during the fi rst pass (< 30 s). The short 
period of peak enhancement is incompatible with 
navigator-based acquisitions that are several min-
utes in duration at a minimum. Nonetheless, prom-
ising whole-heart MR coronary angiograms have 
been obtained with navigator gating at 3 Tesla using 
a slow infusion of gadobenate dimeglumine, a high 
relaxivity contrast agent (Bi et al. 2007).

Alternatively, MR coronary angiography can be 
done after administration of a blood pool contrast 
agent (Li et al. 1998; Huber et al. 2003; Taylor et 
al. 1999).  For instance, the intravascular half-lives 
for these agents are on the order of many minutes 
to hours. An example of intravascular contrast-
enhanced coronary MRA is shown in Figure 3.2.2. 
These agents include gadolinium-based macromo-
lecular chelates as well as iron oxide-based ultra-
small particles. Currently, several of these agents are 
in clinical trials and should be available for routine 
clinical use within the next few years.
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Fig. 3.2.1a–f. Reformatted images of 3D coronary MRA data acquired with real-time navigator tech-
nology during free breathing. a A video-inverted black-blood coronary MRA is displayed adjacent to 
a spin-tagged acquisition of (b) the left coronary arterial system. c An right coronary artery (RCA) 
together with a left coronary arterial system, including the left main coronary artery (LM), left anterior 
descending artery (LAD), left circumfl ex artery (LCX), and some smaller-caliber branching segments 
(using a T2Prep segmented k-space gradient-echo acquisition). d An anomalous RCA (dashed arrow) 
from the left coronary cusp (L) acquired with a T2Prep SSFP sequence is shown. R, right coronary 
cusp; RV, right ventricle; LA, left atrium. e,f Right and left coronary arterial systems acquired with an 
interleaved spiral imaging sequence. [Reproduced with permission from Etienne et al. (2002)]
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 3.2.4 
Flow Quantifi cation

The above-described techniques have been primar-
ily directed towards delineation of the coronary ar-
tery anatomy. It is also possible to obtain functional 
information through the use of phase-contrast cine 
imaging techniques, which permit measurement of 
fl ow velocities and mean fl ow (Pelc et al. 1991). Mea-
surement of coronary blood fl ow can be accomplished 
with breath-hold techniques (Edelman et al. 1993) or 
with free-breathing navigator methods (Nagel et al. 
1999). If fl ow measurements are obtained before and 
during administration of pharmacological stress (e.g. 
adenosine), then one can determine the coronary fl ow 
reserve (Clarke et al. 1995). Measurement of fl ow 
reserve can be helpful to predict the physiological 
signifi cance of a coronary artery stenosis.

3.2.4.1 

Coronary Wall Imaging

Infl ammation is considered to be a key component 
in the evolution of the so-called “vulnerable plaque” 
(Schaar et al. 2004; Ross 1999) Acute coronary 
syndrome is caused by the rupture of a lipid-rich 
vulnerable plaque (commonly one that is not hemo-
dynamically signifi cant and is invisible by coronary 
angiography) or, less often, by erosion of a predomi-
nantly fi brous plaque (Fuster 1994; Davies 1995; 
Burke et al. 1997).  Cardiac CT is able to demon-

strate both calcifi ed and non-calcifi ed plaque in the 
coronary artery wall. However, it is not yet able to 
determine whether a particular plaque is infl amed.

Dark blood MRI has been used to evaluate plaque 
characteristics in the carotid arteries. For instance, fi -
brous plaque components appear relatively bright on 
T2-weighted images whereas the lipid core appears 
dark (Toussaint et al. 1996; Yuan et al. 2001). It is 
also possible to measure the thickness of the plaque 
cap. Presumably a plaque with a thin cap is more at 
risk than one with a thicker cap (Virmani et al. 2003). 
Infl ammation can be detected on the basis of enhance-
ment with extracellular gadolinium chelates. Another 
gadolinium chelate, gadofl uorine, shows avid plaque 
uptake but is not suitable for human use (Sirol et al. 
2004). Since phagocytic macrophages accumulate in 
infl amed plaques, uptake of ultra-small iron oxide 
particles has been used as a biomarker of plaque in-
fl ammation (Ruehm et al. 2001; Trivedi et al. 2004).

In principle, these MRI approaches to charac-
terizing plaque can be applied to imaging of the 
coronary arteries (Stuber et al. 2001; Fayad et al. 
2000). However, imaging of the coronary wall is 
particularly challenging because the wall is so thin 
compared to that of the carotid artery, in addition 
to the previously mentioned challenges of overcom-
ing cardiac and respiratory motion. Nonetheless, 
there are promising early results, in particular using 
navigator-gated 3D dark blood technique (Fig. 3.2.3) 
(Kim et al. 2002). Imaging at high fi eld (e.g. 3 Tesla) 
may be particularly benefi cial for this application 
( Koktzoglou et al. 2005).

T2prep Bracco B-22956

a b

Fig. 3.2.2 a,b. Multiplanar reformatted (a) baseline T2Prep image and (b) B-22956-enhanced IR image. Improved vessel 
delineation of the left main (LM), left anterior descending (LAD), left circumfl ex (LCX) arteries, and great cardia vein (GCV) 
can visually be appreciated. B-22956 is a gadolinium-based blood pool agent from Bracco Imaging S.p.A., Milan, Italy. Ao, 
aorta; RVo, right ventricular outfl ow tract. [Reproduced with permission from Huber et al. (2003)]
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 3.2.6 
Clinical Results

Initial clinical results using breath-hold 2D MR 
coronary angiography were promising (Fig. 3.2.4) 
(Manning et al. 1993). However, subsequent single 
center trials gave variable results (Duerinckx and 
Urman 1994; Post et al. 1997).

Only one large-scale, multi-center clinical trial 
has been performed with MR coronary angiography 
(Kim et al. 2001). This trial was performed in 109 pa-
tients recruited from seven centers. Overall accuracy 
of MR coronary angiography was 72%. The sensitiv-
ity, specifi city, and accuracy for patients with dis-

ease of the left main coronary artery or three-vessel 
disease were 100%, 85%, and 87%, respectively. The 
negative predictive values for any coronary artery 
disease and for left main artery or three-vessel dis-
ease were 81% and 100%, respectively. The authors 
concluded that MR coronary angiography allows 
for the accurate detection of coronary artery disease 
of the proximal and middle segments and reliably 
identifi es left main coronary artery or three-vessel 
disease. These results are promising, but also indi-
cate the need for additional technical development. 
Ongoing concerns include variable success of navi-
gator gating depending on breathing patterns, inad-
equate spatial resolution (particularly for the assess-

a

c

b

d

Fig. 3.2.3 a–d. X-ray angiography in two patients with (a) a focal 40% stenosis (white arrow) and (c) 
minor (	10% stenoses) luminal irregularities (white arrows) of the proximal RCA. The corresponding 
black-blood 3D CMR vessel wall scans (b,d) demonstrate an irregularly thickened right coronary artery 
(RCA) wall (> 2 mm) indicative of an increased atherosclerotic plaque burden. The inner and outer RCA 
walls are indicated by white dotted arrows. The catheter size for the X-ray was 6-F. [Reproduced with 
permission from Kim et al. (2002)]
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ment of distal or non-dominant coronary arteries), 
arrhythmias, and occasional diffi culty identifying a 
vessel fi lling from retrograde collateral fl ow. 

Promising clinical results have been obtained 
in whole-heart MR coronary angiography by a re-
search group in Japan (Sakuma et al. 2005, 2006). 
Reconstructed voxel size was 0.55 � 0.55 � 0.75 mm, 
comparable to that obtained using 64-slice CT an-
giography. In this study of 131 patients, the acquisi-
tion of MR angiography was completed in 113 (86%) 
of 131 patients. On a patient-based analysis, the sen-
sitivity, specifi city, positive and negative predictive 
value, and accuracy of MR angiography were 82%, 
90%, 88%, 86%, and 87%, respectively. These val-
ues in the individual segments were 78%, 96%, 69%, 
98%, and 94%. Two examples of coronary MRA in 
patients are given in Figures 3.2.5 and 3.2.6. Scan 

time was fairly lengthy, however, averaging 12.9 min. 
One would anticipate that shorter scan times could 
be obtained with higher parallel acceleration fac-
tors, assuming SNR was suffi cient.

 3.2.7 
Future Developments

Coronary MR imaging has benefi ted substantially 
from the improvements in phased array coils, paral-
lel imaging, and fast imaging techniques. It has been 
shown that 2D parallel imaging with a 32-element 
receiver-coil array allows an acceleration factor of 
4 × 2 and single breath-hold whole-heart coronary 

Fig. 3.2.4. Axial coro-
nary MR angiogram 
(left) demonstrates a ste-
nosis of the left anterior 
descending coronary 
artery and shows good 
correlation with the 
coronary catheterization 
(right). (Images courtesy 
of Dr. Warren Manning)

Fig. 3.2.5 A–C. Visualization of a stenosis in the left anterior descending artery (LAD) with whole-heart coronary magnetic 
resonance angiography. A Curved multiplanar reconstruction image shows a stenosis in the LAD (white arrow). B Volume-
rendering method demonstrates a three-dimensional view of the LAD with stenosis (white arrow). C X-ray coronary angi-
ography reveals a stenosis of the proximal LAD (arrowhead). [Reproduced with permission from Sakuma et al. (2006)]
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MRA (Niendorf et al. 2006) (Fig. 3.2.7). Imaging at 
3 Tesla has the potential to improve coronary SNR 
by a factor in the range of 50%–100% and promis-
ing results have already been demonstrated (Bi et al. 
2005; Stuber et al. 2002). However, cardiac imaging 
at 3 Tesla involves daunting challenges, in particu-
lar related to he greater B0 and B1 fi eld inhomo-
geneity and four-fold higher RF power deposition. 
Consequently, no convincing advantage for high 
fi eld MR coronary angiography has been shown to 
date  (Sommer et al. 2005). B0 inhomogeneity causes 
signal loss and poor fat suppression along the pos-
terior cardiac margin at the interface with lung. In 
particular, this artifact can degrade the quality of 
left circumfl ex coronary artery images. In addition, 
at 3 Tesla the wavelength of the radiofrequency en-
ergy is comparable to the dimensions of the body, 
resulting in a marked worsening of B1 fi eld inho-
mogeneity. As a result, the fl ip angle of the trans-
mitted RF pulse varies widely through the fi eld of 
view, resulting in variable tissue contrast and loss of 
SNR. Potential solutions include adiabatic RF pulses 
(Nezafat et al. 2006), RF shimming, and transmit 
SENSE (Katscher et al. 2003). The latter technique 
involves transmitting the RF pulses from different 
elements of a phased array coil so as to compensate 
for the B1 fi eld inhomogeneity. Another concern 
is the increased magnetohydrodynamic effect at 
3 Tesla, which causes an artifactual peaking of the 
T-wave. Although this effect can interfere with the 
reliability of ECG gating, our experience is that reli-
able gating is obtained using standard vector ECG 

gating systems (Fischer et al. 1999). Pulse gating is 
not affected by fi eld strength and so provides a relia-
ble alternative to ECG gating. A promising approach 
is contrast-enhanced MRA during slow infusion of 
a new FDA-approved contrast media  (MultiHance; 
Bracco Imaging SpA, Milan, Italy), which allows 
whole-heart coronary MRA in approximately 5 min 
(Fig. 3.2.8) (Fischer et al. 1999). Compared to SSFP 
which is commonly used at 1.5 Tesla, contrast-
enhanced gradient-echo imaging is relatively 
insensitive to B0 fi eld inhomogeneities due to its 
spoiled gradient structure. Both myocardium and 
epicardial fat signals can be effectively suppressed by 
a nonselective inversion pulse, which is less sensitive 
to B0 and B1 inhomogeneities than T2 preparation and 
the spectrally selective fat saturation conventionally 
used with SSFP. Therefore, contrast-enhanced 
gradient-echo imaging is likely to be more tolerant 
of imperfections in B0 and B1 fi elds, and result in 
more consistent image quality among subjects at 
3 T. In addition, it deposits less power than SSFP 
because it uses lower fl ip angles and eliminates T2 
preparation, which requires a composite RF pulse 
train or high-energy adiabatic refocusing pulses.

Arterial spin labeling (ASL) techniques are par-
ticularly well suited to 3 Tesla because the blood has 
a longer T1 relaxation time, resulting in a more pro-
longed effective tagging period. The increased SNR 
is also benefi cial. In one study, a 2D tagging pulse 
was applied to the aortic root for a navigator-gated 
acquisition. After a suitable delay period for the 
tagged (dark) blood to enter the coronary artery tree, 

Fig. 3.2.6 A–C. A patient with stenosis in the left circumfl ex (LCX) artery. A Curved multiplanar reconstruction demon-
strates stenoses of LCX in two locations (black arrows). B Volume rendering method shows three-dimensional view of LCX 
with stenoses (white arrows). C X-ray coronary angiography of the same artery confi rms stenoses of LCX (arrowhead). 
[Reproduced with permission from Sakuma et al. (2006)]
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a 3D data set was acquired. A second 3D data set was 
also acquired but without the aortic tagging pulse. 
Subtraction of the two sets of images demonstrated 
long segments of the coronary arteries without any 
substantial background signal intensity. Alterna-
tively, the tagging pulse can be applied directly to a 
coronary artery in order to make the blood appear 
dark and improve depiction of plaque in the wall of 
the vessel.

There are also a variety of novel contrast agents 
under development. These include contrast agents 
with higher T1 relaxivity that current gadolinium 
chelates. Contrast agents using hyperpolarized C13 
offer the potential of visualizing the coronary ar-
teries while eliminating confounding signals from 
background tissues (Svensson et al. 2003). Hyper-

polarized C13 might also be used to provide perfu-
sion and metabolic information about the myocar-
dium (Kohler et al. 2007).

Many patients with a history of coronary artery 
disease have undergone stenting. Although these 
patients can generally be imaged safely with MR, it 
is impossible to visualize the lumen of the stent so 
that restenosis cannot be reliably diagnosed. One 
potential solution is the use of novel stent designs 
with magnetic susceptibilities similar to water. Pre-
liminary studies in a swine model demonstrated ar-
tifact-free visualization of the coronary stent lumen 
(Buecker et al. 2004).

In conclusion, MR coronary angiography can 
provide detailed evaluation of the coronary arter-
ies in the large majority of patients. Although spa-

4 elemt cardiac optimized coil array 8 elemt cardiac optimized coil array 32 elemt cardiac optimized coil array

a b c

d e f

Fig. 3.2.7a–f. MR angiograms of the right coronary artery (RCA) (reformatted MIP, slice thickness = 3 mm) derived from 
healthy volunteers using (a,d) a four-element cardiac-optimized coil array, (b,e) an eight-element cardiac-optimized coil 
array, and (c,f) the 32-element coil array. Unaccelerated images were acquired using a short breath-hold, ECG-gated 3D SSFP 
sequence (matrix size = 256 � 256 � 12) together with thin targeted slabs that were aligned to the RCA. The distal portion of 
the RCA is clearly visualized in the image from the 32-element array because of the sound-to-noise ratio improvement over 
images from the four- and eight-element arrays. [Reproduced with permission from Niendorf et al. (2006)]
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tial resolution needs to be further improved and 
the accuracy is not yet competitive with coronary 
CT angiography, it has the potential to be a valu-
able adjunct in cases where coronary calcifi cation 
precludes adequate evaluation or iodinated contrast 

agents are contraindicated. In addition, the capabil-
ity to image plaque components within the coronary 
vessel wall has the potential to aid in the detection of 
vulnerable plaque and enable earlier, more effective 
intervention. 

Fig. 3.2.8. Reformatted 
whole-heart coronary 
artery images obtained 
with slow infusion of 
Gd-BOPTA. Note that 
the left and right coro-
nary arteries are sharply 
depicted and the distal 
segments and small 
branches are visible, 
as indicated by arrows. 
[Reproduced with per-
mission from BI et al. 
(2007)]
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3.3 Clinical Implementation of Coronary Imaging

Hatem Alkadhi, Riksta Dikkers, Christoph R. Becker, 

Stephan Achenbach, and Valentin E. Sinitsyn

 3.3.1 
Introduction

Coronary heart disease is one of the leading causes 
of mortality, morbidity, and death in developed 
countries. Increasing efforts have been undertaken 
in screening and diagnosing coronary artery dis-
ease (CAD) with different imaging modalities such 
as catheter angiography, ultrasound, or MRI. For 
a long period of time, electron beam CT with its 
high temporal resolution of 100 ms was the only CT 
modality capable of imaging the coronary arteries 
without motion artifacts. Due to the restriction to a 
non-spiral scanning mode in ECG-synchronized car-
diac investigations, a single breath-hold scan of the 
heart required slice widths as large as 3 mm. Thus, 
the resulting transverse resolution was limited and 
not suffi cient for the detailed and diagnostic visual-
ization of the coronary arteries. Multi-slice CT has 
advanced rapidly in the last decade and 64-slice and 
dual-source CT scanners are now state-of-the-art 
scanners for robust imaging of the coronary arteries, 
myocardium, and cardiac valves with high quality 
in terms of morphology and even function. In this 
chapter, we will describe the most important clinical 
applications of multi-slice CT for coronary artery im-
aging and we will discuss those areas where cardiac 
CT can be implemented in the daily clinical setting.

 3.3.2 
Patient Preparation for 
Non-invasive Coronary Angiography with CT

Since the introduction of four-slice CT technol-
ogy in 1999, there has been a growing use of CT 
for coronary imaging (Ohnesorge et al. 2000). 
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The development of ECG-synchronized CT scan-
ning and reconstruction techniques has provided 
fast volume coverage together with a high spatial 
and temporal resolution being a prerequisite for 
artefact-free cardiac imaging. However, for obtain-
ing diagnostic image quality, careful preparation 
of the patient and an optimized scanning protocol 
is necessary.

The increasing number of detector elements 
and the increasing width of the detectors in recent 
years have made it possible to scan larger volumes 
with thinner slices within a single breath-hold. Es-
pecially for cardiac patients who may suffer from 
dyspnea, maintaining a long breath-hold is often 
diffi cult or even impossible to perform. The re-
duction of the breath-hold time from 40 s for four-
slice CT scanners to approximately 10 s for 64-slice 
CT reduced the occurrence of breathing artefacts 
enormously.

To prevent artefacts due to rapid motion of the 
coronary arteries, the average heart rate should be 
below 65 bpm when using four-slice to 64-slice CT 
technology. Slow heart rates disproportionately pro-
long the end-diastolic relaxation and end-systolic 
contraction phase in which the heart shows only lit-
tle motion (Husmann et al. 2007). Thus, reconstruc-
tion intervals can be placed within these phases and 
do not contain data from adjacent portions of the 
heart cycle possibly containing motion (Kerl et al. 
2007). With the higher temporal resolution of dual-
source CT, heart rate reduction is no longer neces-
sary. Several studies showed a diagnostic image 
quality with dual-source CT even in patients with 
heart rates above 100 bpm (Achenbach et al. 2006; 
Flohr et al. 2006; Johnson et al. 2006; Matt et al. 
2007). Besides the average heart rate, the variability 
of heart rate has been shown to be another important 
factor limiting the image quality of the examination 
(Leschka et al. 2006). It appears that the problem of 
heart rate variability has to do with the type of image 
reconstruction, in that multi-segment reconstruc-
tions are more prone to blurring artifacts caused by 
heart rate variability as compared to mono-segment 
reconstructions (Matt et al. 2007).

Beta-receptor antagonists for controlling the pa-
tients’ heart rate can be safely used. 

Patients are screened for medical conditions that 
may preclude them from receiving beta-blockers, 
including sinus bradycardia (defi ned as a heart rate 
below 60 bpm), systolic blood pressure of less than 
100 mmHg, allergy to the medication or its con-
stituents, decompensated cardiac failure, asthma, 

bronchospasm, and second- or third-degree atrio-
ventricular block (Pannu et al. 2006). In the ab-
sence of contraindications, metoprolol tartrate may 
be administered orally 30–90 min prior to CT. Al-
ternatively, 5 mg of metoprolol tartrate can be given 
intravenously immediately prior the scan. If the ven-
tricular response is unsatisfactory, and heart rate 
remains high, additional doses of up to 15 mg can 
be given (Kerl et al. 2007). There is less experience 
with alternative heart rate-controlling medications. 
However, if there are contraindications for the use 
of beta-blockers, calcium channel blockers may be 
used via either the intravenous or oral route (Kerl 
et al. 2007). Monitoring of vital functions, heart rate, 
and blood pressure is essential when heart rate-con-
trolling medication is used.

Sublingual nitroglycerin has been shown to pre-
vent coronary artery spasm that may mimic coronary 
stenosis, especially in younger individuals (Hamon 
and Hamon 2006). Furthermore, it is known to pro-
vide better visualization through widening of the 
coronaries and is routinely given prior to every in-
vasive catheter coronary angiography (Dewey et al. 
2006). Although no systematic studies are available 
to support the use of nitroglycerin for cardiac CT 
with regard to the diagnostic performance of the ex-
amination, it is recommended and should be given 
in preparation of the CT scan. Nitroglycerin can be 
administered by using a 0.4-mg tablet sublingually 
or a sublingual spray. Contraindications for nitro-
glycerin comprise arterial hypotension, recent myo-
cardial infarction, severe anemia, increased intrac-
ranial pressure, and known hypersensitivity to the 
medication. In addition, nitroglycerin is contrain-
dicated in patients who recently took nitrate-based 
medication (Viagra, Cialis, Levitra) for erectile dys-
function. It is important to know that the admin-
istration of nitroglycerin is in rare cases associated 
with a refl ex tachycardia that may impair the image 
quality and diagnostic yield of the examination. In 
general, this tachycardia does not occur when beta-
blockers are also administered.

 3.3.3 
Contrast Media Administration

Intravenous access is preferably established in an 
antecubital vein. In particular, if a left internal 
mammary arterial bypass graft is to be evaluated, 
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an access site in the right arm is preferred to pre-
vent streak artifacts arising from undiluted con-
trast material in the left anonymous or subclavian 
vein interfering with the origin of the left internal 
mammary artery (Kerl et al. 2007). Because of the 
high injection rate of 4–6 ml/s needed for optimal 
contrast attenuation of the coronary vessels, an 18-
Gauge catheter or larger should be used.

The administration of contrast media should be 
carefully timed to achieve an accurate and homog-
enous vascular lumen enhancement for diagnostic 
CT coronary angiography studies. High contrast 
enhancement is mandatory to identify small coro-
nary branches at CT. High concentration non-ionic 
contrast agents with a fl ow rate of 4–6 ml/s should 
be used to achieve optimal intra-luminal enhance-
ment. It is important to note that the major determi-
nant of intra-luminal contrast enhancement is the 
iodine fl ux. A suffi cient iodine fl ux can be achieved 
through a high injection rate (i.e., 5–6 ml/s) while 
using “lower” concentrated contrast material (i.e., 
300, 320, or 350 mg/ml) or through a “lower” injec-
tion rate (4–5 ml/s) while using a higher concentra-
tion contrast agent (i.e., 370 or 400 mg/ml). Another 
factor that should be kept in mind is the dependency 
of contrast attenuation at CT from the kilovoltage 
setting. When using only 100 kV in normal weighted 
or slim patients the total amount of contrast media 
can be reduced while obtaining a similar contrast 
attenuation (Lenschka et al. 2008).

Dense contrast media in the right heart chambers 
and superior vena cava may result in streak artefacts 
and can interfere with the evaluation of the right 
coronary artery. A saline bolus chaser is therefore 
advised to fl ush the contrast out of the right atrium. 
This chaser also keeps the contrast bolus compact 
and prolongs the plateau phase of contrast for coro-
nary artery vessel lumen enhancement (Kerl et al. 
2007). For functional analysis of the heart, how-
ever, some enhancement of the right ventricle en-
abling the delineation of the ventricular septum is 
needed. A biphasic contrast protocol with a saline 
bolus chaser following the contrast bolus will often 
result in a good delineation of the left ventricle with 
clear enhancement of the coronary arteries, but may 
prevent identifi cation of the structures of the right 
ventricle. A triphasic contrast protocol ensures high 
contrast enhancement in the left ventricle and coro-
nary arteries and a less enhanced but clearly visible 
right ventricle and interventricular septum. For the 
triphasic protocol the initial iodine contrast bolus is 
followed by a saline/contrast mixture (for example 

80% saline and 20% contrast) that is fi nally followed 
by a saline bolus chaser (Kerl et al. 2007). This pro-
tocol can be administered by using a dual-syringe 
injection system.

The timing of the contrast bolus arrival can be 
done through the test bolus or the bolus tracking 
technique. For the test bolus technique, determina-
tion of the contrast circulation time is performed by 
injecting a test bolus of 5 g iodine with a fl ow rate 
of 1 g/s iodine followed by a saline bolus chaser. A 
series of consecutive scans is acquired at the level of 
the aortic root, and the arrival time of the test bolus 
can be determined by the delay time between the 
start of the contrast material injection and the peak 
enhancement in the ascending aorta. For the bolus 
tracking technique, the beginning of the CT scan is 
triggered automatically by the arrival of the main 
contrast bolus. A pre-scan is taken at the level of the 
aortic root and a region of interest is placed into the 
ascending aorta. When contrast injection begins, 
repeated scanning at the same level is performed. If 
the density in the ascending aorta reaches a certain 
threshold (e.g. 100–140 HU), the scan is initiated af-
ter a predefi ned delay time. Prior to the initiation of 
the data acquisition, the patient is instructed to hold 
his breath in mild inspiration. A delay time of 4–10 s 
has been shown to suffi ce for adequate contrast en-
hancement of the heart. For both contrast timing 
techniques, the contrast media injection protocol 
has to be adjusted to the scan duration taking into 
account the delay time.

The fi nal coronary vessel enhancement will de-
pend on various patient-specifi c factors, one impor-
tant factor being the cardiac output of the patient 
(Husmann et al. 2006). In patients with low cardiac 
output the contrast media will accumulate in the 
cardiac chambers and lead to a higher enhancement 
than in patients with high cardiac output where the 
contrast agent will be faster diluted by the non-en-
hanced blood.

 3.3.4 
Image Post-Processing Technique

Together with the development of new scanners 
dedicated software tools are being deployed, allow-
ing detailed diagnosis of plaque morphology and 
quantifi cation of coronary artery stenosis. However, 
review of the individual transverse source images 
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cannot be abandoned and must be the major part 
of the diagnostic process in each case. Every post-
processing step necessarily and by design reduces 
the available information for the sake of more intui-
tive image visualization (Kerl et al. 2007). Artefacts 
and other pitfalls which can result in reduced image 
quality and misinterpretation can be missed by not 
looking at the transverse source images. The most 
common problems include: motion-related artefacts 
caused by cardiac, pulmonary, or other body motion; 
beam-hardening effects caused by metallic implants 
or severe calcifi cations; and artefacts resulting from 
technical errors or limitations (Choi et al. 2004).

Software packages offer CT images to be displayed 
in different planes and to reconstruct 3D volumes. In 
the evaluation of cardiac anatomy, especially in the 
case of coronary anomalies or after coronary artery 
bypass grafting (CABG) surgery, 3D images can be 
helpful for quick spatial orientation. Because of iso-
tropic (equal voxel dimensions in x-axis, y-axis, and 
z-axis) for 64-slice CT and dual-source CT, image 
data can be rearranged in arbitrary imaging planes 
with comparable image quality as in the original 
transverse sections. Multi-planar reformatted (MPR) 
images serve the purpose of enabling views of coro-
nary artery lesions from different angles and per-
spectives, which enables better assessment of steno-
sis severity and residual perfused lumen than can be 
appreciated by only a single projection. Dedicated 
cardiac software offers automatic vessel contour 
and vessel lumen detection generating a cross-sec-
tional MPR image along the centerline of the vessel 
lumen and provide maximum intensity projection 
(MIP) images parallel to the long axis of the vessel 
(Cury et al. 2006; Flohr et al. 2007; Hoffmann et 
al. 2006; Leber et al. 2005). The 3D representation of 
the coronary arteries with CT has made it possible to 
also measure the coronary artery area stenosis next 
to the traditional coronary artery lumen diameter 
stenosis assessment. All these extra tools provide 
a means for rapid analysis of the coronary artery 
tree for the detection and grading of stenosis. After 
automatically removing the osseous thoracic cage, 
the pulmonary veins and surrounding structures, 
the heart is isolated. In the next (semi-) automatic 
step the coronary arteries are identifi ed. Each vessel 
can thereafter be analysed using the MPR and cross-
sectional views of the vessel.

One study evaluating the difference in diagnos-
tic accuracy comparing standard projections versus 
user-interactive post-processing showed that stan-
dard projections not always suffi ce for optimal di-

agnosis (Cademartiri et al. 2004). All automated 
measurements of vessel analysis tools should there-
fore not be trusted blindly, and the experience and 
acumen of the physician is still required to validate 
the results in the appropriate clinical context.

 3.3.5 
Diagnosis of Coronary Artery Disease

The leading indication of cardiac CT has become 
the non-invasive imaging of the coronary arter-
ies in patients with a low to intermediate risk for 
CAD. 

As impressive as recent technical advancements 
of CT are, it still falls short of the clinical reference 
standard, invasive catheter coronary angiography 
(CA). The spatial resolution of the catheter-based 
technique is 0.2 mm and thus twice that of cardiac 
CT, and the temporal resolution of up to 10 ms 
of CA is still not reached with CT. Of course, CA 
has also the advantage of being both diagnostic 
and therapeutic in the same session. On the other 
hand, CA is cost-extensive and is associated with a 
low but not negligible risk of morbidity and mor-
tality that is associated with the invasive proce-
dure (Scanlon et al. 1999). In 2002, about 2 mil-
lion conventional CA procedures were performed 
in Europe (Maier et al. 2006). Interestingly, only 
in a third of these procedures was a subsequent 
percutaneous intervention performed. Thus, CA 
was mostly used as a purely diagnostic tool. This 
leads to a high number of invasive diagnostic pro-
cedures that could be reduced with a reliable non-
invasive fi lter test.

Since the introduction of CT, a large number of 
studies have evaluated the diagnostic perform-
ance of the non-invasive modality to diagnose 
CAD. Several meta-analyses have been performed 
to combine the existing evidence of the accuracy 
of CT in the detection of CAD compared with CA. 
One meta-analysis included 15 papers and a total of 
944 patients with an intermediate pre-test probabil-
ity of disease undergoing four-slice or 16-slice CT 
(van der Zaag-Loonen et al. 2006). The authors 
found a pooled sensitivity for stenosis detection of 
89%, while up to 28% of the patients could not be 
scanned and up to 32% of all segments could not be 
evaluated completely due to non-diagnostic image 
quality. Thus, it was concluded that four-slice and 
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16-slice CT technology does not suffi ce to reliably 
diagnose or to rule out CAD. Another meta-analysis 
evaluating the diagnostic performance of 16-slice 
and 64-slice CT found a pooled sensitivity and spe-
cifi city for CT in the detection of CAD of 83% and 
93% in a segment-based analysis, 90% and 87% in a 
vessel-based analysis, and 91% and 86% in a patient-
based analysis (Sun and Jiang 2006). This analysis 
furthermore showed that 64-slice CT allowed for the 
evaluation of the entire coronary artery tree in most 
studies.

Table 3.3.1 lists the results of publications that 
have analyzed the diagnostic performance of ste-
nosis detection using 64-slice CT and dual-source 
CT in comparison to the reference standard modal-
ity of invasive CA. With dual-source CT, the diag-
nostic performance appears to be further improved 
when compared to 64-slice CT. The fi rst experience 
study with dual-source CT showed a sensitivity of 
96% and a specifi city of 98%, together with a posi-
tive predictive value of 86% and negative predictive 
value of 99% for the diagnosis of CAD in compari-
son with invasive CA (Scheffek et al. 2006). These 
results could be confi rmed in subsequent studies 
with larger populations showing a similar high di-
agnostic performance of dual-source CT (Johnson 
et al. 2007a; Leber et al. 2007; Leschka et al. 2007a; 
Alkadhi et al. 2008; Ropers et al. 2007; Weustink 
et al. 2007). Importantly, heart rate reduction 
through the administration of beta receptor an-
tagonists prior to CT was not used in any of these 
studies. Despite this fact, the rate of non-evaluable 
coronary segments was very low (1%–2%). In addi-
tion, high diagnostic performance could be main-
tained in patients having a heart rate of more than 
70 bpm.

Owing to the high negative predictive value of 
CT, no further testing is needed when a patient has 
a completely diagnostic cardiac CT examination 
showing normal coronary arteries.

 3.3.6 
Indications for CT Coronary Angiography

Based on these excellent results for non-invasive 
coronary imaging with CT, various recommenda-
tions have emerged from the various societies.

The Task Force on the Management of Stable 
Angina Pectoris of the European Society of Car-

diology has recommended the performance of 
CT coronary angiography in patients with stable 
angina, a low pre-test probability of CAD, and a 
inconclusive exercise ECG or stress imaging test 
(Fox et al. 2006). The American Heart Association 
(AHA) stated that, particularly if the symptoms, 
age, and gender of a patient suggest a low to inter-
mediate probability of hemodynamically relevant 
stenoses, ruling out these stenoses by CT coronary 
angiography may be clinically useful and may help 
avoid invasive CA (Budoff et al. 2006). Finally, a 
group including various cardiological and radio-
logical societies has recently stated that the use of 
CT coronary angiography in patients with an in-
termediate pre-test probability of CAD and an un-
interpretable ECG, or who are unable to exercise, 
is appropriate (Hendel et al. 2006).

Taking these recommendations into account, 
cardiac CT for coronary imaging can also be im-
plemented in clinical routine as a gatekeeper for 
CA in patients undergoing cardiac valvular sur-
gery. Echocardiography is the method of choice 
to diagnose and grade the severity of valvular 
disease and provides accurate information re-
garding valve morphology and ventricular func-
tion. Current patient management requires the 
presence of significant coronary artery stenosis to 
be excluded in patients undergoing cardiac valve 
surgery with invasive CA. Thus, the opportunity 
to non-invasively exclude significant CAD pro-
vides a compelling rationale for using coronary 
CT before valve replacement. In fact, a number 
of studies could demonstrate the high diagnostic 
performance of 16-slice and 64-slice CT coronary 
angiography for the assessment of CAD in patients 
undergoing elective surgery of mitral or aortic 
valve disease (Gilard et al. 2006;  Holmstrom et 
al. 2006; Meijboom et al. 2006; Scheffel et al. 
2007).

It is important to note that cardiac CT is not 
considered a competitor to CA, but rather as a fi l-
ter test for patients to decide whether CA should 
be performe or not, and whether conservative or 
invasive therapy should be performed. In this re-
spect, cardiac CT can be seen more as a competitor 
for nuclear or ECG stress tests. In a head-to-head 
comparison with ECG stress testing, cardiac CT 
proved to have a signifi cantly higher sensitivity 
(91% versus 73%) and specifi city (83% versus 31%) 
(Dewey et al. 2007). In addition, far fewer patients 
were not assessable by CT (8%) than by stress ECG 
(19%). 
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Table 3.3.1. Per-segment and per-patient based sensitivity, specifi city, positive (PPV) and negative predictive value (NPV) 
of CT coronary angiography as compared to catheter coronary angiography

Reference Analysis Number Sensitivity 
(%)

Specifi city
(%)

PPV 
(%)

NPV 
(%)

Mean Heart Rate 
± SD (bpm)

Leschka et al. (2005) Segment-based 1005 94 97 87 99 66 ± 15

Patient-based 67 100 100 100 100

Raff et al. (2005) Segment-based 935 86 95 66 98 65 ± 10

Patient-based 70 95 90 93 93

Mollet et al. (2005) Segment-based 725 99 95 76 100 58 ± 7

Patient-based 51 100 92 97 100

Leber et al. (2005) Segment-based 798 64 97 83 93 62 ± 13

Patient-based 45 88 85 88 85

Pugliese et al. (2006b) Segment-based 494 99 96 78 99 58 ± 6

Patient-based 35 100 90 96 100

Ong et al. (2006) Segment-baseda 748 85 98 77 99 62 ± 9

Segment-basedb 726 78 98 86 96 62 ± 9

Schuijf et al. (2006b) Segment-based 842 85 98 82 99 60 ± 11

Patient-based 60 94 97 97 93

Ropers et al. (2006a) Segment-based 1083 93 97 56 100 59 ± 9

Patient-based 81 96 91 83 98

Ehara et al. (2006) Segment-based 884 90 94 89 95 72 ± 13

Patient-based 67 98 86 98 86

Nikolaou et al. (2006) Segment-based 923 82 95 72 97 61 ± 9

Patient-based 68 97 79 86 96

Meijboom et al. (2006) Segment-based 1003 94 98 65 100 60 ± 8

Patient-based 70 100 92 82 100

Mühlenbruch et al.
(2006)

Segment-based 726 87 95 75 98 70 ± 14

Patient-based 51 98 50 94 75

Scheffel et al. (2006) Segment-based 420 96 98 86 99 70 ± 14

Patient-based 30 93 100 100 94

Leber et al. (2007) Segment-based 1216 90 98 81 99 73

Patient-based 88 95 90 74 99

Johnson et al. (2007a) Segment-based 473 88 98 78 99 68

Patient-based 35 100 89 89 100

Heuschmid et al.
(2007)

Segment-based 663 96 87 61 99 65 ± 14

Patient-based 51 97 73 90 92

Leschka et al. (2007a) Segment-based 1001 95 96 79 99 68 ± 13

Patient-based 80 97 87 88 97

aAgatston score <142 (68 patients).
bAgatston score >142 (66 patients).
SD, standard deviation; bpm, beats per minute.
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 3.3.7 
Coronary Morphology and 
Myocardial Function

Although CT provides excellent images of the coro-
nary artery tree, it must be noted that its informa-
tional value relies – similar to CA – on the pure 
description of morphology. By that, cardiac CT does 
not provide information as to the functional rel-
evance of a coronary lesion. 

Moreover, the purely anatomical information de-
picted by both invasive and non-invasive coronary 
angiography offers only limited functional and 
prognostic data on which clinical decision-making 
can be based. In fact, patients with a documented 
CAD but a normal myocardial perfusion scan are at 
low risk for major cardiac events, comparable to that 
in patients without signifi cant CAD.

In a recent comparison between CT and nuclear 
myocardial perfusion imaging with single-positron 
emission computed tomography (SPECT) (Schuijf et 
al. 2006a) in 114 patients with intermediate likelihood 
of CAD, only 45% of patients with an abnormal CT 
had abnormal perfusion on SPECT. Even in patients 
with obstructive lesions on CT, 50% still had a normal 
SPECT. These fi ndings are in agreement with other stu-
dies (Gaemperli et al. 2007; Hong et al. 2007;  Sampson 
et al. 2007) which showed that only a fraction of pati-
ents with obstructive coronary lesions demonstrate is-
chemia on SPECT and positron emission tomography 
(PET) perfusion imaging. For this reason, although CT 
is a reliable tool to rule out functionally relevant CAD 
in a non-selected population with an intermediate pre-
test likelihood of disease, an abnormal CT coronary 
angiogram does not necessarily predict the presence of 
ischemia. In fact, since CT coronary angiography and 
perfusion imaging provide different and complemen-
tary information, their sequential use or hybrid ima-
ging may provide useful incremental information. 

Gaemperli et al. (2007) has reported on a study 
with 100 consecutive patients with an intermediate 
pretest likelihood of CAD undergoing myocardial per-
fusion imaging with SPECT and coronary angiography 
with 64-slice CT. The authors have found an excellent 
ability of 64-slice CT to rule out functionally relevant 
CAD as indicated by the high negative predictive value. 
However, an abnormal 64-slice CT was a poor predic-
tor of functionally relevant coronary stenoses. On the 
other hand, a normal myocardial perfusion scan does 
not exclude the presence of CAD for which aggressive 
cardiovascular risk modifi cation may be warranted.

 3.3.8 
Evaluation of 
Coronary Artery Bypass Grafts

Accurate and reliable assessment of CABG is pos-
sible with the most recent CT scanners. Table 3.3.2 
lists the results of publications that have analyzed 
the diagnostic performance of patency and stenosis 
detection of CABG using 16-slice CT and 64-slice CT 
in comparison to the reference standard modality 
of invasive CA.

The accuracy for the assessment of the patency of 
either arterial or venous graft is in the range of 98% 
(Jones et al. 2007; Malagutti et al. 2006). CT can 
therefore be useful in patients after bypass surgery 
suffering from chest pain. Occlusion detection is re-
liable and not affected by the use of beta-blockers, 
the symptomatic status, or the postoperative period 
(Jones et al. 2007). Stenosis assessment within CABG 
is more diffi cult and only possible in approximately 
88% of the grafts with a sensitivity of 89% (Jones 
et al. 2007). CT has the advantage for allowing the 
assessment of CABG and, within the same examina-
tion, also of other fi ndings possibly being the cause 
of chest pain.

On the other hand, the clinical situation often af-
fords knowledge not only of the status of the CABG, 
but also the distal run-off as well as of the non-
grafted coronary arteries. Here – as those native 
arteries often suffer from advanced atherosclerosis 
with severe calcifi cations – cardiac CT interpreta-
tion can be challenging and image quality insuf-
fi cient for diagnostic purposes (Malagutti et al. 
2006; Dikkers et al. 2006).

Patients needing to undergo re-operation after 
bypass graft surgery benefi t from cardiac CT due to 
the concise visualization in relation to surrounding 
structures, such as the grafts running behind the 
sternum that are at risk of damage in the case of re-
sternotomy (Aviram et al. 2005). Cardiac CT for this 
purpose has a clear advantage over CA (Gasparovic 
et al. 2005).

 3.3.9 
Evaluation of Coronary Artery Stents

Follow-up imaging in patients after previous place-
ment of coronary stents who present with recurrent 
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symptoms is currently performed with invasive CA. 
Although promising results have been obtained with 
CT for the detection of coronary artery stenoses in 

native coronary arteries, results of the evaluation of 
coronary stents have been less promising. Because 
of the artifacts from the metallic struts, the visuali-
zation of the lumen within coronary artery stents 
by CT is more challenging than the assessment of 
the native coronary arteries. Although image qua-
lity and diagnostic accuracy improved substantially 
with 16-slice as compared with four-slice CT, image 
quality for a relatively large number of stents has 
been reported to be non-diagnostic, and particu-
larly stents with thicker struts or smaller diameters 
tended to exhibit degraded image quality.

Table 3.3.3 lists the results of publications that 
have analyzed the diagnostic performance of in-
stent-restenosis detection using 64-slice CT and 
dual-source CT in comparison to the clinical refer-
ence standard modality of invasive CA.

Schuijf et al. (2007) have reported good interpret-
ability of the in-stent lumen with 64-slice CT, and 
image quality was considered suffi cient in 86% of 
the stents. The reported sensitivity and specifi city of 
64-slice CT was 100% each for detection of signifi cant 

(i.e., ≥ 50%) in-stent restenosis. Similar results with 
64-slice CT were published by Oncel et al. (2007) 
showing a sensitivity of 89% and specifi city of 95% 
for the detection of in-stent restenosis and stent oc-
clusion. Pugliese et al. (2007) recently reported good 
performance in the detection of in-stent restenosis for 
dual-source CT in patients with recurrent chest pain 
after stent implantation. The authors found a sensiti-
vity of 100% and a specifi city of 100% for the detec-
tion of restenosis in stents ≥ 3.5 mm. Thus, stent dia-
meter must be considered an important predictor of 
the diagnostic performance of the non-invasive tech-
nique. When the stent diameter was ≤ 2.75 mm, the 
technique is associated with frequent false positive 
fi ndings. However, due to the high negative predic-
tive value, dual-source CT reliably ruled-out in-stent 
restenosis irrespective of the stent size.

When evaluating stents, the use of a sharp re-
construction fi lter for better visualization of the 
stent struts and the in-stent lumen is recommended 
(Pugliese et al. 2006a). At the same time, evaluation 
of the vessel segment with a smooth kernel should 
also be performed since the exclusive use of a sharp 
kernel leads to misreading because of increased 
noise.

Table 3.3.2. Sensitivity, specifi city, positive (PPV) and negative predictive value (NPV) of 16-slice CT and 64-slice CT for 
the evaluation of coronary artery bypass graft patency and graft stenosis

Reference Number of 
patients/grafts

Evaluation Non-evaluable Sensitivity
(%)

Specifi city
(%)

PPV
(%)

NPV
(%)

Nieman et al. 
(2003)

24/60a Occlusion 0
5

Observer 1: 100
Observer 2: 100

100
98

94
94

100
100

Stenosis 10
5

Observer 1: 60
Observer 2: 83

88
90

43
63

94
97

Stauder et al. 
(2006)

20/50 Occlusion 0 100 100 100 100

Stenosis 12 99 94 92 99

Burgstahler et al. 
(2006)

13/43 Occlusion 0 100 100 100 100

Stenosis 5 100 93 33 100

Salm et al. 
(2005)

25/67 Occlusion 0 100 100 100 100

Stenosis NA 100 94 50 100

Ropers et al. 
(2006b)

50/138 Occlusion 0 100 100 100 100

Stenosis 0 100 94 92 100

Malagutti et al. 
(2007)

52/109 Stenosisb 0 100 98 98 100

aVenous grafts only, bincluding both signifi cant stenoses and occlusion. NA, not applicable.
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 3.3.10 
Plaque Detection

More than displaying the coronary artery lumen only, 
CT being a cross-sectional imaging modality is able 
to display the coronary artery wall as well. Catheter 
CA is not suited to assess the entire extent of coronary 
atherosclerosis. A study investigating more than 500 
segments with CA, intra-vascular ultrasound (IVUS), 
and 64-slice CT showed that CA dramatically un-
derestimates the overall extent of any type of plaque 
(Butler et al. 2007). Only about one third of the 
segments with CAD as detected by CT were positive 
at CA. Especially the phenomenon of positive remod-
elling, defi ned as growth of plaque through expan-
sion of the media and external elastic membrane in 
early stages of atherosclerosis with preservation of the 
cross-sectional lumen, may be completely missed by 
CA (Butler et al. 2007). The current gold standard 
to assess coronary atherosclerosis in vivo is IVUS. A 
study comparing IVUS with multi-slice CT has shown 
that coronary lesions classifi ed as soft, intermedi-
ate, and dense as determined by IVUS correspond to 
plaques with a CT density of 14 ± 26 HU, 91 ± 21 HU, 
and 419 ± 194 HU, respectively (Schroeder et al. 
2001). Heart specimen studies demonstrated that HU 
densities of non-calcifi ed plaques depend on the ratio 
between lipid and fi brous tissue and may increase 
from atheroma (± 50 HU) and fi broatheroma to fi -
brotic (± 100 HU) lesions. As has been observed in 
coronary arteries of symptomatic patients, coronary 
thrombi present as very low density (± 20 HU) and 
inhomogeneous plaques (Becker et al. 2003). Com-
monly, spotty calcifi ed plaques may be found at CT 
coronary angiography that may be associated with 

minor wall changes in conventional coronary angiog-
raphy only. However, it is known that such calcifi ed 
nodules may be the source of unheralded plaque rup-
ture and consecutive thrombosis potentially leading 
to sudden coronary death (Virmani et al. 2000).

The quantitative assessment of plaque density by 
CT must be made with caution, however, as several 
factors such as the degree of intra-luminal attenua-
tion ( Cademartiri et al. 2005) as well as the differ-
ent reconstruction fi lter (Cademartiri et al. 2007a) 
signifi cantly alter the absolute attenuation values of 
the plaques.

Nevertheless, a purely qualitative classifi cation 
of plaque morphology into noncalcifi ed, mixed, and 
calcifi ed types is of relevance for the patient. Par-
ticularly the presence of mixed plaques - represen-
ting less advanced and possibly less stabilized athe-
rosclerosis as compared with calcifi ed lesions – has 
been shown to be an independent predictor for hard 
cardiac events (Pundziute et al. 2007).

 3.3.11 
Radiation Dose

CT represents the most important source of ionizing 
radiation arising from medical exposures (Yates et 
al. 2004). As the basic principle of radiation protec-
tion, harmful radiation exposure should be kept as 
low as reasonably achievable (ALARA). This primary 
principle must be kept in mind for each cardiac CT 
examination. Unfortunately, the technical improve-
ments in cardiac CT in the past decade were paralleled 

Table 3.3.3. Sensitivity, specifi city, positive (PPV) and negative predictive value (NPV) of 64-slice CT and dual-source CT 
for the detection of in-stent restenosis

Reference
Number of 
patients/stents

Not evaluable 
(%)

Sensitivity
(%)

Specifi city
(%)

PPV
(%)

NPV
(%)

Rixe et al. (2006) 64/102 42 86 98 86 98

Rist et al. (2006) 25/46 2 75 92 67 94

Oncel et al. (2007) 30/39 0 89 95 94 90

Ehara et al. (2007) 81/125 12 91 93 77 98

Cademartiri et al. 
(2007c)

182/192 7 95 93 63 99

Pugliese et al. (2007) 100/178 5 94 92 77 98

Sensitivity and specifi city are calculated only for evaluable stents.
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by an increase in radiation exposure to the patient. 
This is caused by low helical pitch values that are 
required for obtaining a high temporal resolution. 
Another factor causing the increase in radiation expo-
sure is the decrease in detector collimation width that 
is required to obtain a high spatial resolution. In order 
to maintain diagnostic image quality, the number of 
photons getting to the smaller detectors needs to be 
increased through an increase in tube current.

For these reasons, various dose saving algorithms 
have been developed. One of the most important 
ones can be realized with the implementation of 
ECG-gated dose modulation (so-called ECG-puls-
ing) (Jakobs et al. 2002). With this approach, the 
normal tube output is only applied during that phase 
of the cardiac cycle at which images of coronary ar-
teries will be reconstructed. During the rest of the 
cardiac cycle, the tube output is reduced to approxi-
mately 25% of the normal value. The application of 
this technique must take into account that the place-
ment of the ECG-pulsing window requires the pre-
diction of reconstruction phases prior to scanning. 
This means that at higher heart rates, where various 
phases even in systole must be reconstructed, the 
width of the ECG-pulsing window must be widened 
or the technique must be switched off. In addition, 
the ECG-gated dose modulation technique becomes 
less effective at higher heart rates because the time 
period in which the dose is reduced is shorter. Stan-
dard 64-slice CT coronary angiography protocols are 
associated with an effective dose of approximately 
15 mSv without, and of 10 mSv with the use of the 
ECG-pulsing technique (Hausleiter et al. 2006a).

The radiation dose can be further reduced through 
the adaptation of the pitch to the heart rate, with an 
increase in pitch at higher heart rates. This adaptation 
directly leads to a decrease in the patient dose, because 
the average dose within the scan volume is directly pro-
portional to 1/pitch. With dual-source CT, where the 
pitch adapts to the patient’s heart rate with an increas-
ing table feed at higher heart rates, the radiation dose is 
signifi cantly reduced as compared to single-source CT 
scanners (McCollough et al. 2007). Using a standard 
scan protocol with ECG-pulsing (Leschka et al. 2007b), 
dual-source CT is associated with an average effective 
radiation dose of 7–9 mSv (Stolzmann et al. 2007).

This value can be further reduced to 5–7 mSv 
when applying a tube voltage of 100 kV that is fea-
sible in patients with a body mass index of below 
25 kg/m2 (Leschka et al. 2008).

Another radiation dose saving technique is the use 
of prospective ECG-triggering, or step-and-shoot 

mode. In contrast to retrospective ECG-gating, this 
mode does not obtain continuous helical data but 
rather acquires data at predefi ned time points of the 
cardiac cycle, requiring a regular and relatively low 
heart rate. The effective radiation dose of cardiac 
CT using this technique is approximately 1–3 mSv 
(Scheffel et al. 2008).

The effective radiation dose of invasive CA ranges 
between 4 and 22 mSv for purely diagnostic inva-
sive procedures (Einstein et al. 2007; Coles et al. 
2006). It should be borne in mind, however, that the 
overall risk of an examination is a weighted sum-
mation of the risk contribution of each component 
of the procedure. When comparing the risk of inva-
sive CA to that of CT coronary angiography, there 
are risks common to both procedures, such as the 
adverse effects to iodinated contrast media and ra-
diation, but there are also risks unique to each ex-
amination (Zanzonico et al. 2006). Invasive CA im-
plies additional risks to the patient through a major 
complication rate of 1.7%, yielding a considerable 
non-radiogenic risk of mortality. This must be su-
perimposed onto the potential risk associated with 
X-ray radiation of the technique.

 3.3.12 
Conclusion

CT technology has witnessed a rapid development in 
recent decades. The time between the introduction 
of new CT scanner generations with an increasing 
number of detectors and faster gantry rotation times 
is only 1,5–2 years on average. The current litera-
ture about CT coronary angiography mostly refl ects 
single-center experiences in relatively small patient 
populations. The role of CT in clinical practice is 
still growing, and questions remain regarding its 
appropriate use. Potential risks are related to the 
intravenous administration of iodinated contrast 
material and to the inherent radiation exposure as-
sociated with the technique. Inappropriate clinical 
application could lead to unnecessary treatment of 
low-risk populations and is associated with signifi -
cant direct and indirect risks to patients. From a 
current point of view, cardiac CT fi ts into the clinical 
environment as a cost-effective fi lter test, primarily 
used in patients with a low to moderate likelihood 
of CAD, to quickly and effi ciently decide on the ap-
propriate therapy.
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3.4 MDCT in Acute Coronary Syndrome

Hatem Alkadhi, Riksta Dikkers, Cristoph R. Becker, Charles White, 

and Udo Hoffman

 3.4.1 
Introduction

Acute coronary syndrome (ACS) is a clinical syn-
drome that presents as chest pain or its angina 
equivalent (e.g. dyspnea, jaw or arm pain) as the 
manifestation of decreased coronary blood fl ow to 
the myocardium. The clinical symptoms depend on 
the severity of coronary blood fl ow reduction which 
determines the severity of ischemia and the amount 
of myocardial necrosis. Thus, the spectrum of ACS 
ranges from unstable angina with ischemia, but 
without detectable myocardial necrosis, to ACS with 
variable degrees of myocardial necrosis, i.e., myocar-
dial infarction. The latter encompasses ST-elevated 
myocardial infarction (STEMI) and non-ST-elevated 
myocardial infarction (NSTEMI) (Fig. 3.4.1).

The clinical diagnosis of patients with ACS re-
mains a considerable challenge. In the US alone, ap-
proximately 6 million patients with acute chest pain 
present to the emergency department (ED) each year. 
Because of the potentially serious consequences of 
an inappropriate discharge, ED patients with sus-
pected ACS are usually admitted to the hospital with 
admission rates between 30% and 72%. This leads 
to the high annual healthcare costs that are esti-
mated to be in the range of $8 billion (Hoffmann 
et al. 2006a). Ultimately, only 15%–25% of patients 
presenting with acute chest pain are diagnosed as 
having an ACS as underlying cause. Despite the high 
admission rates, between 2% and 8% of patients with 
ACS who present to the ED are inappropriately sent 
home (Pope et al. 2000), resulting in a mortality rate 
that is twice as high in the discharged patients com-
pared to those who are admitted to hospital (Lee et 
al. 1987). Failure to diagnose ACS has shown to be 
strongly related to young age, female gender, non-
white race, absence of typical symptoms, and no 
prior acute myocardial infarction or angina (Pope 
et al. 2000; Lee et al. 1987).
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In the emergency setting, the symptoms, the 
ECG, and the serum cardiac enzyme levels guide the 
triage of patients suspected of having an ACS. How-
ever, frequently patients with ACS may also present 
with atypical features depending on the time point 
of onset or release of symptoms. Cardiac enzymes 
may be in the normal range early after onset of a 
myocardial event, and conversely, elevated cardiac 
enzymes require also the consideration of a num-
ber of other differential diagnoses. In the event of 
an ACS with normal ECG and cardiac enzymes, the 
blood testing needs to be repeated within 6–8 h to 
check for a delayed increase of myocardium infarc-
tion markers. Patients with previous coronary ar-
tery disease may further complicate the situation by 
their baseline abnormal ECG.

This scenario points to the need for a fast and 
widely available, non-invasive diagnostic fi lter test 
that may either confi rm the fi nal diagnosis of ACS 
or may present fi ndings related to other differen-
tial diagnoses. A reliable negative test would allow 
discharging patients immediately after relieving of 
symptoms, with major impact of health care costs. 
A number of different imaging modalities such as 
trans-thoracic echocardiography, acute radioiso-
tope perfusion scanning, magnetic resonance imag-
ing, coronary artery calcium (CAC) screening and 
CT angiography (CTA) have already been discussed 
for this purpose (Barnett et al. 2005). All of the 
listed modalities may serve for the purpose of diag-
nosing ACS to a certain degree.

The current chapter will focus on the review of 
studies describing the role of CAC and CTA in pa-
tients with ACS.

 3.4.2 
Pathogenesis

It was previously believed that the gradual progres-
sion of coronary artery stenosis was the cause of 
acute cardiac events. However, pathologic and an-
giographic studies have shown that an ACS often is 
caused by the disruption of a non-severely stenosing 
atherosclerotic lesion (Martinez-Rumayor and 
Januzzi 2006). Many patients with ACS have only 
mild to moderate disease before plaque rupture, 
with the culprit lesion in up to 80% of patients be-
ing less than 70% of the lumen diameter (Roe et al. 
2000). Plaque components might therefore be more 
likely to predict the risk for rupture instead of the 
pure severity of luminal stenosis.

Vulnerable or ‘soft plaques’ are defi ned by a large 
lipid pool containing a high percentage of infl am-
matory cells, as well as a thin fi brous cap separating 
the lipid core from the blood pool. Especially when 
the fi brous cap is less than 65 μm, it may be vulner-
able to rupture and thus exposing the highly throm-
bogenic core to the blood pool. This results in acute 
intra-coronary thrombosis obstructing the blood 
fl ow to the myocardium (Schroeder and Falk 
1995). In contrast collagen-rich ‘hard plaques may 
progress with regard to stenosis severity and result 
may in stable angina pectoris.

After rupture of a coronary plaque, a rapid se-
quence of intense platelet-mediated activity occurs 

Fig. 3.4.1. Nomenclature of ACSs. Patients with ischemic 
discomfort may present with or without ST-segment eleva-
tion on the ECG. The majority of patients with ST-segment 
elevation (large arrows) ultimately develop a Q-wave AMI 
(QwMI), whereas a minority (small arrow) develop a non– 
Q-wave AMI (NQMI). Patients who present without ST-seg-
ment elevation are experiencing either UA or an NSTEMI. 
The distinction between these 2 diagnoses is ultimately 
made based on the presence or absence of a cardiac marker 
detected in the blood. Most patients with NSTEMI do not 
evolve a Q wave on the 12-lead ECG and are subsequently 
referred to as having sustained a non–Q-wave MI (NQMI); 
only a minority of NSTEMI patients develop a Q wave and 
are later diagnosed as having Q-wave MI. Not shown is Prin-
zmetal’s angina, which presents with transient chest pain 
and ST-segment elevation but rarely MI. The spectrum of 
clinical conditions that range from US to non–Q-wave AMI 
and Q-wave AMI is referred to as ACSs. Braunwald E, et 
al. ACC/AHA guidelines for the management of patients with 
unstable angina and non-ST-segment elevation myocardial 
infarction. A report of the American College of Cardiology/
American Heart Association Task Force on Practice Guide-
lines (Committee on the Management of Patients With Un-
stable Angina). J Am Coll Cardiol. 2000;36(3):970-1062. 

No ST Elevation ST Elevation

Unstable Angina
Myocardial Infarction

NQMI QwMI

NSTEMI

Acute Coronary Syndrome
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ultimately leading to an intra-luminal thrombus 
partially or completely obstructing the coronary 
artery. This process can be followed by emboliza-
tion of fragments of thrombus into the distal cor-
onary circulation which cause micro-infarctions 
 (Martinez-Rumayor and Januzzi 2006). This 
embolization process might explain why between 
60% to 85% of patients with a NSTEMI show a pat-
ent infarct-related artery, but do develop symptoms 
of myocardial ischemia and signs of myocardial ne-
crosis. Micro-infarction in these cases have shown 
an independent effect on outcome, regardless of the 
fl ow in the epicardial artery (Wong et al. 2002).

The current resolution of MDCT scanners does 
not permit an accurate visualisation of the initial 
phases of coronary plaque formation and cannot 
distinguish the subtle features of plaque, such as fi -
brous cap thickness or signs of infl ammation. MDCT 
is able to classify the obstruction caused by different 
plaques into obstructive or non-obstructive steno-
sis. However, to date, precise quantifi cation of the 
size of plaques is not possible due to the tendency to 
overestimate high density or calcifi ed plaques and 
due to the underestimation of low-density plaques. 
Low density plaques can be either soft plaques with 
lipid core, fi brous tissue, necrotic tissue or throm-
bus. Since attenuation of these plaque components 
are in close range of each other and tend to overlap, 
it is diffi cult to distinguish them with a high accu-
racy using MDCT (Stillman et al. 2007; Pohle et 
al. 2007).

 3.4.3 
Risk Stratifi cation

Treatment of ACS patients should in general be di-
rected at stabilizing the hemodynamic situation, 
relieving ischemic pain, and reducing the risk for 
recurrent ischemia. It has been estimated that 80% 
of ACS patients can be stabilized within 48 h after 
being started on an intensive medical program for 
ischemia, while the rest require urgent catheteriza-
tion and revascularization (Yeghiazarians et al. 
2000). Risk stratifi cation should therefore be uti-
lized to identify these patients for which medical 
therapy will not suffi ce and who are in need for 
revascularization.

Patient presenting with acute chest pain are typi-
cally risk stratifi ed based on the history, physical 

examination, ECG, chest X-ray, and laboratory stud-
ies including cardiac biomarkers. ECG is important 
to identify the small subset of patients with an ST-
elevated myocardial infarction (STEMI) who will 
benefi t from a coronary revascularization. Further-
more, baseline ECG has important prognostic value 
for ACS, as the risk of new or reversible ST segment 
depression greater or equal to 0.5 mm has compara-
ble risks to transient ST elevation or new left bundle 
branch block. It nearly doubles the risk for death 
(from 8.2% to 15.8%) and it increases the risk for 
myocardial infarction or recurrent rest ischemia, 
as well as failure of medical therapy from three to 
six-fold (Martinez-Rumayor and Januzzi 2006). 
ECG is, however, less sensitive and has poor negative 
predictive value; thus a negative ECG does not of-
fer reassurance (Martinez-Rumayor and Januzzi 
2006).

Treatment of STEMI patients is directed towards 
early revascularization as recommended in the 
ACC/AHA guidelines (Smith et al. 2001). Clinical 
trials and large scale registry programmes have 
shown that the outcome for NSTEMI patients is not 
benign with a death rate of 12%–13% at 6 months in 
GRACE (global registry of acute coronary events) 
and PRAIS-UK (prospective registry of acute isch-
emic syndromes in the UK) which is similar to the 
6-month survival of patients with STEMI who reach 
the hospital alive (Collinson et al. 2000; Fox et al. 
2002). Also patients with unstable angina pectoris 
do not have a benign prognosis when the diagnosis is 
supported by evidence of underlying ischemic heart 
disease (5% death at 6 months) (Collinson et al. 
2000; Fox et al. 2002). However, the time course and 
nature of the cardiac consequences differ substan-
tially. Therefore, patients with NSTEMI and unstable 
angina pectoris at higher risk may benefi t from acute 
interventional strategies and certain pharmacologi-
cal treatment (glycoprotein IIb/IIIa inhibitors, low 
molecular weight heparin) compared with patients 
who do not have an increased risk.

Patients suspected of ACS can be stratifi ed into 
STEMI, NSTEMI, and unstable angina pectoris with 
high or low risk for adverse cardiac events and into 
non-cardiac chest pain. A number of clinical deci-
sion tools are available to stratify patients into one 
of the above categories, but none have a high sen-
sitivity and specifi city, and some have an accuracy 
that is no better than the clinical impression alone 
(Stillman et al. 2007).

A widely used stratifi cation tool is the Throm-
bosis In Myocardial Infarction (TIMI) risk score 
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(Table 3.4.1) (Antman et al. 2000). This seven-point 
risk score predicts the risk of death, development of 
new or recurrent infarction, or need for urgent vessel 
revascularization at 14 days after presentation. The 
low-risk group is defi ned by a score of 0 or 1 and a 
< 5% likelihood of requiring intervention. The high-
risk group is defi ned by a score of 6 or 7 and a 40% 
likelihood of requiring intervention. This approach 
has been validated and can easily be used to supple-
ment other ED risk stratifi cation approaches (Mano-

haran and Adgey 2007; Mega et al. 2005). The 
TIMI risk score may be useful not only for identify-
ing those patients at risk for ischemic complications 
from their ACS, such as progression to myocardial 
infarction or death, but also offers useful informa-
tion regarding the benefi t from specifi c interven-
tions for ACS management  ((Martinez-Rumayor 
and Januzzi 2006; Pollack et al. 2003). 

Despite of the strength of the TIMI risk score, risk 
stratifi cation for acute chest pain patients in the ED 
in the absence of diagnostic ECG fi ndings remains 
an inexact science. Clinical acumen, ECG results, 
and biomarker assays are largely reliable but still 
miss 2%–8% of patients with myocardial infarction 
(Pollack et al. 2003). Quick and accurate risk strat-
ifi cation of patients with acute chest pain in the ED 
is essential for early and aggressive medical and in-
terventional management of ACS patients. If it were 
possible to accurately predict high risk in patients 
with potential NSTEMI or, conversely, to accurately 
exclude ACS during the early observation period, the 
number of patients admitted for evaluation of chest 
pain could be signifi cantly reduced with a com-
mensurate reduction in cost of care. In addition, the 
earlier identifi cation of high-risk ACS patients could 
lead to earlier treatment initiated in the ED with the 
possibility of improved patient outcomes.

 3.4.4 
Calcium Scoring in Patients with ACS

Quantifi cation of coronary calcium by CT is a fast 
and simple procedure that allows determining the 
amount of calcifi ed plaques in the coronary arteries 
and by that, estimation of the extent of the patient’s 
atherosclerotic plaque burden. Coronary calcium 
scoring has been introduced more than a decade ago 
with the use of electron beam CT. Electron beam CT 
is a dedicated cardiac CT systems without any mov-

ing parts and by that allowing very short exposure 
times when scanning the heart. The design of this 
machine made it well suitable for low dose cross-
sectional scanning of the heart to detect coronary 
calcium.

Primarily, coronary calcium scanning was in-
tended as a screening tool for coronary atheroscle-
rosis in asymptomatic persons to determine the 
risk of acute coronary events. However, in the late 
nineties some authors reported the use of coronary 
calcium screening also for patients with angina-like 
symptoms and negative cardiac enzymes. In two in-
dependent studies which both included more than 
100 patients presenting with acute chest pain to 
the ED, electron beam CT was used as a triage tool 
(Laudon et al. 1999; McLaughlin et al. 1999). An 
Agatston score of 0 resulted in a negative predictive 
value of 100% and 98% in these studies (Laudon et 
al. 1999; McLaughlin et al. 1999). Another study 
followed almost 200 patients with acute chest pain in 
the ED for 50 months and found that coronary cal-
cium in this cohort was a strong predictor for future 
cardiac events with an annual event rate of 0.6% for 
patients having an Agatston score of 0 (Georgiou et 
al. 2001). The conclusions from these studies were 
that patients with a negative coronary calcium scan 
may be safely discharged home from the ED. A prob-
lem with EBT calcium scoring is, however, its high 

Tabel 3.4.1. Thrombosis in myocardial infarction (TIMI) 
risk score for unstable angina and non-ST-elevated myocar-
dial infarction (NSTEMI)

Age 
 65 years

History of known coronary artery disease 
(documented prior coronary artery stenosis > 50%)


 3 Conventional cardiac risk factors 
(age, male sex, family history, hyperlipidemia, 
diabetes mellitus, smoking, obesity)

Use of aspirin in the past 7 days

ST-segment deviation
(persistent depression or transient elevation)

Increased cardiac biomarkers
(troponins)


 2 Anginal events in the preceding 24 h

Score = sum of number of above characteristics.
Low-risk group is defi ned by a score of 0 or 1 and a < 5% 
likelihood of requiring intervention. The high-risk group is 
defi ned by a score of 6 or 7 and a 40% likelihood of requir-
ing intervention. 
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costs and limited availability. Therefore EBT has 
never been widely used as a stand-alone tool to tri-
age patients with acute chest pain.

Coronary calcium scoring may also be performed 
with MDCT systems. Depending on the number and 
width of the detector elements, the spiral scan can 
be performed within 6–20 s. To improve the repro-
ducibility of the measurements, overlapping slice 
reconstruction on the basis of retrospective ECG-
gating were recommended (Ohnesorge et al. 2000). 
However, this approach results in a higher radiation 
dose as compared to the prospective or sequential 
triggering approach.

It is important to note that the results from cal-
cium scoring do not translate to a diseased coronary 
segment with regard to a stenosis, but to a diseased 
patient with atherosclerosis of the coronary arteries. 
A recent study has shown, that 7% of the patients 
having a negative calcium score suffer from obstruc-
tive CAD, and additional 13% with a zero Agatston 
score have non-obstructive coronary atheroma 
 (Rubinshtein et al. 2007a). Nevertheless, the pa-
tient population of this study was relatively young 
and included 45% women for which CT calcium 
scoring in the triage of ED patients has proven to 
be less reliable. We should be aware that most stud-
ies assessing the predictive value of calcium scoring 
had been performed on electron beam CT, and we do 
not know yet if these results can be extrapolated to 
MDCT without adjustments. Guidelines are now be-
ing developed to address the use of MDCT calcium 
scoring in more detail.

 3.4.5 
CTA for the Diagnosis of ACS

Advanced MDCT technology allows not only assess-
ment of the calcifi ed atherosclerotic plaque burden 
but also enables the visualization of the lumen of the 
coronary arteries by the use of contrast material. A 
typical CT angiography (CTA) investigation of the 
heart with most modern CT scanners usually does 
not take longer than a breath-hold period of 10 s and 
60–80 ml of contrast media. MDCT scanners with 
the option to scan the heart and the coronary arter-
ies are in the meanwhile widely available.

Coronary artery plaques are of particular inter-
est in patients with high risk for cardiac events. 
Although these lesions may not be fl ow limiting or 

causing stenosis at the time of detection because of 
positive remodeling of the artery, they may under 
certain circumstances rupture and cause acute oc-
clusion of the vessel lumen with consecutive infarc-
tion.

Exceeding a certain size, CTA may, similar to in-
travascular ultrasound, demonstrate plaques and 
giving hereby a guess of their composition (Leber et 
al. 2005). Plaque assessment tools are implemented 
in cardiac software packages for evaluation of CTA 
data and help to quantify the volume and density 
of different coronary artery plaques. Ex-vivo stud-
ies have shown that plaques with a high lipid com-
position tend to have lower CT numbers than those 
presenting with fi brous tissue (Becker et al. 2003). 
CTA appears to be a well suited tool to image lesions 
in the coronary arteries that appear near normal in 
cardiac catheter and are only seen by intravascular 
ultrasound. The remodeling of coronary arteries 
with underlying atherosclerotic disease can be de-
termined with MDCT in a similar fashion as with 
intravascular ultrasound (Imazeki et al. 2004). CTA 
provides information about the extent and density 
of culprit lesions in patients after myocardial in-
farction, whereas in patients with myocarditis these 
lesions are absent (Caussin et al. 2003). Studies re-
ported that non-calcifi ed plaques are seen more fre-
quently in patients with acute myocardial infarction 
and calcifi ed lesions were more common in patients 
with stable angina (Hoffmann et al. 2006b; Leber 
et al. 2003). Furthermore, plaques in the remote ar-
teries of patients with ACS more frequently present 
with low CT densities as compared to patients with 
stable angina and therefore should intent a systemic 
rather then a local therapy (Kunimasa et al. 2005). 
In patients with ACS, plaques in the culprit vessel 
had a lower CT number as compared to those in non-
culprit arteries, concluding that CTA by that is able 
to discriminate between stable and unstable plaques 
within the different coronary arteries of the same 
patient (Inoue et al. 2004).

Sato et al. (2005) investigated in a four-slice CT 
study 31 patients with ACS. By taking a 75% diam-
eter stenosis and plaque densities with less than 
50 HU as a positive fi nding at CT, the authors report 
for catheter coronary angiography or troponin I as 
the study endpoint a sensitivity and specifi city for 
CT of 95.5% and 88.9%, respectively.

Dorgelo et al. (2005) reported in 22 patients un-
dergoing 16-slice CT about the possibility to triage 
patients with ACS for conservative treatment, PCI, 
or CABG. The authors followed a simplifi ed strati-
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fi cation scheme taking the number of coronary 
vessels into account that were affected by stenoses 
(defi ned as 
 50% luminal reduction). An excellent 
agreement for decision making using MDCT and 
catheter coronary angiography for triaging patients 
with ACS could be demonstrated.

Tsai et al. (2007) have evaluated the ability of 
 40-slice CT to triage 78 patients into early conserva-
tive or early invasive therapy. Early invasive therapy 
was assigned for the patients if there was signifi cant 
stenosis (defi ned as 
 50% diameter reduction) in 
any coronary segment. The authors reported an 
overall agreement of 92.3% with a kappa value of 
0.82 between MDCT and catheter coronary angiog-
raphy.

Gallagher and colleagues (2007) have shown in 
a 64-slice CT study in 92 patients that the accuracy 
of CT is comparable to that of stress nuclear imag-
ing for the detection of ACS in low-risk patients with 
negative serial ECG and cardiac biomarker results.

Hoffmann and coworkers (2006a) have demon-
strated in a 64-slice CT study in 103 patients that CT 
has good performance characteristics for ruling out 
ACS in patients presenting to the emergency depart-
ment with acute chest pain. The authors demon-
strated in ACS patients in whom initial triage was 
inconclusive, that the absence of coronary artery 
plaque or signifi cant stenosis (defi ned as diameter 
reduction ≥ 50%) on CT coronary angiography had 
an excellent negative predictive value for the subse-
quent diagnosis of ACS. Furthermore, in those pa-
tients with CAD at CT, the extent of coronary athe-
rosclerotic plaque burden provided incremental 
information to standard baseline patient variables 
and standard clinical risk assessment.

Rubinshtein et al. (2007b) have shown in 58 pa-
tients that 64-slice CT allows for the diagnosis of 
acute coronary syndrome with a sensitivity of 100%, 
specifi city of 92%, positive predictive value of 87%, 
and negative predictive value of 100%. In addition, 
during a 15-month follow-up period, no deaths or 
myocardial infarctions occurred in the 35 patients 
discharged from the ED after initial triage and CT 
fi ndings. Overall, CT sensitivity for predicting ma-
jor adverse cardiovascular events (death, myocar-
dial infarction, or revascularization) during hos-
pitalization and follow-up was 92%, specifi city was 
76%, positive predictive value was 52%, and negative 
predictive value was 97%.

Goldstein and colleagues (2007) have shown in 
a randomized study of 197 patients that 64-slice CT 
coronary angiography is able to defi nitely establish 

or exclude CAD as the cause of acute chest pain. The 
high negative predictive value of all these studies 
suggests that CT coronary angiography is useful for 
facilitating and optimizing triage of patients with 
acute chest pain and inconclusive initial clinical 
emergency department evaluation (Hoffmann et 
al. 2006a; Goldstein et al. 2007).

Currently, for a cardiac CTA examination, scan-
ning for several heartbeats is necessary to acquire 
the entire heart volume. CTA therefore offers not 
only information about the amount of coronary 
calcium, degree of coronary artery stenosis, density 
and thereby composition of atherosclerotic plaques 
with the underlying remodeling but also informa-
tion about the left ventricular function and regional 
wall motion. So far, authors using MDCT for diag-
nosing ACS always used only one or few of these dif-
ferent aspects. According to Dirksen et al. (2005), 
assessing left ventricular function in patients with 
unstable angina by cardiac CTA helps to specify the 
diagnosis of coronary artery disease over the assess-
ment of the coronary arteries alone. In particular, 
the combination of normal left ventricular func-
tion and normal coronary arteries showed a very 
high negative predictive value for ruling out CAD as 
compared to cardiac catheter and echocardiography 
(Dirksen et al. 2005).

 3.4.6 
CTA for the Diff erential Diagnosis in ACS

Most modern MDCT scanners are now able to ac-
quire not only selectively the heart but also the en-
tire chest with ECG gating within one breath-hold 
period. Together with an adjusted contrast media 
administration protocol, this, at some institutions 
called “chest pain” or “triple rule out” protocol, al-
lows for investigating the pulmonary arteries, the 
aorta and the coronary arteries at the same time. 
Furthermore, this protocol may allow investigation 
of the chest wall, pleura, lung, mediastinum, and 
osseous thoracic cage.

The scanning protocol for global assessment dif-
fers from dedicated coronary CTA in several impor-
tant respects. First, the entire z-length of the thorax 
must be imaged in order to assess the pulmonary 
vasculature to a subsegmental level, as well as the 
thoracic aorta. Such imaging requires a longer data 
acquisition time of up to 15 s, depending on the type 
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of the detector width and the pitch of the examina-
tion. This longer scan time goes along with increas-
ing motion artifacts due to breathing. Because the 
pulmonary vessels are less susceptible to motion 
artifacts than are coronary arteries, it is advisable 
to start image acquisition below the cardiac apex 
and to scan in a caudo-cranial direction, in contrast 
to the typical cranio-caudal direction that usually 
is used for a cardiac CTA examination alone. This 
approach permits imaging of coronary arteries dur-
ing the fi rst part of the scan, when breath-holding is 
presumably better. A second important difference is 
the protocol for contrast media administration. Un-
like coronary CTA, when partial washout of contrast 
in the right heart is desirable, a triple rule-out proto-
col must provide optimal enhancement of both the 
right and left heart for simultaneous visualization of 
the pulmonary arteries, the aorta, and the coronary 
arteries. Thus, a larger total amount of contrast me-
dia along with a longer contrast media administra-
tion period is recommended (Schertler et al. 2007; 
Johnson et al. 2008; Vrachliotis et al. 2007).

White et al. (2005) investigated with 16-slice CT 
69 patients with acute chest pain using an ECG-gated 
protocol of the entire chest. The amount of coronary 
calcium, the degree of stenosis, the left ventricular 
ejection fraction, the wall motion, and perfusion 
lesions in the myocardium as well as non-cardiac 
causes of chest pain such as pulmonary embolism 
or pneumonia was assessed. The fi nal diagnosis was 
derived from clinical examination or one month 
follow-up. The CT was normal, showed coronary ar-
tery disease, non-cardiac related or non-concordant 
fi ndings in 75%, 14%, 4%, 7% of the patients, respec-
tively. For the diagnosis of ACS the authors reported 
a sensitivity and specifi city of 87% and 96%, respec-
tively. In addition, non-cardiac fi ndings including 
the lung, mediastinum and the bones were found.

Schertler et al. (2007) investigated 60 patients 
with acute chest pain with an ECG-gated whole chest 
dual-source CT protocol. The authors have found 
such a protocol to provide diagnostic information 
about the aorta, the pulmonary and the coronary 
arteries without foregoing heart rate control, and 
found various cardiac and non-cardiac causes for 
acute chest pain.

Despite these studies, however, there are still 
no large prospective studies evaluating the accu-
racy of an ECG-gated MDCT protocol of the entire 
chest (i.e., triple-rule-out protocol), and further 
research is needed to better defi ne its role in ED 
patient care.

 3.4.7 
Current Recommendations and Guidelines

The North American Society of Cardiac Imaging 
and the European Society of Cardiac Radiology have 
recently published a consensus statement about the 
use of CT for the assessment of patients with acute 
chest pain. In consensus, the writing group states 
that CT provides – beyond the evaluation of aortic 
dissection and pulmonary embolism – novel and 
accurate information on the presence of coronary 
artery disease in this patient population. Neverthe-
less, large blinded clinical trials are still needed to 
determine the accuracy and precision of CT for the 
triage of these patients with acute chest pain. Ran-
domized trials should be performed to evaluate the 
degree to which CT enhances patient risk stratifi ca-
tion, the consequences of a universally standardized 
as opposed to a targeted protocol, patient outcomes, 
and cost-effectiveness as compared with the current 
clinical standard of care. Staffi ng issues also need to 
be addressed since suffi cient numbers of CT trained 
physicians and technologists will be needed in or-
der to offer ECG-gated chest CT examinations fully 
around the clock, including 7 days per week.

Whereas the initial literature evidence for per-
forming a cardiac CT in patients with suspicion of 
ACS is encouraging, there is until now no agreement 
on the use and application of an extended ECG-gated 
CT examination covering the entire chest (i.e., triple 
rule-out protocol). The question for the need of such 
a protocol certainly must be answered from the clini-
cal point of view. Emergency department physicians 
usually feel that it is relatively uncommon that they 
are uncertain of all three diagnostic considerations 
(i.e., aorta, pulmonary or coronary arteries). Thus, 
a single or dual rule-out CT examination most often 
will be suffi cient. Until now, there is a lack on large 
prospective studies where triple rule-out CT has 
been used and further research is desirable to better 
defi ne the role and indication of such a protocol.

 3.4.8 
Conclusion

Modern MDCT systems are capable of a comprehen-
sive assessment of the cardiovascular system that 
includes the noninvasive assessment of coronary ar-
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tery disease. Despite of the increasing role of MDCT 
in the noninvasive imaging for the coronary arter-
ies, however, the clinical experience in ACS patients 
is still limited. Clinical guidelines are necessary to 
establish appropriate clinical indications for coro-
nary CTA in the emergency department. Further 
evaluation of this evolving technology will benefi t 
from cooperation between different medical special-
ties supporting multidisciplinary teams that are fo-
cused on the diagnosis and treatment of this acute 
and life-threatening disease. It appears undoubtedly 
that CT has a considerable potential for improving 
the management of selected patients with ACP, and 
that the necessary clinical research trials to clarify 
and establish its role in the emergency department 
should proceed with urgency.
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3.5 Coronary CT Angiography Guidance for 

 Percutaneous Transluminal Angioplasty

Jean-Louis Sablayrolles and Philippe Guyon 

The angiographic “gold standard” for coronary 
stenosis is “luminography”, whereby the interven-
tional cardiologist does not see the disease being 
diagnosed or treated. This disease comes from the 
arterial wall. Invasive cardiology only treats the 
consequences of a pathology on the arterial lumen 
and the drop in local fl ow. 

The rapid evolution of coronary computed to-
mographic angiography (CTA) and the accuracy of 
64-slice scanners has resulted in the development of 
applications deemed highly improbable just a few 
years ago. The aim of this chapter is to demonstrate 
that coronary CTA can be a guide to percutaneous 
coronary interventions (PCI), particularly for com-
plex coronary stenosis.

 3.5.1 
General Principles

Slice imaging [CT, intravascular ultrasound (IVUS), 
and optical coherence tomography (OCT)] has the 
major advantage of being able to visualize the lumen 
of the coronary arteries as well as their wall, there-
fore providing the ability to defi ne the atheromatous 
plaques. Cardiac CT is the only non-invasive, but 
irradiating, imaging modality for plaques and ather-
omatous disease of the coronary arteries.

Coronary CTA has become a medium and an aid 
to the interventional cardiologist. CTA will be able 
to analyze the plaque that needs to be treated, per-
haps less in terms of its composition (the resolution is 
somewhat low) than its location, especially its distri-
bution around the coronary arteries bifurcations. 

The appeal of this imaging technique in inter-
ventional cardiology is illustrated by the growing 
number of examinations requested directly by the 
catheterizing physician (Table 3.5.1).
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Increasing numbers of examinations are being 
requested directly by the catheterization lab, while 
the total number of coronary angioplasties, and es-
pecially the number of scheduled coronary angio-
plasties, has been dropping consistently for 5 years 
(Fig. 3.5.1). This drop refl ects the maturity of patient 
care prior to a coronary angiography, which has be-
come less a diagnostic examination for coronary le-
sions  and more an anatomical check-up prior to a 
revascularization procedure either by coronary an-
gioplasty or bypass surgery.

The resolution of the 0.4-mm multi-row CT scanner 
is probably still inadequate for a reliable assessment of 
atheromatous plaque. Still, its potential is unequaled 
for a non-invasive examination: analysis of the lesion 
topography, extent of lesions, their distribution in re-
lation to the coronary arterial tree, particularly arte-
rial bifurcations, and especially the composition and 
topography of the atheromatous plaque.

Technical limits of coronary angiography (CAG) 
and PCI:

Left main trunk (LMT) and right coronary artery  �
(RCA) ostium
Bifurcation lesion �
Total chronic occlusion �
Highly calcifi ed lesion �

Plaque characterization �
Plaque volume vs. stenosis �

The advantages of coronary CTA include the 
 ability t o:

Detect stenosis  �
Specify the topography and volume of the plaque  �
vs. stenosis
Provide information for revascularization PCI or  �
coronary artery bypass grafting (CABG)
Optimize procedures: PCI guidance �

CAG performs a perfect analysis of the lumen 
while cardiac CT scan provides plaque visualization. 
Is a fusion of the images with their analysis possible? 
This is the concept of multi-slice CT (MSCT) guid-
ance prior to coronary angioplasty (Fig. 3.5.2).

In our institution, we use coronary CTA as PCI 
guidance for complex coronary lesions (ostial or bi-
furcation lesions) and for chronic total occlusion. 

The rate of adverse events associated with CAG 
and PCI is 1%–2%, with a 0.05%–0.1% mortality 
rate. Events which may occur during procedures in-
clude:

Plaque shifting �
 Dissection �
 Occlusion �
 Emboli (gas, thrombus, ca++) �
 Spasm �
 Rupture �
 Left ventricle (LV) perforation �
The aim is to choose the optimal procedure to: �
Cover the lumen stenosis and the whole plaque �
Prevent events during the procedure such as  �
plaque shifting (Fig. 3.5.3)
Reduce various risk factors for restenosis after  �
coronary PCI

Table 3.5.1. Change in the number of coronary CT scans 
performed at the request of the interventional cardiology 
department over 5 years

Year 2003 2004 2005 2006 2007

Scheduled ATCs 338 271 214 175 143

Total ATCs 1457 1483 1375 1308 1247

MSCT 10 20 71 124 215

ATC, MSCT, multi-slice computed tomography.

Fig. 3.5.1. Rapid exponential in-
crease in the number of cardiac CT 
scans requested by the interventional 
cardiology department
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 3.5.2 
CTA Protocol for PCI Guidance of 
Complex CA Lesions

CAG in Cath Lab1. 
Low dose CTA2. 
Post processing: lesion classifi cation and plaque 3. 
study
Integration CAG and CT data in Cath Lab4. 

3.5.2.1 

Coronary Angiography

Following CAG, if there is a complex lesion of the 
coronary artery, we decide to perform a coronary 
CTA prior to angioplasty to identify these lesions 
(Fig. 3.5.4).

In CAG, the radiation dose is 1.10±0.42 mSv 
(0.42–5.47).

Fig. 3.5.3. a Ostial stenosis of a left main bronchus 
(LMB). b Balloon infl ated in the LMB (1), evidence of a 
snowplow effect, shifting of the plaque toward the left 
circumfl ex artery segment II (2) b

a

Fig. 3.5.2a,b. Left anterior descending artery/diagonal artery stenosis. a Coronary angiography = “luminog-
raphy”. b Coronary CT angiography = lumen + soft plaque (1) and calcifi ed plaque (2)

ba
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The contrast volume is 35–40 ml for standard 
CAG and 20–25 ml for rotational acquisition.

3.5.2.2 

Protocol of Coronary CTA

In order to reliably assess coronary arteries and 
cardiac structures, it is essential to use optimal 
techniques in terms of patient preparation, scan 
parameters, and injection protocol. To reduce the 
radiation dose, we use the SnapShot Pulse acquisi-
tion (GE Lightspeed VCT XT). The SnapShot Pulse 
mode, which was installed at the CCN in Septem-
ber 2006, is an advanced axial step-and-shoot mode 
with prospective ECG synchronization developed by 
the engineers at General Electric. Using the axial 
mode instead of the helical mode already reduces 
the radiation dose, since the overlap related to the 
very principle of a tight-pitch helix (0.16–0.24) is 
eliminated. Lastly, in contrast to the helical mode, 
the X-ray tube does not emit continuously, but only 
during the window of the heart cycle chosen by the 
user (Fig. 3.5.5).

SnapShot Pulse thus makes it possible to drasti-
cally reduce the radiation dose while maintaining 
image quality. The dose is reduced by 70%–80% 
compared to the helical mode. Indeed, with this 

technique, it is now possible to perform a cardiac 
examination with an average of 5 mSv or even less 
(1–6 mSv). The acquisition parameters (kVp and 
mAS) are adjusted to the patient’s BMI (height and 
weight).

For an example of a male patient, 69 years old, 
170 cm, 75 kg – BMI=22 kg/m2, HR=55 bpm, see 
Table 3.5.2.

In the case given in Table 3.5.2, the radiation dose 
is only 3 mSv (DLP=176 mGy.cm) with equivalent 
image quality than spiral acquisition. 

Heart scans are routinely performed with an 
intravenous injection of iodinated contrast me-
dium. Image acquisition must be synchronized to 
the ECG, but also to the arrival of contrast medium 
in the chambers of the heart and the coronary ar-
tery. To achieve this ideal vascular enhancement, 
we use:

A contrast volume of 60–80 ml depending on the  �
patient’s weight and the acquisition time.
An iodine concentration of 300–350 mg I/ml. �
An automatic injector for proper control of the  �
injection parameters, preferably with two syringes 
and a contrast medium dilution program.
A triphasic injection: �
The fi rst phase consists of injecting 50 ml of con- –
trast medium at a fl ow rate of 5 cc/s.
During the second phase, a mix of contrast medium  –
and isotonic solution is injected (20 ml+20 ml) at 
a slower fl ow rate (2 ml/s).
In the third phase, 20 ml of isotonic solution is  –
injected at 2 ml/s to fl ush the arm veins.
A system for automatically detecting the arrival  �
of contrast medium in the ascending aorta, such 
as SmartPrep.

3.5.2.3 

Post Processing

Image processing is indispensable to extract infor-
mation such as lesion classifi cation and plaque study. 
Fast and reliable dedicated reconstruction software 
programs have been developed for the purpose of 
extracting this information. Thanks to volume ac-
quisition of the multi-detector CT (MDCT) and an 
isotropic voxel, it is possible to reconstruct 3D or 
2D images regardless of the plane in space, with 
a spatial resolution identical to that of basic axial 
cross sections.

When studying the coronary arteries, the first 
stage is to select the best phase in which the coro-

Fig. 3.5.4. Rotational coronary angiography; complex le-
sion of the left anterior descending artery/diagonal artery 
bifurcation
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nary arteries are displayed optimally without ki-
netic artefacts. Once this first phase is selected, 
3D imaging such as volume rendering or maxi-
mum intensity projection (MIP) identifies the 
right and left coronary arteries and their collat-
eral branches (Fig. 3.5.6). The study of the lumen 

and vessel wall is then done with curved 2D after 
automatic tracking of each branch of the coronary 
arteries (Figs. 3.5.7 and 3.5.8). This 2D imaging 
not only assesses the lumen but also performs a 
plaque study: topography, volume and type (soft, 
calcified or mixed). 

Table 3.5.2. An example of reduced radiation dose using 
SnapShot Pulse mode in a 69-year-old male patient, 170 cm, 
75 kg – BMI=22 kg/m2, HR=55 bpm

Acquisition parameters

Anatomical coverage 140 mm

Scan direction Craniocaudal

Acquisition time 
X ray time

5–7 s
1.7 s

mA 650

kVp 120

Scan rotation 0.35 s

Temporal resolution
Padding

227 m
1 Phase: 75%

FOV 200 mm

Slice thickness/increment
Data fi lter

0.6 mm/0.6 mm
Standard

Fig. 3.5.5. Helical mode 
vs. SnapShot Pulse mode

Helical Acquisition with retrospective ECG

Acquisition with prospective ECG – Snapshot pulse

Pitsch: 0.16 to 0.24   X-ray time: 5–6 sec.   dose: 8.7 to 23 mS average 18.4 mS

Axial mode X-ray time: 1.3 sec.   dose: 3.7 to 6.7 mS average 5.6 mS

Table moving X-ray time

Fig. 3.5.6. Same patient as in Fig. 3.5.5. 3D Computed-as-
sisted reconstruction
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Fig. 3.5.7a–c. Left anterior descending artery (LAD)/diagonal artery stenosis. a Maximum intensity projection. 
b LAD 2D curved (long axis). c Diagonal 2D curved (long axis). 1, Left main trunk; 2, LAD; 3, diagonal artery

Fig. 3.5.8. Same lesion as in Fig. 3.5.7. Left anterior descending artery (LAD) (A) and diagonal artery. B 2D Curved in short 
axis. C Volume rendering. Plaque study: 1, mixed plaque (LAD I); 2, soft plaque (LAD I and diagonal artery); 3, calcifi ed 
plaque (LAD II)

a

b

c
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3.5.2.4 

Integration of CAG and CT Data in the Cath Lab

With new post-processing software (AngioCT of 
Shina systems), we integrate angiography and CT 
data during the catheterization procedure to opti-
mize PCI planning and performance.

It presents a 3D reconstruction of coronary ves-
sels as well as CT cross-sectional information, and 
recommends the optimal C-arm orientation for 
viewing an area of stenosis. AngioCT thus makes it 
possible to view and evaluate previously acquired 
cardiac CT images and register them with respect to 
fl uoroscopic images that are being acquired during 
a cardiac catheterization procedure. This enables 
the user to visualize real-time CT image data that 
is associated with specifi c points in the fl uoroscopic 
images (Fig. 3.5.9).

In real time, we have gained signifi cant informa-
tion for our PCI procedure:

Optimal C-arm orientation  �
Plaque location, length and type (calcifi ed, mixed  �
or soft)

Fig. 3.5.9. Integration coronary angiography (CAG) and CT data in the Cath Lab. In real time, for specifi c points in GAG: 
1, visualization of 2D; 2, and 3D; 3, CT imaging (lumen and mixed plaque)

Real length of the stenosis or chronic total occlu- �
sion (CTO)
Suggested stent size and positioning �

 3.5.3 
CT Guidance of Chronic Total Occlusion

This is one of the major challenges of intravascular 
coronary procedures. This type of coronary lesion 
is characterized by a complete obstruction of the 
coronary artery over a segment of some length. An 
analysis of the plaque and occlusion in the CT scan 
images anticipates the pitfalls of these angioplasties, 
which are always diffi cult, by visualizing the pres-
ence of thrombi, the location of arterial calcifi ca-
tions, the virtual lumen, and the path of the artery’s 
journey through the plaque (Fig. 3.5.10).

The fusion of images gained from techniques as 
diverse as CT and CAG is an unequalled opportunity. 
The “road mapping” of the artery to be unclogged as 
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seen on the fl uoroscopy must facilitate and steer the 
path of the guide. Synchronization of a Cath Lab C-
arm to the projections of the images coming from a 
CT scanner is reality. 

 3.5.4 
CT Guidance of Coronary Ostia

This concept of virtual reality also assumes an im-
portant role in the treatment of coronary ostia by 
means of transluminal angioplasty, in which the 
positioning of the stent is particularly challenging. 
The implantation of a medical spring must cover 
the entire initial path of the coronary artery with its 
radial force; however, the extreme proximal portion 
of the coronary artery has a wall in common with 
that of the aorta. The result is that, in order to be 
effective, the prosthesis must cover the coronary 
ostium and even protrude slightly, although not 
signifi cantly, into the lumen of the ascending aorta. 
The superimposing of the anatomy of the aorta 

and the arterial tree obtained by the CT scanner 
on the angiography image (fl uoroscopy and X-ray) 
provides an aid for stent positioning (Figs. 3.5.11, 
3.5.12). Convergence of the types of imaging should 

Fig. 3.5.10. Superimposition of the CT scan and coronary angiography images obtained with the same incidence 
on the registration of the coronary arteries. The CT scan shows the virtual lumen and the path of the epicardial 
vessel. This assists in the manipulation of the unclogging guide and steers it to the true arterial lumen

Fig. 3.5.11. Coronary angiography of left main trunk ostium 
stenosis
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allow for perfectly adequate stent implantation with 
complete coverage of the coronary ostium without 
signifi cant protrusion of the proximal portion of the 
stent into the aorta. The check-up scan performed 
after implantation of the endoprosthesis documents 
the position of the stent after the fact and will ob-
viously determine a portion of the secondary and 
future evolution (Fig. 3.5.13).

Fig. 3.5.12. CT 2D curved. Long axis (1) and short axis (2). 
Calcifi ed plaque of aortic wall and left main trunk ostium

Fig. 3.5.13. Same patient as in 
Fig. 3.5.12. Normal stent follow-up 
(Taxus, 3.5 mm)

 3.5.5 
CT Guidance of Bifurcation Lesions

Any analysis of the lumen and consequently the 
coronary stenosis during a coronary angiography 
is incomplete and is often even completely errone-
ous. Before an atheromatous plaque develops in the 
lumen, it develops toward its wall. The iceberg image 
is used to characterize this phenomenon. Narrowing 
of the arterial lumen is only one of the consequences 
of the development of the atheromatous plaque. It 
does not account for its extent or its surrounding 
distribution in the wall of the artery. This is par-
ticularly signifi cant in bifurcation lesions where the 
so-called risk of plaque shifting and therefore occlu-
sion of an artery during coronary angioplasty is very 
high. It is essential to know the distribution of the 
atheromatous plaque around the coronary bifurca-
tion and its extension along the coronary arterial 
tree during coronary angioplasty.

3.5.5.1 

The Limits of Coronary Angiography

Here, types of coronary lesion are illustrated by a 
comparative analysis of CT and CAG for coronary 
artery imaging.
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Of 81 bifurcation lesions, 26 lesions involved the 
main branch of the left coronary artery, 33 bifur-
cations were located on the left anterior descend-
ing artery and diagonal artery, 13 on the left cir-
cumfl ex and marginal artery, and nine on the right 
coronary artery in its distal bifurcation (tripod) 
(Table 3.5.3).

These patients all had at least one bifurcation 
lesion either on the main branch or on one of the 
three primary epicardial vessels. CT and CAG are 
interpreted blindly and independently by two differ-
ent operators. The analysis targets the pathological 
arterial bifurcation area and 10 mm upstream and 
downstream when possible.

The bifurcation area was divided into three seg-
ments for the purpose of this analysis: proximal 
and distal on the main vessel and on the ostium of 
the collateral vessel (classifi cation by Dr. Medina) 
(Fig. 3.5.14). The topography of the plaque was taken 
into account in its entirety on the CT scan, whereas 
the CAG analysis was performed using the arterial 
stenoses and their repercussions on the arterial lu-
men. A semi-quantitative analysis of the composi-
tion of the plaque (calcifi ed, mixed or soft plaque), 

other upstream and/or downstream lesions and 
thrombi were also reported 

3.5.5.2 

Results

In 70% of the cases, CAG did not clearly analyze the 
plaque volume distribution around the bifurcation 
lesion.

These results show that CAG does not correctly 
analyze the topography of the bifurcation lesion in 

Fig. 3.5.14. Defi nition, classifi cation, and distribution of bifurcation lesions according to the Medina classifi cation

Table 3.5.3. Classifi cation of 81 bifurcation lesions in pa-
tients included in a comparative study of CT and CAG

Distal LMT 26

LAD/Diag. 33

LCx/LMB 13

RCA III 9

Table 3.5.5. Quantitative analysis of coronary bifurcation 
lesions according to imaging mode

Plaque 
Composition

Calci-
fi cations

Soft 
plaque

Thrombus
Other 
plaques

CAG 43 (54%) NA 0 0

CTA 73 (86%) 24 (30%) 8 (10%) 73 (95%)

CAG, coronary angiography; CTA, multi-detector CT an-
giography; NA, not applicable.

Table 3.5.4. Distribution of coronary bifurcation lesions ac-
cording to the Medina classifi cation depending on the imag-
ing mode

Bifurcation site 1,1,1 1,1,0 1,0,0 0,1,1

CAG 41 (50%) 21 (25%) 7 (10%) 12 (15%)

CTA 70 (85%) 7 (10%) 4 (5%) 0

CAG, coronary angiography; CTA, multi-detector CT an-
giography



  Coronary CT Angiography Guidance for Percutaneous Transluminal Angioplasty 185

Fig. 3.5.15. Coronary angiography. Stenosis of left anterior 
descending artery segment II. The stenosis is located in a 
bifurcation area (ostial branch lesion) of the type 0,1,0 ac-
cording to the Medina classifi cation

Fig. 3.5.16. CT 2D curved (long and short axis). The bifur-
cation lesion with calcifi ed plaque is more complex than in 
coronary angiography (1,1,0 according to the Medina clas-
sifi cation)

Fig. 3.5.17. The CT 
scan modifi es the clas-
sifi cation of this left 
anterior descending 
artery/diagonal artery 
bifurcation lesion by 
visualizing the plaque 
in reformatted 2D

more than two thirds of cases. However, the CT scan, 
by correctly visualizing the atheromatous plaque, 
is capable of properly showing its distribution in 
three dimensions around the coronary branch divi-
sions (Figs. 3.5.15–3.5.17). The decision of whether, 
and how ,to revascularize (CABG or CAG) or not is 

made according to the complexity of the lesion to be 
treated. If an indication for CAG is given, the prior 
analysis of the plaque and other lesions will guide 
the intervention in its implementation, e.g. whether 
or not to use of a protective guide in the collateral 
artery, installation of one or two stents.
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Fig. 3.5.18. Diagnostic coronary angiography showing a distal 
left main trunk stenosis immediately before the left anterior de-
scending artery/left circumfl ex artery bifurcation (lesion type 
1,0,0 according to the Medina classifi cation)

Fig. 3.5.19. Left main 
trunk and left ante-
rior descending artery 
(LAD). Reformatted 2D 
CT (long and short axis). 
The distal lesion of the 
distal main branch very 
broadly includes the 
proximal portion of the 
LAD while leaving the 
circumfl ex ostium intact 
(lesion type 1,1,0 accord-
ing to the Medina clas-
sifi cation)

3.5.5.2 

Example of a Lesion on the Main Branch and the 

LAD/LCX Bifurcation

3.5.5.2.1 

CAG and CTA Assessment Prior to the Procedure
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Fig. 3.5.20. Left main trunk and left circumfl ex artery on 
reformatted 2D CT. The plaque is located in phase opposition 
at the root of the circumfl ex artery, indicating a bifurcation 
lesion with a very low risk of plaque shifting. Note the pres-
ence of moderate calcifi cations, particularly at the medial 
left anterior descending artery. Lesion type 1,1,0 according 
to the Medina classifi cation

Fig. 3.5.21a–c. Stenosis of the 
distal main branch and the 
left anterior descending artery 
(LAD)/left circumfl ex artery 
(LCX) bifurcation. 2D Short 
axis correlation (A), CT IVUS 
(B), and IVUS (C). 1, Medial 
left main trunk (LMT) with 
soft plaque; 2, distal LMT with 
severe stenosis with soft plaque; 
3, LAD ostium with calcifi ed 
plaque; 4, normal LCX ostium; 
5, juxta ostial LAD with calci-
fi ed plaque
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Fig. 3.5.25. End result of the coronary angioplasty of the 
main branch of the left coronary artery after performing the 
kissing balloon technique

Fig. 3.5.22. Transluminal coronary angioplasty of a main 
branch of the unprotected coronary artery, guided by car-
diac CT scan: the bifurcation lesion has a low risk of plaque 
shifting. A single angioplasty guide is put in place in the 
main branch line and the left anterior descending artery

Fig. 3.5.23. Direct stenting of the main branch of the left 
coronary artery and the proximal left anterior descending 
artery. Signifi cant indentation during infl ation of the endo-
prosthesis was absent

Fig. 3.5.24. After implantation of the prosthesis in the main 
branch, plaque shifting toward the circumfl ex artery is ab-
sent

3.5.5.2.2 

Performance of the Procedure

3.5.5.2.3 

Results
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 3.5.6 
Conclusion

Coronary CTA as a guide for PCI helps choose the 
optimal procedure, prevents events during proce-
dures, such as plaque shifting, and increases the 
immediate and long-term results. The cumulative 
equivalent dose combining low dose CTA and CAG is 
now less than 10 mSV, permitting these two imaging 
modalities to be performed on the same day. By re-
solving patient radiation dose in particular, MDCT 
has become a fantastic tool for guiding percutaneous 
transluminal coronary angiography in complex le-
sions, as well as for daily practice.
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 3.6.1 
Preamble

The diagnosis of patients with acute chest pain re-
mains a challenging problem. There are approxi-
mately 6 million chest pain related emergency 
department (ED) visits annually in the US alone 
(Selker et al. 1997). Approximately 5.3% of all ED 
patients are seen because of chest pain and reported 
admission rates are between 30% and 72% for these 
patients (Graff et al. 1997). 

Only 15%–25% of patients presenting with acute 
chest pain are ultimately diagnosed as having an 
acute coronary syndrome (ACS). Of those patients 
who were admitted to the chest pain unit, 44% ulti-
mately had signifi cant pathology ruled-out in one se-
ries (Pozen et al. 1984). The cost of chest pain triage 
and management has been estimated to be as high as 
$8 billion dollars annually with most of those patients 
ultimately not having ACS (Fineberg et al. 1984). 
Moreover, 2%–8% of patients are discharged from the 
ED and later diagnosed as having ACS (Goldman et 
al. 1996; Lee and Goldman 2000; Lee et al. 1987; Pope 
et al. 2000). The mortality rate for these patients is ap-
proximately 25%, which is twice as high as those who 
are admitted (Lee et al. 1987). Malpractice litigation 
over missed myocardial infarction (MI) represents the 
largest proportion of ED lawsuits in the US (Rusnak et 
al. 1989). There is thus great desire to fi nd new tests to 
safely and expeditiously discharge low risk patients.

Recent technical advances in cardiovascular CT 
angiography (CCTA) have shown great promise for 
improving our diagnostic capabilities through non-
invasive imaging. There are several articles showing 
excellent accuracy for diagnosing coronary heart 
disease with the latest 64-slice multi-detector CT 
(MDCT) scanner (Leber et al. 2005; Pugliese et al. 
2006; Raff et al. 2005). Newer technology has ar-

This contribution has already been published in The Inter-
national Journal of Cardiovascular Imaging (2007) 23:415–
427, as well as in European Radiology (2007) 17:2196–2207
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rived with dual-source 64-slice MDCT (Scheffel et 
al. 2006) and the imminent introduction of 256-slice 
MDCT that are expected to further improve on this 
diagnostic accuracy. Scanners that can perform car-
diovascular CT are becoming more widely available. 
As has been the case for many rapid developments in 
medicine, in concert with this diffusion of technology 
there is the risk of application for clinical patient care 
without the scientifi c, rigorous study required. The 
concept of evaluating patients with acute chest pain 
with ECG-gated CT in the ED is but one such example, 
where, based on rapidly evolving technology, tests are 
being pushed to clinical application faster than our 
ability to scientifi cally evaluate their benefi t. This is 
in part driven by industry, which wishes to sell more 
scanners, pioneering entrepreneurs, and by the ED 
in the setting of acute chest pain, which increasingly 
relies on imaging to enable faster risk stratifi cation of 
patients and thereby minimize patient stay and costs. 
While there is a consensus that CT may indeed im-
prove disposition of patients with acute chest pain, at 
this point, there is little data demonstrating typical 
coronary CT fi ndings in patients with and without 
ACS among patients with chest pain. Thus, there is 
the potential of inappropriate use of new technology 
leading to additional testing rather than saving ad-
missions or cost. Data from observational trials are 
needed to demonstrate the safety and feasibility of CT 
in the setting of acute chest pain, to identify the target 
population in whom admissions could be reduced, 
the relation of CT fi ndings on plaque and stenosis 
to MI and unstable angina pectoris. Eventually ran-
domized diagnostic trials are essential to prove the 
incremental value of cardiac CT to current standard 
of care, including stress testing similar to the evalua-
tion of SPECT a decade ago (Udelson et al. 2002).

Currently there are no guidelines that have been 
published for the use of CT for acute chest pain. Ap-
propriateness criteria have recently been published 
(Hendel et al. 2006). More general guidelines are cur-
rently under development. However, because of the 
great interest and pressure from a variety of groups 
to utilize this technology, there is value in providing 
interim guidance. For this reason, the North Ameri-
can Society for Cardiac Imaging (NASCI) and the 
European Society of Cardiac Radiology (ESCR) as-
sembled a group of expert radiologists, cardiologists 
and emergency physicians representing the collective 
experience from the United States, Canada and Eu-
rope to review the literature, indicate areas in need of 
more research and provide a basis in the future for the 
development of comprehensive guidelines.

Co-endorsed White Papers and guidelines by 
various societies have been written before on vari-
ous topics. We believe however that this is the fi rst 
attempt to bring together the different experiences 
from different countries and continents whose med-
ical systems are signifi cantly different. We believe 
that this combined experience has the advantage 
that underlying biases from local practice becomes 
less relevant and that the underlying fundamental 
truths become relatively more important. The ESCR 
and NASCI are planning to work together in the fu-
ture to bring together experts to discuss available 
evidence, to provide guidance to the practitioner 
and to further advance the fi eld of cardiovascular 
imaging and provide a basis for practice with evolv-
ing technologies.

 3.6.2 
How to Manage Chest Pain: 
The Emergency Department Perspective

In the ED setting, the symptoms and clinical signs of 
patients with chest pain are variable but it is impor-
tant to distinguish life threatening causes that need 
rapid or immediate intervention from those that are 
less likely to be fatal but still need in-patient treat-
ment and those that can be managed supportively on 
an out-patient basis (Table 3.6.1) (Jeudy et al. 2006).

Table 3.6.1. Common potential causes of non-traumatic 
chest pain

Life threatening Non-life threatening

Acute coronary syndrome Pneumonia/pulmonary 
parenchymal disease

Pulmonary embolism Pulmonary, mediastinal, 
or pleural neoplasm

Aortic dissection Musculoskeletal injury 
or infl ammation

Intramural hematoma Cholecystitis

Penetrating aortic ulcer Pancreatitis

Aortic aneurysm/rupture Herpes zoster

Esophageal rupture Hiatus hernia/GERD/
esophageal spasm 

Pericardial tamponade Pericarditis/myocarditis

Tension pneumothorax Simple pneumothorax
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3.6.2.1 

Acute Coronary Syndrome

In the United States more than 335,000 people die 
of heart disease in an ED or before reaching a hos-
pital every year. Of patients who die suddenly be-
cause of coronary heart disease, 50% of men and 
64% of women have no previous symptoms. When 
a patient presents with chest pain, they are typically 
risk stratifi ed with an appropriate history and physi-
cal, and electrocardiogram (ECG), chest X-ray and 
laboratory studies including cardiac biomarkers. 
Obtaining a timely ECG is important to identify the 
small subset of patients with an ST elevation myo-
cardial infarction (STEMI) who will benefi t from a 
coronary intervention (PCI or thrombolysis). The 
majority of patients without a STEMI are further 
risk stratifi ed into one of three categories: (1) high 
risk for acute coronary syndrome (ACS) or non ST 
elevation MI (NSTEMI), (2) low risk for ACS, or (3) 
noncardiac chest pain. A number of clinical decision 
rules tools are available to risk stratify patients into 
one of the above three categories, but none have a 
high sensitivity and specifi city with some no better 
than clinical impression.

One risk stratifi cation tool that is widely used 
in EDs is the thrombosis in myocardial infarction 
(TIMI) risk score that predicts the triple endpoint 
of death, new or recurrent myocardial infarction, or 
need for urgent target vessel revascularization within 
2 weeks of presentation (Table 3.6.2) ( Antman et al. 
2000). 

The low risk group is defi ned by a score of 0 or 1 
and a <5% likelihood of requiring intervention. The 
high risk group is defi ned by a score of 6 or 7 and a 
40% likelihood of requiring intervention. This ap-
proach has been validated in a number of additional 
trials (Cohen et al. 1998; Manoharan and Adgey 
2002; Mega et al. 2005).

A computerized system for risk assessment is 
in use in some EDs to aid in diagnosis (Selker et 
al. 1998). A risk score for patients with normal tro-
ponin concentrations has recently been proposed 
( Sanchis et al. 2005a,b). Specifi c recommenda-
tions for an early invasive strategy in patients with 
NSTEMI include any of the following high-risk indi-
cators (Braunwald et al. 2002): 

Recurrent angina/ischemia at rest or with low-level  �
activities despite intensive anti-ischemic therapy.
Elevated cardiac specifi c biomarkers, TnT or Tnl �
New or presumably new ST-segment depression �
Recurrent angina/ischemia with congestive heart  �
failure symptoms, an S3 gallop, pulmonary edema, 
worsening râles, new or worsening mitral valve 
regurgitation
High-risk fi ndings on noninvasive stress testing �
Depressed left ventricular systolic function (e.g.,  �
ejection fraction < 40% on noninvasive study)
Hemodynamic instability �
Sustained ventricular tachycardia �
Percutaneous coronary intervention (PCI) within  �
6 months
Prior coronary artery bypass graft (CABG) �

Treatment and disposition is based on the level of 
risk assigned to the patient. Patients with a NSTEMI 
or who are deemed at high risk for ACS are typically 
admitted to the hospital. Patients with non-cardiac 
and non-life threatening chest pain are typically 
discharged home with outpatient follow-up. Low-
risk ACS patients usually present a quandary. These 
patients usually require a period of observation with 
serial enzymes and then a determination is made 
whether provocative stress testing is required. In 
some facilities, observation units tailored toward 
the evaluation of chest pain have made prolonged 
evaluations in the ED possible. Patients receive se-
rial biomarkers, observation in a telemetry setting, 
and most receive some form of cardiac stress testing. 
Cardiac stress testing ranges from simple treadmill 
tests to the newer cardiac PET scans. None of these 
tests is perfect and most if not all are not available 
24 h/day/7 days a week. If the patient has rising car-
diac biomarkers or has a positive cardiac stress test, 

Table 3.6.2. Thrombosis in myocardial infarction (TIMI) 
risk score for unstable angina and non-ST-elevated myocar-
dial infarction (NSTEMI)

  � Age >65 years

  � History of known coronary artery disease 
(documented prior coronary artery stenosis >50%)

  � >3 Conventional cardiac risk factors 
(age, male sex, family history, hyperlipidemia, 
diabetes mellitus, smoking, obesity)

  � Use of aspirin in the past 7 days

  � ST-segment deviation 
(persistent depression or transient elevation)

  � Increased cardiac biomarkers (troponins)

  � >2 Anginal events in the preceding 24 h

  � Score = sum of number of above characteristics
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they are usually admitted for cardiac catheteriza-
tion and further management.

In spite of this aggressive approach to chest pain 
in the ED, even in the population at low risk for ACS, 
between 2%–8% of patients are inappropriately dis-
charged and later found to have an ACS (Goldman 
et al. 1996; Lee and Goldman 2000; Lee et al. 1987; 
Pope et al. 2000). These discharged patients have a 
signifi cantly increased morbidity and mortality. If it 
were possible to accurately predict high risk in pa-
tients with potential NSTEMI or, conversely, to ac-
curately exclude ACS during the early observation 
period, the number of patients admitted for evalu-
ation of chest pain could be signifi cantly reduced 
with a commensurate reduction in cost of care. In 
addition, the earlier identifi cation of high risk ACS 
patients could lead to earlier treatment initiated in 
the ED with the possibility of improved patient out-
comes.

CCTA may be used in order to visualize the coro-
nary arteries and to determine whether there are 
plaques or thrombi narrowing or occluding the ves-
sel. If CCTA could be performed immediately or 
during the observation period for ACS at a cost that 
is less than that required for outpatient monitoring, 
there would be a signifi cant saving to the health care 
system. Because of medical malpractice issues in the 
US (Katz et al. 2005) and the high likelihood of a 
poor outcome if a patient with ACS is discharged, 
the test must have a high negative predictive value 
minimizing missed ACS. Ideally, the true positives 
would all undergo coronary artery revascularization 
and the number of indeterminate cases that require 
further observation would be reduced. A model car-
diac chest pain pathway that incorporates CCTA is 
shown in Figure 3.6.1. Early supporting data for the 
use of CCTA for acute chest pain is now appearing 
in the literature (Hoffmann et al. 2006a,b; White 
et al. 2005).

Although this pathway represents one possible 
concept, further work is necessary to clarify the role 
of stenosis and plaque assessment for risk assess-
ment of patients with acute chest pain. This relates 
both to the concept of mild to moderate stenosis as 
detected by CCTA and the necessity of stress testing 
or coronary angiography (CAG) in these patients, as 
well as the concept of plaque burden in CCTA as a 
tool for risk stratifi cation. Both concepts have been 
recently addressed (Hoffmann et al. 2006a). 

Very important for the success of cardiac CT 
in this application will be our ability to exactly 
determine the target patient population. While 

the broader population of all comers with undif-
ferentiated chest pain has a very low incidence of 
ACS, pulmonary embolism (PE), or aortic dissec-
tion, patients with inconclusive initial ED evalua-
tion admitted to the hospital to rule out MI may 
benefi t the most as 10%–15% of those patients will 
develop an ACS. Besides the detection of stenosis 
and plaque it may prove useful to evaluate the ad-
ditional benefi t from the assessment of global and 
regional LV function, which may identify stunned 
myocardium.

3.6.2.2 

Pulmonary Embolism

Patients who present to the ED with a suspected PE 
can be risk stratifi ed using the Wells’ clinical deci-
sion rule (Table 3.6.3). The likelihood of a PE is low if 
the score is four or less and the D-dimer is negative. 
If the patient has a score greater than 4 then further 
investigations are required to exclude the diagnosis 
of PE. The most commonly used imaging techniques 
are a nuclear ventilation/perfusion scan or chest CT 
depending on institution and availability. A negative 
CT study is associated with a low risk for subsequent 
fatal and nonfatal venous thromboembolism (VTE) 
(White et al. 2005). Therefore, in the patient with 
undifferentiated chest pain and a moderate to high 
probability of PE, a CT is indicated. If the patient is 
high risk for PE but has a negative CT scan, further 
testing may be indicated. A normal D-dimer or a 
negative evaluation of the lower extremity venous 
system with a contrast CT or US makes the diagnosis 
of PE unlikely. When the clinical probability is low, 
a normal D-dimer test excludes the diagnosis of PE 
and a CT is typically not performed.

Clinical probability of pulmonary embolism un-
likely: 4 or less points; clinical probability of pulmo-
nary embolism likely: more than 4 points. 

3.6.2.3 

Acute Aortic Syndromes

The clinical presentation of patients with acute aor-
tic syndromes typically present with ripping or tear-
ing chest discomfort that is sudden in onset, severe, 
substernal and may radiate to arms or back. The 
most common predisposing factors are hyperten-
sion, increasing age and pregnancy, while less com-
mon syndromes include Marfan’s syndrome and Be-
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hçet’s disease. The pain may start in the epigastrium 
or abdomen and radiate to the back. Hypotension, 
unequal pulses, acute aortic regurgitation or sugges-
tive electrocardiographic changes may be features as 
well. Aortic disease includes entities such as acute 
aortic dissection, dissecting intramural hematoma, 
aortic penetrating ulcer, mycotic aneurysm, and 
atherosclerotic aneurysm with and without rup-
ture. Because these may be fatal, rapid diagnosis 
and institution of therapy is desirable. MDCT is the 
diagnostic test most often used to make the diag-
nosis because it can distinguish among the various 
etiologies of the acute aortic syndrome and defi ne 
the extent of the disease process (Khan and Nair 
2002).

3.6.2.4 

Alternative Diagnoses

MDCT is capable of detecting a multitude of alterna-
tive causes of acute chest pain. These include hiatus 
hernia, pneumonia, intrathoracic mass, pericardial 
effusion and pericarditis, esophageal mass or rup-
ture, pleural effusion, pancreatitis, spontaneous 
fracture (spine, sternum, cough fracture of rib). 
Many patients with ill-defi ned symptoms or unchar-
acteristic presentations may be initially considered 
to have an acute coronary syndrome but may have 
a pulmonary embolism or another disease. Some 
patients have more than one disease process causing 
their symptoms (Thoongsuwan and Stern 2002). 

Fig. 3.6.1. A 
model cardiac 
chest pain 
pathway incor-
porating car-
diovascular CT 
angiography
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 3.6.3 
Triple Rule-Out

MDCT is currently the diagnostic test of choice for 
the diagnosis of pulmonary embolism and acute 
aortic syndrome. As mentioned above, alternative 
diagnoses may also be found or excluded as causes 
of chest pain. If MDCT were robust enough to 
exclude an acute coronary syndrome in patients 
without ST elevation, and sensitive enough to indi-
cate which patients with NSTEMI are likely to have 
treatable coronary disease, it might be used to 
shorten the observational period for patients with 
suspected ACS to either rule-out cardiac causes for 
chest pain or ensure timely institution of specifi c 
therapy. Ultimately, we must ask: Is there a single 
MDCT study that can be performed that can ac-
curately, expeditiously and cost-effectively diag-
nose coronary, pulmonary and aortic disease in 
the ED, the so-called “triple rule-out?” The ques-
tion may also be asked, is there a clinical need 
for such a test? ED physicians usually feel that it 
is relatively uncommon that they are uncertain of 
all three diagnostic considerations, thus, single 
or dual rule out may be suffi cient. As of this writ-
ing, there are no large prospective studies where 
MDCT has been used for this purpose and further 
research is desirable to better defi ne the role for 
triple rule-out.

 3.6.4 
CT Protocol

The CT protocol used to evaluate patients who 
present to the ED is an evolving and multifaceted 
challenge. The development of newer generations of 
MDCT that can evaluate the coronary arteries rou-
tinely has injected an additional promising but con-
founding element. As discussed above, the challenge 
is to distinguish life-threatening cardiac etiologies 
such as ACS from non-cardiac causes including pul-
monary embolism, and aortic dissection. Specifi c 
protocol issues include the appropriate preparation 
for the CT scan, whether to use calcium scoring, 
contrast injection parameters, and strategies used to 
acquire CTA. Ideally, these issues can be addressed 
in a manner that can be generalized to different 
types of advanced scanners and practice settings.

3.6.4.1 

Scanner Technology

Investigation of the heart and in particular the 
coronary arteries requires simultaneous fast image 
acquisition and high spatial resolution. The abil-
ity of CT scanners to achieve high temporal and 
spatial resolution has improved tremendously in 
recent years. The availability of 64-detector-row CT 
(64DCT) and, even more recently, dual-source CT 
technology has been of particular value for cardiac 
CT examinations in that isotropic half-millimeter 
spatial resolution and temporal resolution as fast as 
83 ms is attainable. The spatial resolution of CT is 
now only two to three times lower than that of the 
most optimal conventional coronary angiography 
(CAG), which is suffi cient to visualize small seg-
ments of the coronary artery tree down to the third 
generation vessels (Wintersperger et al. 2006). 

3.6.4.2 

Preparation for the CT Scan

In patients with heart rates above 65 bpm, patient 
preparation with beta-blockers is necessary to 
achieve suffi ciently low heart rates with � 64-slice 
technology (Pannu et al. 2006). This typically in-
volves administration of 50–100 mg Metoprolol 1 h 
prior to the CT scan, followed by 5–20 mg Metoprolol 
intravenously to patients in whom the heart rate 

Table 3.6.3. Well’s clinical decision rule for pulmonary em-
bolism (Wells et al. 2000)

Variable Points

Clinical signs and symptoms of 
deep vein thrombosis

3.0

Alternative diagnosis less likely than 
pulmonary embolism

3.0

Heart rate >100/min 1.5

Immobilization (>3 days) or surgery in the 
previous 4 weeks

1.5

Previous pulmonary embolism or 
deep vein thrombosis

1.5

Hemoptysis 1.0

Malignancy (receiving treatment, 
treated in the last 6 months or palliative)

1.0
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is still above 65 bpm once in the CT scanner. In 
patients in whom the scan must be obtained with a 
heart rate of 80 bpm and above, image reconstruc-
tion in the systolic phase of the cardiac cycle often 
results in superior image quality (Wintersperger 
et al. 2006). Nitroglycerin (0.5 μg sublingual) is given 
to dilate the coronary arteries if the patient’s blood 
pressure will tolerate it. With further improvement 
of technology, beta-blockers may no longer be in-
dicated.

3.6.4.3 

Calcium Scoring

Screening for coronary calcium by CT is a fast and 
simple procedure that allows determination of the 
amount of calcifi ed plaques in the coronary arteries 
and estimation of the extent of the entire atheroscle-
rotic plaque burden. Screening for coronary calcium 
was introduced more than a decade ago with the use 
of electron beam CT (EBT). EBT is a dedicated car-
diac CT system without moving parts and permits 
very short exposure times when scanning the heart. 
The design of this machine made it suitable for low 
dose cross sectional scanning of the heart to detect 
coronary calcium.

Coronary calcium screening by EBT is performed 
with 3-mm consecutive slices through the range of 
the entire heart. No administration of contrast me-
dia is required. Every scan is triggered prospectively 
by the ECG signal to the mid diastole interval. Usu-
ally 40 heartbeats are necessary to acquire the entire 
volume resulting in a breath-hold time of approxi-
mately 30 s. Coronary calcium is identifi ed as lesions 
in the coronary arteries with a density of 130 HU and 
above. A score value is calculated by a dedicated al-
gorithm, which takes the peak density and the area 
of any individual lesion into account (Agatston et 
al. 19990). The total score corresponds to the sum of 
all lesions in all three coronary arteries, and is com-
monly provided in percentile for age and gender.

Coronary calcium screening may also be per-
formed with MDCT systems. Four slices are mini-
mally required to perform coronary calcium scan-
ning with a MDCT. Depending on the number of 
slices available, the spiral scan can be performed 
within 10–20 s (Becker et al. 2001). To improve re-
producibility of the measurement, overlapping slice 
reconstruction is recommended (Ohnesorge et al. 
2002). However, this results in a relatively high dose 
of radiation so that a prospectively triggered sequen-

tial imaging approach analogous to EBT is com-
monly used. Images are evaluated according to the 
procedure suggested for coronary calcium screening 
with the EBT. To improve the reproducibility and 
comparability of coronary calcium screening with 
different CT scanners an international consortium 
has been founded with the aim to standardize the 
measurement. The consortium proposed to use the 
quantifi cation of the absolute mass in mg calcium-
hydroxyapatite rather than assessing the calcium 
score. For the standardized measurement frequent 
calibration of the CT scanner is required with dedi-
cated phantoms. The foremost issue with coronary 
calcium screening for patients with acute coronary 
syndrome is to detect coronary calcium with a sen-
sitivity that is as high as possible.

Initially, scanning for coronary calcium with EBT 
was intended to screen for coronary atherosclerosis 
in asymptomatic persons to determine the risk of 
acute coronary events. However, in the late nineties 
some authors reported the use of coronary calcium 
screening for patients with angina-like symptoms 
and negative cardiac enzymes. Laudon et al. (1999) 
described the use of CAC scanning in the ED in more 
than 100 patients, pointing out a negative predictive 
value of 100%. McLaughlin et al. (1999) reported a 
negative predictive value of 98% in 134 patients pre-
senting with chest pain to the ED. Georgiou et al. 
(2001) followed almost 200 patients with chest pain 
in the ED and found that the presence of coronary 
artery calcium in this cohort is a strong predictor 
for future cardiac events and conversely patients 
with a negative coronary calcium scan may safely 
be discharged immediately from the ED. A problem 
with these studies is that the negative predictive 
value is not as great in younger patients. Thus coro-
nary calcium may not be widely applicable in this 
patient population. In addition, because of its high 
costs and limited availability, EBT has never been 
widely used as a stand-alone tool to triage patients 
with chest pain.

Coronary artery calcium scoring by MDCT may 
be useful in the ED setting prior to CTA in that the 
quality of the CTA is likely to be impaired or non-di-
agnostic if large quantities of coronary calcium are 
found. A decision to proceed with CTA must then be 
made. Moreover, the calcium score can be compared 
to existing age and gender benchmarks to guide pri-
mary prevention as an outpatient if the patient is not 
admitted (Hoff et al. 2001; Naghavi et al. 2006). 
CAC is relatively common in this patient population 
even in patients with non-cardiac causes of chest 
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pain. Thus CTA may still be of value to evaluate for 
stenoses. Clearly, there is a need for more research 
to defi ne the relative roles of both CAC and CTA for 
acute chest pain patients. Calcium screening will be 
addressed in more detail in a future ESCR-NASCI 
Consensus Statement.

3.6.4.4 

CTA Protocol

More advanced MDCT technology allows not only 
assessment of the calcifi ed atherosclerotic plaque 
burden but also visualization of the lumen and 
wall of the coronary arteries using contrast mate-
rial. In addition, other causes of chest pain such as 
pulmonary embolism, aortic dissection, and pneu-
monia can be evaluated using CTA. Provided that 
optimized images of the entire cardiac cycle are not 
required, dose modulation or ECG-pulsing can be 
used to reduce redundant radiation during the sys-
tolic phase while preserving coronary artery images 
of good quality (Poll et al. 2002). Specifi c ED chest 
pain protocols in which the differential diagnosis 
includes a coronary artery etiology can be divided 
into two groups. If the patient is stable and primary 
clinical suspicion is angina, a dedicated cardiac CTA 
may be suffi cient. Alternatively, if the clinical evalu-
ation is less specifi c and differential considerations 
include angina and other serious causes of acute 
chest pain, a comprehensive or global evaluation 
may be deemed appropriate. The latter protocol is 
also termed the triple threat or triple rule-out proto-
col. Each of these protocols is discussed in turn.

3.6.4.5 

Dedicated CTA

A typical CT angiography (CTA) investigation of the 
heart with most modern CT scanners usually re-
quires a breath-hold time of 10 s or less and 60–80 ml 
of contrast media. The regimen for intravenous 
contrast medium administration has changed with 
newer scanners. Formerly, with slower scanning 
the priority was to extend the contrast bolus in or-
der to maintain homogenous enhancement during 
the entire scanning period. Now that the scan time 
with 64-DCT is typically no more than 10 s for the 
entire heart, high contrast enhancement must be 
achieved during the comparatively short scanning 
period. One method is to calculate the amount of 

contrast medium based on the bodyweight of the 
patient; for every kilogram of bodyweight admin-
istering 0.5 g of iodine. For a cardiac CT study the 
bodyweight-adapted amount of contrast medium is 
administered within 20 s. Highly concentrated con-
trast media is well suited to this approach, in order 
to keep the intravenous fl ow rate within a reasonable 
order of magnitude, particularly in obese patients. 
To lower the viscosity and to improve administra-
tion the contrast medium should be warmed to body 
temperature. In order to achieve correct timing, ei-
ther a test injection or automated threshold-based 
bolus timing may be used. The threshold with auto-
mated bolus timing is often set at 150 HU.

In principle it is advisable to have some contrast 
in the right ventricle in order to identify the septum 
and the right ventricular myocardium. However, any 
CTA study should be performed in mid-inspiration 
in order to avoid the “Valsalva maneuver”. This ef-
fect occurs during deep inspiration when an infl ux 
of contrast medium into the right atrium is impeded 
resulting in non-homogenous enhancement of the 
cardiac structures. A saline fl ush should always be 
performed immediately after the administration of 
contrast medium in order to fl ush the veins of re-
maining contrast medium and to maintain a tight 
contrast bolus, while it aids in the assessment of the 
right coronary artery and posterior descending ar-
tery. The scanning range extends from the level of 
the carina inferiorly to below the cardiac apex.

A number of studies have compared 64DCT and 
CAG on a segment-by-segment basis for the detection 
of coronary artery stenoses in the non-emergent set-
ting (Pugliese et al. 2006; Raff et al. 2005; Leschka 
et al. 2005; Mollet et al. 2005). Although 10%–20% 
of coronary artery segments cannot be assessed by 
CTA because of motion artifacts or severe calcifi ca-
tions, the negative predictive value of this technique 
is close to 100%, rendering CT a reliable method to 
rule out coronary artery disease if the study can be 
performed successfully. Unfortunately, the positive 
predictive value is only around 75%, revealing a ten-
dency of CTA to overestimate the degree of coronary 
artery stenoses. One of the reasons for overestima-
tion may be the presence of plaques which appear to 
narrow the lumen, if adjacent widening of the outer 
lumen (positive remodeling) is not taken into ac-
count. Underestimation of the degree of stenosis by 
CAG due to eccentric stenosis and suboptimal angu-
lation is presumably another cause. The largest co-
hort reported so far with CCTA in the ED comprised 
103 patients with acute chest pain. By using ≥ 50% 
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coronary artery stenosis as detected by MDCT as 
a threshold with clinical follow-up as the reference 
standard, Hoffmann et al. (2006a) reported a posi-
tive and negative predictive value of 47% and 100% 
for ACS, respectively. 

In a pilot study of 22 patients, Dorgelo et al. 
(2005) reported on the potential use of MDCT to 
triage patients with ACS among conservative treat-
ment, percutaneous intervention or bypass graft-
ing. They followed a simplifi ed stratifi cation scheme 
taking the number of coronary vessels into account 
affected by coronary artery disease with stenosis 
≥ 50%. According to this scheme, the absence of 
coronary artery disease, single- or two-vessel dis-
ease, and left main or three-vessel disease initiated 
conservative, interventional and surgical therapy, 
respectively. They reported excellent agreement for 
decisions made by MDCT and CAG for triaging these 
patients with ACS. Interestingly, in some patients 
MDCT more often showed the tendency to triage for 
coronary intervention whereas after cardiac cath-
eterization these few patients were treated conser-
vatively. This presumably resulted from lack of ade-
quate clinical information such as co-morbidity risk 
at MDCT that was available and infl uenced the fi nal 
decision after cardiac catheterization (Dorgelo et 
al. 2005). 

3.6.4.6 

Global Assessment (Triple Rule-Out)

The protocol for global assessment differs from ded-
icated coronary CTA in several important respects. 
First, a large fi eld of view is used to encompass the 
entire chest. Second, the entire length of thorax must 
be imaged in order to assess the pulmonary vascula-
ture to a subsegmental level, as well as the thoracic 
aorta. Such imaging requires a longer acquisition of 
15 s or more with 64-DCT with more opportunity 
for motion artifact due to breathing. It is therefore 
advisable to begin image acquisition below the car-
diac apex and scan superiorly, in contrast to the ce-
phalocaudal direction typically used for dedicated 
CCTA. This approach permits imaging of the coro-
nary arteries during the fi rst part of the scan, when 
breath-holding is presumably better. 

A third important difference is the protocol for 
contrast administration. Unlike dedicated coronary 
CTA, where partial or complete washout of contrast 
in the right heart is desirable, a triple rule-out proto-
col must provide optimal enhancement of both the 

right and left heart for simultaneous visualization of 
the pulmonary arteries, the aorta and the coronary 
arteries. Thus, a small amount of additional contrast 
may be necessary and contrast bolus administration 
may need to be lengthened.

Using the global assessment chest pain protocol, 
White et al. (2005) investigated 69 patients with 
chest pain in whom they assessed the amount of cal-
cium, the degree of stenosis, ejection fraction, wall 
motion abnormalities, and perfusion defects in the 
myocardium. The fi nal diagnosis was derived from 
clinical exam or follow up for 1 month. The CT was 
normal, showed coronary artery disease, non-car-
diac related or non-concordant fi ndings in 75%, 14%, 
4%, 7% of patients, respectively. For the diagnosis of 
acute coronary syndrome they reported a sensitivity 
and specifi city of 87% and 96%, respectively. In ad-
dition White et al. (2005) reported fi ndings in other 
areas such as the lung, mediastinum and the bones. 
In this study there were too few patients with aortic 
dissection or pulmonary embolism to adequately es-
tablish the diagnostic accuracy of this protocol for 
non-coronary causes of acute chest pain.

 3.6.5 
Imaging Evaluation and Post Processing

Within the context of an urgent clinical presentation, 
the initial assessment of the CT scan must be rapid 
and accurate for effective risk assessment of the pa-
tient. In the broadest sense this means determining 
if the patient is suffering from a life threatening con-
dition necessitating urgent therapy, such as an acute 
coronary syndrome, an acute aortic syndrome, or 
venous thromboembolism. This assessment rarely 
requires visualization techniques beyond appro-
priately windowed transverse reconstructions. Al-
though transverse sections represent the most basic 
output of the CT scanner, attention must be focused 
on proper assessment, as lesions can be missed or 
mischaracterized. In particular if the window center 
is too low or narrow, an intimal fl ap within the aorta 
or a pulmonary embolism can disappear within the 
contrast-enhanced lumen or a coronary occlusion 
associated with calcifi c plaque could be mistaken for 
a patent artery. As a general rule of thumb, proper 
window width and center settings require that the 
arterial lumen be not rendered as white, but an in-
termediate gray level. Moreover, the size of mural 
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calcium will be overestimated (blooming) if it is 
not rendered with an opacity level below white. As 
was previously discussed, a thin-section acquisi-
tion, preferably with overlapping reconstructions 
is critical to fully assessing vascular abnormalities. 
With a thoracic CT angiogram comprising 400–4000 
transverse reconstructions, it is impractical to effec-
tively track the structures of interest across multiple 
sheets of fi lm and spatial relationships will be dif-
fi cult to ascertain.

If one of the aforementioned acute vascular abnor-
malities is excluded based upon transverse section 
review, then post processing will not be necessary. 
While this should almost always be the case when 
diagnosing an acute aortic syndrome or pulmo-
nary embolism, the confi dent exclusion of an acute 
coronary syndrome may require a post-processing 
workstation, particularly if there are motion-related 
artifacts or calcifi ed plaque.

A post-processing workstation is required if an 
acute aortic or an acute coronary syndrome is diag-
nosed or if an acute coronary syndrome cannot be 
excluded. With an acute aortic syndrome, planning 
of defi nitive therapy or triage to a period of moni-
toring necessitates characterization of the aortic 
lumen, wall, branches, and adjacent structures. A 
detailed description of the full scope of evaluations 
necessary to fully characterize an acute aortic syn-
drome is beyond the scope of this manuscript, but 
the use of multiplanar reformations (MPRs), curved 
planar reformations (CPRs), maximum intensity 
projections (MIP), and volume renderings are key to 
enabling complete characterization and documen-
tation of the abnormality to facilitate communica-
tion with the treating physicians. Moreover, a post-
processing workstation is necessary to measure 
important distances along axes and curved paths 
that are aligned with aortic landmarks and not the 
CT table, as is the case with the primary transverse 
reconstructions.

When characterizing or excluding acute coro-
nary syndromes or acute aortic syndromes assessed 
with ECG gated CT acquisitions, the post-processing 
workstation must also be capable of managing mul-
tiphasic or four-dimensional data to allow seam-
less volumetric exploration and analysis across the 
temporal phases. While the tools of MPR, CPR, MIP 
and volume rendering frequently are all necessary 
for a complete assessment, the workstation must be 
capable of managing up to 3–4000 images simul-
taneously to allow seamless exploration of the 4D 
data. In the case of an acute coronary syndrome, the 

primary goal of the analysis should be the identi-
fi cation of the location and extent of the coronary 
artery occlusion. While, as mentioned above, pri-
mary transverse section review can allow exclusion 
of the diagnosis, full characterization of the extent 
of the abnormality, particularly in association with 
chronic atherosclerotic coronary occlusive disease, 
requires MPRs oriented perpendicular to median 
axis of the artery and/or CPRs. Volume rendering 
can provide an exquisite display of the relationships 
of the coronary arteries relative to the myocardium, 
but this is rarely necessary for urgent risk assess-
ment. 

When all phases are reconstructed across the car-
diac cycle, then MPRs oriented along the standard 
cardiac axes can be viewed to assess for wall motion 
abnormalities and perfusion defi cits.

 3.6.6 
Physician Requirements

In the US there are competency guidelines that pro-
vide minimum training requirements for radiolo-
gists, cardiologists, and nuclear medicine physicians 
for the interpretation of CTA (Budoff et al. 2005; 
Jacobs et al. 2006). In both Europe and Canada, 
government regulations largely limit interpretation 
to radiologists. Like all of imaging, there is a learn-
ing curve and some training is desirable in order to 
achieve a measure of competence. The extra-car-
diac portion of the examination must be thoroughly 
evaluated as it has been shown that there may be 
signifi cant non-cardiac abnormalities in the popu-
lation of interest (Onuma et al. 2006;  Rumberger 
2006). Generally, this will require a radiologist over-
read if the radiologist is not the primary reader. The 
American College of Radiology cautions against the 
practice of split-reads, and legal consultation is ad-
visable in the US (ACR 2006). 

 3.6.7 
Future Directions

Ongoing research in CT technology suggests that 
the evaluation of coronary arteries with MDCT will 
improve substantially in the coming years. Software 
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improvements in post-processing will permit rapid 
reconstruction of the coronary arteries with auto-
mated selection of the optimal cardiac phase. Hard-
ware improvements include better z-axis coverage 
generating a larger number of slices as well as better 
temporal resolution through the use of multiple tube 
technology or faster gantry rotation. Such advances 
in technology can be expected to improve the qual-
ity of coronary artery imaging, particularly for the 
large coverage required for the global assessment 
and will undoubtedly stimulate further modifi ca-
tions in the CT imaging protocols for ED patients 
with chest pain.

 3.6.8 
Summary

The major diagnostic concerns for acute chest pain 
are acute myocardial infarction and acute coronary 
syndrome. However, since enzyme blood levels may 
be normal for many hours following an event, and 
because ECG fi ndings are often non-diagnostic, 
2.8 million patients with acute chest pain in the US 
are admitted to hospital for evaluation and manage-
ment of chest pain. This patient subgroup has a low 
risk for ACS yet undergo expensive investigations 
since the likelihood of bad outcome is extremely 
high with a missed diagnosis.

In patients with chest pain whose history, clini-
cal fi ndings and/or predisposing conditions suggest 
other life threatening diseases, specifi cally acute 
aortic syndromes or pulmonary embolism, MDCT 
is proven to be the diagnostic study of choice (Hay-

ter et al. 2006; Stein et al. 2006). The CT protocol 
used should be optimized to evaluate each of these 
specifi c diagnoses, as completely as possible; this 
implies that no single protocol is ideal for all chest 
pain disease.

Regarding myocardial ischemia, numerous stud-
ies have established that 16 and 64 slice MDCT has 
high diagnostic accuracy for detecting signifi cant 
coronary artery stenosis in stable patients with a 
high prevalence of coronary artery disease. Further-
more, preliminary studies indicate that MDCT can 
also detect and characterize atherosclerotic plaque, 
and these fi ndings are in good agreement with intra-
vascular ultrasound (IVUS). It is therefore tempting 
to believe that MDCT could identify patients with 
chest pain of uncertain cause in the ED, many of 

whom could then be safely discharged. Published 
pilot studies in which MDCT was used to evaluate 
patients in the ED for this purpose look promising, 
but have only involved small patient numbers, and 
cannot be regarded as defi nitive (Hoffmann et al. 
2006a,b; White et al. 2005). The Writing Group feels 
that MDCT may provide novel and accurate infor-
mation on the presence of CAD, and can also evalu-
ate aortic dissection and pulmonary embolism. 
However, large blinded clinical trials are needed to 
determine the accuracy and precision of MDCT for 
triage of patients with acute chest pain. Randomized 
trials should be performed to evaluate the degree to 
which MDCT enhances patient risk stratifi cation, 
the consequences of a universally standardized as 
opposed to a targeted protocol, patient outcomes, 
and cost-effectiveness compared with the current 
standard of care. Staffi ng issues also need to be ad-
dressed since suffi cient numbers of CT trained phy-
sicians and technologists will be needed; ideally, fa-
cilities should offer ECG gated MDCT service 24 h/
day and 7 days per week.

Finally, the Writing Group was unanimous in its 
belief that minimally invasive MDCT has indeed 
considerable potential for improving the manage-
ment of selected patients with acute chest pain, and 
that the necessary clinical research trials to clarify 
and establish its role in the ED should proceed with 
urgency.
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Coronary Atherosclerosis

4.1 Pathophysiology of Coronary Atherosclerosis and Calcifi cation

Wilfred F. A. den Dunnen and Albert J. H. Suurmeijer

 4.1.1 
Normal Artery Histology and Cell Function

In order to understand plaque formation and plaque 
composition it is necessary to have a knowledge of 
the normal histology. In general, arteries contain 
three concentric layers: the intima, media and ad-
ventitia (Fig. 4.1.1). The intima consists of a single 
layer of endothelial cells with only a small amount 
of underlying connective tissue. The intima is sepa-
rated from the media by a thick layer of elastic fi bers 
called the intern elastic lamina. The media is mostly 
composed of smooth muscle cells. Approximately 
the inner half of the smooth muscle cell layer re-
ceives its nutrients from the lumen via diffusion. 
The outer half, however, needs nourishment from 
blood vessels themselves, called the vasa vasorum, 
which course into the media from the adventitia. Be-
tween the media and the adventitia lies the external 
elastic lamina. The adventitia consists of connective 
tissue, nerve fi bers and the vasa vasorum.

Based upon their location in the circulatory sys-
tem, size, and functional microscopic anatomy, ar-
teries can be divided into: large or elastic arteries 
(such as the aorta), medium sized or muscular ar-
teries (such as the coronary arteries), small arteries 
with a diameter smaller than 2 mm, and arterioles. 
The thickness of the arterial wall gradually dimin-
ishes as the vessel becomes smaller, but its ratio to 
the lumen diameter becomes proportionally greater. 
Depending on their position and function in the ar-
terial system, the basic confi guration of the arterial 
walls, as described above, may vary, especially in the 
media and the extracellular matrix. For instance, 
the aorta needs to be able to expand during the sys-
tole. Therefore, the media is rich in elastic fi bers and 
arranged in functional lamellae of smooth muscle 
cells and elastic fi bers. In contrast, muscular arter-
ies and arterioles regulate regional blood fl ow and 
blood pressure by changing luminal size by contrac-
tion or relaxation of the smooth muscle cells. In this 
part of the arterial system, the media contains cir-

Fig. 4.1.1. Micrograph showing a normal muscular artery 
with a single layer thick intima (I), the media (M, arrows 
mark the borders) and adventitia (A)
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cularly and spirally arranged smooth muscle cells, 
and the elastic fi bers are limited to the internal and 
external elastic laminas.

The main cellular components of arteries are en-
dothelial cells and smooth muscle cells. Endothelial 
cells form a continuous lining called the endothelium. 
The integrity of this single cell-thick layer is essential 
for the maintenance of vessel wall homeostasis and 
normal circulatory function. Endothelial cells have 
many different properties and functions, including: 
(1) permeability barrier function, (2) anticoagulant, 
antithrombotic and fi brinolytic effects, (3) extracel-
lular matrix production, (4) oxidation of LDL, (5) 
regulation of infl ammation and (6) regulation of cell 
growth. In addition to their contractile and relaxing 
properties, smooth muscle cells are able to synthesize 
collagen, elastin and proteoglycans and change (the 
function of) growth factors and cytokines.

 4.1.2 
Endothelial Dysfunction and the 
Pathogenesis of Atherosclerotic Plaques

Endothelial cells can respond to several stimuli 
by adjusting their normal physiological functions 
and by inducing new properties. This so-called en-
dothelial activation can cause an increase in the 
expression of adhesion molecules and an increased 
production of growth factors and coagulation pro-
teins. Endothelial dysfunction, however, can be re-
sponsible for the initiation of thrombus formation 

and atherosclerosis. Certain forms of endothelial 
dysfunction may develop within minutes and can 
be reversible, whereas others may require alterations 
in gene expression and protein synthesis, which may 
take days to develop.

Concerning the etiology of atherosclerosis, sev-
eral major and minor clinical risk factors have been 
recognized. Well-established or major risk factors 
of atherosclerosis are cigarette smoking, hyperten-
sion, hypercholesterolemia, and diabetes mellitus. 
In addition to these clinical risk factors, hemody-
namic factors, in particular disturbed arterial fl ow 
and increased arterial pulsatile shear stress, also 
contribute to endothelial dysfunction. Moreover, 
patients with more than one risk factor will more 
often experience complications of atherosclerosis 
at a younger age than patients with only one risk 
factor. Hemodynamically disturbed arterial fl ow 
and pulsatile shear stress provide us with an ex-
planation why atherosclerosis mainly arises at the 
level of bifurcations of the larger elastic arteries. 
Sites of predilection of atherosclerosis, in addition 
to coronary arteries, are the aorta, the carotid ar-
teries and the femoral and popliteal arteries. Ac-
cording to the response to injury theory, endothe-
lial dysfunction is thought to play a key role in the 
development of atherosclerosis. In dysfunctional 
endothelial cells increased abluminal transport of 
serum proteins occurs, in particular LDL-choles-
terol. Upon oxidation in the intima of the arterial 
wall, LDL-cholesterol is phagocytosed by mac-
rophages, which enter the intima as monocytes 
from peripheral blood. The initial stage of athero-
sclerosis, which may be observed already at young 

Fig. 4.1.2. The micrograph on the 
left shows a coronary artery with a 
thick intima (I) with fi brosis. The 
box indicates the detailed micro-
graph shown on the right, contain-
ing a large number of foamy mac-
rophages
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age is called fatty streak (Fig. 4.1.2). Histologically, 
the fatty streak consists almost only of foamy mac-
rophages which have ingested LDL-cholesterol and 
other serum proteins. After this initial stage, ath-
erosclerosis may develop over decades to become 
a fi brofatty atherosclerotic plaque. In its typical 
presentation the fi brofatty plaque is an eccentric 
plaque in the intima of an elastic or larger muscu-
lar artery (Fig. 4.1.3). In textbooks of pathology, the 
atherosclerotic plaque is usually depicted as an ad-
vanced fi brofatty plaque. The advanced fi brofatty 
plaque contains a large lipid core containing cell 
debris, cholesterol crystals, foamy macrophages, 
and calcifi cations (Fig. 4.1.4). The lipid core is sep-
arated from the vascular lumen by a fi brous cap, 
a band of collagen synthesized by myofi broblasts, 
often called smooth muscle cells. Infl ammatory 
cells are also found in an advanced atherosclerotic 
plaque, indicating that immune reactions have oc-
curred. In addition, in most advanced fi brofatty 
plaques ingrowth of small capillaries is observed 
(Fig. 4.1.5). The eccentric plaque bulges into the 
narrowed arterial lumen. The adaptation of the 
vessel wall, by which lumen diameter may increase 
to a certain extent, is called positive arterial re-
modeling. However, progression of the atheroscle-
rotic plaque will fi nally result in severe narrowing 
of the vessel lumen and this will give rise to clinical 
symptoms, e.g. angina pectoris due to severe nar-
rowing of a coronary artery. The more life threat-
ening acute coronary syndromes such as unstable 
angina pectoris and myocardial infarct are nearly 
always caused by atherothrombosis with partial or 
complete lumen stenosis. The morphology of ath-

erosclerotic plaques complicated by atherothrom-
bosis is heterogeneous. About 60% of complicated 
plaques are due to plaque rupture, by which the 
highly thrombogenic plaque core is exposed to the 
luminal surface. Another 30% of cases of athero-
thrombosis are due to plaque erosion. In these 
cases the eroded surface usually contains smooth 
muscle cells embedded in myxoid stroma rich in 
small capillaries, quite different from the fi brous 
cap observed in most fi brofatty plaques. The fi nal 
10% of cases of atherothrombosis are related to a 
plaque bleeding or a large calcifi ed nodule exposed 
to the surface. Interestingly, in patients presenting 
with an acute coronary syndrome, the culprit fi bro-
fatty plaque lesion with atherothrombosis is more 
often seen in segments with less than 70% stenosis 
also showing positive arterial remodeling in stead 
of segments with severe stenosis.

 4.1.3 
Calcifi cation of Plaques

From the radiologist’s point of view the calcifi cation 
process in atherosclerosis is interesting, because of 
the possibility to visualize calcium deposits and the 
fact that the calcifi cation process parallels the for-
mation of the atherosclerotic plaque. In this context 
it is important to note that calcifi cation is usually 
much less prominent in complicated plaques due 
to erosion of a myxoid and cellular intima when 
compared to complicated plaques with rupture of 
a lipid rich core. Thus, it is important to be aware 
of the fact that calcifi cation is present in a subset 
of morphologically heterogeneous atherosclerotic 
plaques. In the early stage of the prototypical athero-
sclerotic plaque called fatty streak no calcium can be 
detected. On the other hand, in nearly all advanced 
classical fi brofatty plaques a certain amount of calci-
fi cation may be observed. Calcifi cation in advanced 
fi brofatty atherosclerotic lesions may already pres-
ent in relatively young people (Stary 1990). With 
increasing age, calcium granules grow in size, form 
lumps and sometimes plates. The lumps and plates 
tend to be in the periphery of the lipid core, espe-
cially in the base. In type VII (‘calcifi c lesion’) and 
type VIII (‘fi brocalcifi c lesion’) lesions, the necrotic 
core has become much smaller and is predominantly 
replaced by calcium and fi brotic tissue, respectively 
(Stary 1995, 2000).

Fig. 4.1.3. Coronary artery with an eccentric plaque with a 
small calcifi cation (asterisk) and a thick fi brous cap (double 
arrow)
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As calcium deposition parallels the progression 
of atherosclerotic lesions, it is conceivable that the 
amount of calcifi cation is associated with the ath-
erosclerotic plaque burden (Detrano et al. 2008). 
However, atherosclerotic lesion types in coronary 
arteries of older adults can be quite heterogeneous, 
including early and advanced stages. In morpho-
metric analysis of the composition of plaques in 
coronary events, the overall plaque area and the area 
of calcifi cation were linearly associated ( Kragel et 
al. 1989). The coronary calcium area of hearts as a 
whole, of individual coronary arteries and of indi-
vidual coronary segments was highly correlated 
with the histologically quantifi ed coronary plaque 
area (Rumberger et al. 1995). The detected amount 
of coronary calcifi cation was about one fi fth of the 

measured atherosclerotic plaque burden in corre-
sponding segments. Further analyses showed that 
the increase in amount of coronary calcifi cation 
with advancing age was similar to the increase in 
coronary atherosclerosis (Sangiorgi et al. 1998). Al-
though the absence of calcifi cation did not exclude 
the presence of possibly unstable plaque, there was a 
low plaque burden on average. Nevertheless, despite 
signifi cant correlations between calcifi cation area 
and plaque area, the individual variability in calci-
fi cation was large.

 4.1.4 
Calcifi cation and Plaque Rupture

Most myocardial infarctions are caused by throm-
botic occlusion of a coronary artery after plaque 
rupture. Therefore, it is important to identify the 
atherosclerotic lesions which are most vulnerable to 
rupture. The composition of the plaques rather than 
lumen stenosis is presently regarded as the main de-
terminant of acute coronary events (Van der Wal et 
al. 1994). Evidence on the composition of vulnerable 
lesions comes predominantly from autopsy studies, 
and from investigations with intravascular ultra-
sound (IVUS) or MRI (Briley-Saebo et al. 2007). 
The three major determinants of plaque vulnerabil-
ity are the size and structure of the lipid core, the 
thickness of the fi brous cap covering the core, and 
infl ammation in and near the cap (Virmani et al. 

Fig. 4.1.4. Eccentric plaque with a 
necrotic core, calcifi cation (asterisk) 
and a very thin fi brous cap (arrow). 
On the right hand side a detail show-
ing cholesterol needles (white spikes) 
surrounded by deposited calcium 
(purple material)

Fig. 4.1.5. A coronary artery with a very narrow lumen, as 
well as newly formed vessels (V) inside the plaque
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2000). If the lipid core of a lesion is large and soft, the 
plaque is at higher risk of rupture. Thinning of the fi -
brous cap and reduction of the collagen content of the 
cap also increase rupture risk. Part of this increased 
risk may be due to break-down of matrix proteins by 
proteases, released by activated macrophages, and a 
reduction in synthesis of matrix proteins by smooth 
muscle cells (Davies et al. 1993). If cap thickness 
is low, circumferential stress at the luminal border 
of the plaque shows a critical increase (Loree et 
al. 1994). It has been demonstrated that local varia-
tions in stress, possibly due to variations in plaque 
composition, may contribute to rupture of plaques 
(Cheng et al. 1993). Furthermore, heavy infi ltration 
of macrophages in the cap and at the shoulder region 
is associated with plaque rupture. The role of cal-
cifi cation in the pathogenesis of coronary events is 
unclear. As mentioned before, the amount of calcium 
is related to the total amount of plaque, including 
unstable plaque sections. Since the plaque burden 
is related to myocardial infarction and sudden car-
diac death, the quantity of calcifi cation can possi-
bly identify the persons at highest risk of coronary 
events (Schenker et al. 2008). A histopathological 
comparison of coronary arteries of subjects dying 
from sudden cardiac death (cases) and subjects dy-
ing from noncardiac causes (controls) showed that 
the plaque area, lipid core size and calcifi ed area 
were larger in cases than in controls (Schmermund 
et al. 2001). In an analysis restricted to narrowed 
coronary sections from cases, ruptured plaques had 
an increased plaque area, lipid core size, calcifi ed 
area, and percentage of segments with calcifi cation, 
compared to stable plaques. It was stated that the 
surplus of calcium in ruptured plaques could simply 
refl ect the larger plaque burden of ruptured plaques, 
and not a causal relationship between calcium and 
rupture. Using electron-beam CT (EBT) to compare 
infarct-related and non-infarct-related arteries in 
subjects with myocardial infarction, the amount of 
calcium, calcifi ed areas and number of calcifi cations 
were higher for culprit arteries than for non-culprit 
arteries (Mascola et al. 2000). Clearly, a relation 
exists between coronary calcifi cation and severity 
of coronary disease (Finn et al. 2007). However, 
whether calcifi cation itself is a harmful or protective 
process, is a matter of debate. One necropsy study 
found that plaques in severely narrowed vessel seg-
ments contained less calcium in subjects with fatal 
myocardial infarction than in subjects with sudden 
cardiac death. It was therefore suggested that calci-
fi ed deposits may impart stability and tend to reduce 

vulnerability for plaque rupture. Observations in a 
helical CT study corroborate this view (Shemesh et 
al. 1998). In this study myocardial infarction was 
prone to originate from non- or mildly calcifi ed cul-
prit arteries, while in subjects with stable angina 
pectoris coronary arteries were generally extensively 
calcifi ed. Thus, increasing calcifi cation of individ-
ual atherosclerotic lesions may decrease the risk of 
thrombotic obstruction at the lesion site and there-
fore of a coronary event. Biomechanical results are 
ambiguous. Calcifi cation of individual plaques was 
found to make plaques stiffer and induce resistance 
to fi brous cap rupture, and extensive calcifi cation 
may reduce stress in the fi brous cap (Lee 2000; Lee 
et al. 1991). However, focal calcifi cation may increase 
stress at the shoulder regions and in the cap (Veress 
et al. 2000). This leads to the conclusion that coro-
nary calcifi cation may have a different signifi cance 
in the context of individual plaques and of the total 
plaque burden. Further research is needed to elu-
cidate the precise role of coronary calcifi cation in 
plaque formation and stabilization.
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Non-Invasive Measurement of  4

Coronary Atherosclerosis

4.2 Detection and Quantifi cation of Coronary Calcifi cation

Rozemarijn Vliegenthart Proença and Christopher Herzog

 4.2.1 
Introduction

A number of radiological techniques have the po-
tential to detect calcifi cation of the coronary ar-
teries, namely plain chest radiography, fl uoroscopy, 
conventional computed tomography, electron-
beam computed tomography, multidetector-row 
computed tomography, intravascular ultrasound, 
magnetic resonance imaging, and transthoracic 
and transesophageal echocardiography. In the fol-
lowing, the methods that are most commonly used 
for visualization of coronary calcifi cation are dis-
cussed.

Coronary calcifi cation has been demonstrated 
incidentally with plain chest radiography. However, 
most patients with coronary artery disease have no 
visible calcifi cations in the coronary arteries on chest 
radiographs. This is mainly due to distinct cardiac 
moving artefacts masking the commonly rather dis-
crete coronary calcifi cations. The accuracy of chest 
radiography thus was only 42% compared to fl uo-
roscopy, which is also a rather insensitive technique 
(see below) (Souza et al. 1978).

 4.2.2 
Fluoroscopy

Already in 1968, coronary calcifi cation seen fl uo-
roscopically was found to be related to the pres-
ence of symptomatic heart disease (McGuire et 
al. 1968). In the 1970s, cardiologists reported the 
detection of coronary calcifi cation by fl uoroscopy 
as a potential aid in the diagnosis of coronary ar-
tery disease (CAD) (Bartel et al. 1974; Aldrich et 
al. 1979). Until then, the only noninvasive method 
for detecting CAD was exercise testing. There are, 
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however, a number of limitations to exercise test-
ing: it can only detect plaque constricting the lu-
men severely enough to compromise blood fl ow, it 
may cause a coronary event in high-risk subjects, 
and the possibility to perform the test depends on 
the exercise capacity of the patient. In contrast to 
exercise testing, cardiac fl uoroscopy was a rapid, 
inexpensive and widely available procedure. With 
different projections, the presence of calcifi cation 
in the individual coronary arteries could be as-
sessed. A number of studies since then have been 
performed that integrated fl uoroscopy in the pre-
catheterization evaluation of patients undergoing 
selective coronary angiography (Hamby et al. 1974; 
Bierner et al. 1978; Aldrich et al. 1979; Detrano 
et al. 1985; Uretsky et al. 1988). After fl uoroscopic 
images were relayed to a TV monitor or recorded on 
cinefi lm, observers rated each coronary artery as to 
the presence or absence of calcifi cation. Table 4.2.1 
shows the results of eight studies comparing fl uo-
roscopic detection of coronary calcifi cation with 
angiographically detected disease (at least 50% lu-
minal narrowing). Because it is diffi cult to justify 
an invasive procedure like coronary angiography 
without suspicion of CAD, these studies were all 
conducted in patients with symptomatic CAD. 
Aldrich et al. (1979) found that the diagnostic ac-
curacy of fl uoroscopy approached that of exercise 
testing. The accuracy of a positive test result was 
86% for fl uoroscopy but 69% for exercise testing. 
In the published studies, the sensitivities for de-
tecting any angiographic disease ranged from 40% 
to 79%, while the specifi cities varied from 52% to 
93%. The large variability in test parameter values 

can partly be explained by differences in threshold 
for signifi cant coronary obstruction, differences 
in disease prevalence in the different populations, 
and bias caused by evaluation of angiographic or 
fl uoroscopic images without blinding to the result 
of the other test. A meta-analytic review on the 
value of cardiac fl uoroscopy reported a weighted 
mean sensitivity of 59% and a weighted mean 
specifi city of 82% (Gianrossi et al. 1990). It can 
be concluded that the sensitivity of fl uoroscopy for 
detection of CAD is quite low, so many patients 
with signifi cant luminal narrowing do not have a 
positive fl uoroscopic test result. The low sensitiv-
ity is partially due to image quantum noise and to 
interfering background structures like ribs, spine 
and great vessels that obscure calcifi cation during 
the fl uoroscopic examination. Notwithstanding the 
low sensitivity, Margolis et al. (1980) found that 
coronary calcifi cation detected by fl uoroscopy has 
prognostic signifi cance: in a population of patients 
undergoing selective angiography because of sus-
pected CAD, the 5-year survival rate was 58% in 
subjects with calcifi cation while survival was 87% 
in subjects without calcifi cation. However, the low 
sensitivity limits the use of fl uoroscopy as a screen-
ing test for latent CAD. In addition, there are some 
technical diffi culties in detecting small calcifi ed 
lesions by fl uoroscopy that prohibit its use for mass 
screening: a high kilovoltage is needed to penetrate 
subjects with large body habitus, and only trained 
radiologists can reliably evaluate the presence of 
coronary calcifi cation.

To improve the sensitivity of conventional fl uo-
roscopy, Detrano et al. (1985) employed a tem-
poral blurred mask subtraction technique after 
digitalization of the fl uoroscopic images. With this 
technique, interfering background structures are 
subtracted from the image, while moving cardiac 
structures partly escape from elimination. Fur-
thermore, image averaging over part of the cardiac 
cycle results in blurring of the subtracted mask and 
at the same time in enhancement of radiodense ob-
jects like calcifi cations within a less radiodense 
fi eld. This method was tested in 191 patients re-
ferred for coronary angiography. The sensitivity 
of digital subtraction fl uoroscopy for signifi cant 
luminal narrowing was superior to that of con-
ventional fl uoroscopy (92% versus 63%). Despite a 
decrease in specifi city (65% versus 81%), the diag-
nostic accuracy of digital subtraction fl uoroscopy 
was higher. Reading of coronary arteries on digital 
subtraction fl uoroscopic images, scored as having 

Table 4.2.1. Studies on the comparison of coronary calcifi ca-
tion detected by fl uoroscopy with angiographically detected 
coronary artery disease

Study Patients
(n)

Sensitivity
(%)

Specifi city
(%)

Hamby et al. (1974) 500 76 78

Bierner et al. (1978) 436 57 92

Aldrich et al. (1979) 181 66 52

Margolis et al. (1980) 800 40 93

Hung et al. (1984) 92 79 83

Detrano et al. (1986) 297 66 81

Uretsky et al. (1988) 600 76 79

de Korte et al. (1995) 778 52 91
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heavy, mild or no calcifi cation, was found to be 
highly reproducible (Tang et al. 1994). A study of 
1461 asymptomatic, high-risk subjects voluntarily 
undergoing digital subtraction fl uoroscopy had 
some important fi ndings (Detrano et al. 1994). 
Firstly, coronary calcifi cation was detectable in the 
majority of asymptomatic subjects. Secondly, coro-
nary calcifi cation showed the strongest association 
with age. Since coronary calcifi cation is increas-
ingly common with age, the authors concluded that 
detection of coronary calcifi cation alone may be in-
adequate for screening. They proposed that the se-
verity of coronary calcifi cation should be assessed 
in a quantitative manner, to determine thresholds 
for different age categories. Two radiological tech-
niques were suggested to quantify coronary calci-
fi cation: dual energy digital subtraction fl uoros-
copy (Molloi et al. 1991) and ultrafast computed 
tomography (see Sect. 4.2.4).

Dual energy fl uoroscopy exploits the energy de-
pendence of tissue attenuation coeffi cients. Images 
are obtained by switching a high- and a low-energy 
beam at a high frequency. After correction for scat-
ter and veiling glare (for the purpose of calcium 
quantifi cation), weighted logarithmically trans-
formed high-energy images are subtracted from 
low-energy images. From the resulting dual energy 
images, the absolute calcium mass can be quanti-
fi ed. Molloi et al. (1991) reported that calcium 
masses estimated from dual energy images corre-
lated well with true calcium masses in a calcium 
phantom and in calcifi ed arteries. However, the 
distribution of calcifi cations within the coronary 
arteries has not been determined by this method, 
and will probably heavily depend on the projection. 
No in vivo reports have been published using dual 
energy digital subtraction fl uoroscopy to quantitate 
coronary calcifi cation.

 4.2.3 
Conventional Computed Tomography

Because calcium attenuates the X-ray beam, and 
because computed tomography (CT) provides ex-
cellent contrast resolution, CT can easily detect 
coronary calcifi cations. Calcifi cation of the coro-
nary arteries is often noted on chest scans per-
formed for non-cardiac indications (Stanford 
and Thompson 1999). Rienmüller and Lipton 

(1987) compared CT, fl uoroscopy and coronary 
angiography in 47 patients (mean age 57 years). 
In vessels with signifi cant CAD, calcifi cation was 
visible on 62% of the CT scans, but only on 35% of 
the fl uoroscopic images. CT detected calcifi cation 
in all patients with angiographic coronary stenosis 
and in all patients with fl uoroscopic calcifi cation. 
Another study of patients referred for coronary an-
giography evaluated the sensitivity and specifi city 
for signifi cant stenosis in the different coronary 
arteries (Timins et al. 1991). Sensitivity of coro-
nary calcifi cation ranged from 16% for the right 
coronary artery (RCA) to 78% for the left ante-
rior descending coronary artery (LAD), while the 
specifi cities ranged from 78% for LAD to 100% for 
RCA. The high positive predictive values (between 
83% and 100%) suggested that signifi cant CAD is 
very likely when coronary calcifi cation is present. 
In a Japanese study 90% of patients with coronary 
calcifi cation detected by CT had signifi cant angio-
graphic stenosis, while 80% of patients with steno-
sis showed calcifi cation on the CT scan (Masuda 
et al. 1990). On an individual artery basis, sen-
sitivity of calcifi cation for stenosis in a coronary 
artery was 65%, while the specifi city was found to 
be 87%. All three studies recorded calcifi cation in 
the individual coronary arteries as present or ab-
sent. However, more sophisticated determination 
of the degree of calcifi cation is necessary to pre-
dict coronary disease in older subjects, because of 
the increasing prevalence of coronary calcifi cation 
with age. Moore et al. (1989) attempted to devise 
a scoring system to assess the amount of coronary 
calcifi cation. The length of a calcifi cation at the 
level of the aortic root (in centimeters), the number 
of slices with calcifi cation, and the maximum width 
of calcifi cation (in millimeters) were added. Thus, 
a score was yielded per vessel. Severe calcifi cation 
was highly predictive of signifi cant CAD. However, 
many vessels with signifi cant stenosis did not show 
calcifi cation. In a sub-study of patients undergoing 
thoracotomy, the presence of coronary calcifi cation 
increased the risk of cardiac complications. The au-
thors concluded that CT was not sensitive enough 
to be used for cardiac screening, but recommended 
it to report the presence of calcifi cation on chest CT 
scans to alert cardiac surgeons. In general conven-
tional CT suffers from slow scan times, resulting 
in considerable motion artifacts, partial volume 
effects, breathing misregistration, low sensitivity 
for small calcifi ed lesions, and inability to quantify 
calcifi cation accurately.
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 4.2.4 
Electron-Beam Computed Tomography

Electron-beam computed tomography (EBCT) has 
resolved many of the problems of conventional CT, 
owing to an acquisition time of 100 ms or less (there-
fore formerly called ‘ultrafast’). The very short ac-
quisition time freezes cardiac motion, and greatly 
improves image quality. The scan commonly con-
sists of 20 or 40 adjacent 3 mm images obtained 
by incremental table feed. The images are usually 
acquired during one or two breath-holds and are 
scanned at the moment of lowest cardiac motion 
usually the mid-diastole (diastasis) or end-systole. 
This approach is enabled by ECG-synchronized 
image acquisition also known as prospective ECG-
triggering. Usually image acquisition is done within 
the mid-diastole (diastasis), which commonly repre-
sents the longest and calmest period in the cardiac 
cycle (Herzog et al. 2006). This period is commonly 
located at approximately 70% of the cardiac cycle. 
However, at elevated heart rates the length of the 
diastase gradually diminishes to a point (approxi-
mately 95 bpm) where the total duration of the dias-
tole merely matches the length of the phase of rapid 
infl ow (Herzog et al. 2006). According to cardio-
mechanics it is the transition between the end-sys-
tole and early-diastole that in fact displays the phase 
of least cardiac motion. Thus in the presence of el-
evated heart rates less motion artefacts and there-
fore improved image quality is observed if images 
are acquired at approximately 30% of the cardiac 
cycle (end-systole). This observation is reinforced 
by other investigators who earlier demonstrated 
that lowest velocity of coronary arterial movement 
is observed during the end-systole (Achenbach et 
al. 2000).

Tanenbaum et al. (1989) were the fi rst to docu-
ment the detection of coronary calcifi cation by 
EBCT, and studied the correlation with angiographic 
fi ndings. In 54 patients angiographic results were 
compared with the presence of calcifi ed deposits 
on 50 ms scans with 1.5 mm² pixel size. Signifi cant 
stenosis was present in 43 patients. The sensitivity 
and specifi city of coronary calcifi cation for the pres-
ence of signifi cant CAD were 88 and 100%, respec-
tively. Agatston et al. (1990) reported the fi rst large 
study of 584 subjects using EBCT for the detection 
of coronary calcifi cation. Of the subjects, 475 had 
no history of coronary disease. The scoring protocol 
consisted of 20 adjacent 3-mm slices with an acquisi-

tion time of 100 ms. EBCT identifi ed calcifi cation in 
90% of subjects, while fl uoroscopy detected calcium 
in only 52% of subjects. Figure 4.2.1 shows an image 
obtained with EBCT, with identifi cation of several 
structures.

Investigators soon realized the potential of 
EBCT to perform quantitative measurements of 
coronary calcifi cation. In an attempt to determine 
the amount of coronary calcifi cation, Agatston et 
al. (1990) devised an arbitrary scoring algorithm. 
This method has become the standard for the 
quantifi cation of calcium in the coronary arter-
ies. On each image level, only pixels with a density 
over 130 Hounsfi eld Units (HU) are regarded as 
calcifi ed. A value of 130 HU corresponds to a den-
sity which lies two standard deviations above the 
average density of blood in the aorta. The spatial 
threshold for a calcifi ed lesion is set at > 2 pixels. 
After placing a region of interest around all lesions 
found in a coronary artery, the lesion area and den-
sity are determined. The calcium score of the indi-
vidual calcifi ed lesions is calculated by multiplying 
the calcium area (in mm2) and a factor based on the 
maximum density of the lesion. This factor ranges 
from 1 to 4 in the following manner: 1 = 130–199 
HU,  2 = 200–299 HU,  3 =  300–399 HU, 4 = at least 
400 HU. The total calcium score results from add-
ing up the scores for all individual calcifi ed lesions. 

Fig. 4.2.1. Left circumfl ex coronary artery (LCX). LA, left 
atrium; LAD, left anterior descending artery; RA, right 
atrium; RV, right ventricle; 
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Fig. 4.2.2. Interface 
of calcium scoring 
program software

This calcium scoring protocol has been incorpo-
rated in a number of dedicated software programs. 
Figure 4.2.2 shows the interface of a calcium scor-
ing software program, while examples of different 
amounts of coronary calcifi cation are visible in 
Figure 4.2.3.

Agatston et al. (1990) found an increase in cal-
cium score with age. Sensitivity, specifi city and pre-
dictive values were calculated for different calcium 
scores in each decade. The negative predictive value 
of a calcium score of 0 for age groups 40–49, 50–59, 
and 60–69 years, was 98%, 94%, and 100%, respec-
tively. Furthermore, the interobserver agreement 
for 88 scans scored by two independent readers was 
excellent. The authors put forward that the range of 
calcium scores allows the choice of threshold val-
ues tailored to the scan population. Rumberger et 
al. (1995) found that the amount of coronary calci-
fi cation, expressed in the calcium score, was also 
strongly related to the total amount of plaque. In 
a study by  Mautner et al. (1994) there was a close 
correlation between the calcium score and the histo-
morphometric calcium area in over 4000 segments 
from heart specimens.

Reliability of calcifi cation measurements is of ut-
most importance if EBCT is to be a screening test 
for CAD. However, there is debate on the accuracy 
and reproducibility of calcium scores using EBCT. 

Unfortunately intra- and interobserver ( Kaufmann 
et al. 1994; Hernigou et al. 1996) as well as inter-
scan variability of calcifi cation measurements is 
low, the latter ranging from 14% to 37% (Kajinami 
et al. 1993; Bielak et al. 1994; Shields et al. 1995; 
Wang et al. 1996; Callister et al. 1998a; Yoon et 
al. 2000; Achenbach et al. 2001a; Möhlenkamp 
et al. 2001). Part of the inter-scan variability can be 
attributed to the susceptibility of Agatston’s scor-
ing method to substantial change in calcium scores 
with minimal variation in plaque attenuation or 
area. Reproducibility found in different studies has 
been summarized in Table 4.2.2. Different scan pro-
tocols have been investigated that may help to in-
crease the reproducibility of calcium scoring, such 
as use of thicker slice thickness (Wang et al. 1996; 
 Callister et al. 2000), use of a calibration phantom 
(McCullough et al. 1995), heart rate dependent 
choice of the image acquisition window (see above) 
(Mao et al. 2001), use of higher section increment 
(Achenbach et al. 2001b) and new scoring meth-
ods ( Detrano et al. 1995; Kaufmann et al. 1994; 
 Callister et al. 1998b).

In a study by Wang et al. (1996), reproducibil-
ity increased when scan slices of 6 mm instead of 
3 mm were obtained. Mao et al. (2001) showed 
that triggering at 40% of the R-R interval reduced 
the calcium score variability by 34% as compared 
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to standard triggering at 80%. Achenbach et al. 
(2001b) found a decrease in variability from 23% to 
9% when using overlapping cross-sections. Other 
scoring methods have been proposed which seem to 
be more reproducible than the traditional calcium 
score according to Agatston et al. (1990). Detrano 
et al. (1994, 1995) described an arterial summation 
method (1994) and a mass estimation method (1995). 
Although both the traditional scoring method and 
the alternative methods refl ected the actual mass 
of calcium, the reproducibility was higher for the 
mass estimation method. Other methods such as 
summing areas or regions of interest have been 
proposed by Kaufmann (1994). Callister and co-
workers (1998b) found an improved reproducibility 
when scoring coronary calcifi cations with a volu-
metric method, with a reduction in variability from 
19% for the traditional score to 13% for the volume 
score. An overview of the scoring methods is pro-
vided in Table 4.2.3. The validation and validity of 
the use of EBCT for the detection and quantifi cation 
of coronary calcifi cation will be discussed in detail 
in Chap. 4.3.

Table 4.2.2. Interscan variability of calcium scores in 
EBCT studies

Study Patients 
(n)

Variability 
(%)

Kajinami et al. (1993) 75 34

Shields et al. (1995) 50 38

Wang et al. (1996)
     3-mm Slices
     6-mm Slices

72
77

29
14

Callister et al. (1998b) 
     Traditional calcium score
     Volumetric score

52 19
13

Yoon et al. (2000) 1000 39

Achenbach et al. (2001b)
     Traditional calcium score
     Volumetric score

120 20
16

Möhlenkamp et al. (2001)
     Traditional calcium score
     Area score

50 19 (median)
13

Fig. 4.2.3a–c. 
Examples of none to 
mild (a), moderate (b), 
and extensive (c) 
coronary calcifi cation 
shown on EBCT

b

a

c
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 4.2.5 
Multidetector Computed Tomography

Lastly, with the availability of sub-second slice ac-
quisition times conventional sequential CT has been 
considered as a possible imaging modality for detec-
tion of coronary calcifi cation. Becker et al. (1999) 
compared 50 patients using EBCT and conventional 
500-ms partial scan CT. Conventional scans were 
acquired during two breath-holds and without 

ECG-triggering. Although a high correlation coef-
fi cient was found between calcium scores of both 
modalities, variability in calcium scores between 
both modalities was 42%. However, other study 
groups earlier were able to perform calcium scor-
ing within a single breath-hold on a dual-slice spiral 
CT scanner with only 1-s rotation time (Shemesh et 
al. 1995;  Broderick et al. 1996). Whereas sensitiv-
ity of calcifi ed plaques regarding the detection of 
CAD was high, ranging from 81% to 92%, specifi city 
(52% to 61%) and thus diagnostic accuracy was low 
(74%–84%). Although the test characteristics were 
comparable to those reported in EBCT studies, CT 
images were acquired without use of ECG-triggering. 
The problem with this approach was a distinct over- 
and underestimation of calcium scores respectively 
when compared to EBCT, primarily due to cardiac 
motion artifact (Baskin et al. 1995).

By applying retrospective ECG-gating to CT 
imaging Woodhouse et al. (1997) obtained CT im-
ages with distinctly less motion artifacts and thus 
a higher reproducibility than in the case of non-
gated CT scans. Retrospective ECG-gating allows 
continuous image reconstruction from volume data 
sets during any phase of the cardiac cycle. Tempo-
ral resolution in this feasibility study amounted to 
630 ms but came along with the trade-off of rather 
increased slice thickness.

In 1999, the market introduction of four-row 
multidetector CT (MDCT) with sub-second rota-
tion and sub-millimeter collimation resolved this 
long-lasting trade-off between scan volume and 
section thickness, now allowing for acquisition of 
large scan volumes in sub-millimeter section thick-
ness. Due to this innovation effective slice scan time 
could be decreased to 250 ms and slice thickness to 
1.3 mm, respectively (Becker et al. 2000; Carr et al. 
2000;  McCullough et al. 2000; Becker et al. 2001; 
 Budoff et al. 2001). Several studies compared MDCT 
and EBCT and demonstrated high correlation coef-
fi cients (Becker et al. 2000, 2001; Carr et al. 2000; 
McCullough et al. 2000; Budoff et al. 2001). Cor-
relation coeffi cients ranged between 0.96 and 0.99, 
thus showing an excellent agreement (Table 4.2.4). 
Variability between both methods was 17% – compa-
rable to variability in repeated ECBT examinations. 
Thus, mostly due to its wider availability nowadays, 
MDCT has largely replaced EBCT.

However, MDCT-based determination of coro-
nary artery calcium bears fundamental problems 
such as a high variability, lack of standardization 
or insuffi cient quality assurance (Achenbach 

Table 4.2.3. Different methods for quantifi cation of coro-
nary calcifi cation, detected by EBCT

Traditional calcium score (Agatston et al. 1990):

∑ [area ( 
 130 HU) � 1 if (peak CT number 130–199 HU)
                                   2 if (peak CT number 200–299 HU)
                                   3 if (peak CT number 300–399 HU)
                                   4 if (peak CT number 
 400 HU)] 

Area score (Kaufmann et al. 1994): 
∑ [area ( 
 130 HU)]

Lesion score (Kaufmann et al. 1994): 
∑ [n (ROI { 
 130 HU})]

Arterial summation (Detrano et al. 1994):

A = {∑ [area ( 
 130 HU) � (mean of each calcifi ed ROI 
       – mean of ROI without Ca)]}

A / slope a � slice thickness  =  arterial summation

Mass estimation (Detrano et al. 1995):

∑ b [proportion Ca � mass of voxel pure Ca]

Proportion Ca can be calculated:

1. CT number  =  (proportion soft tissue � CT soft tissue) 
    + (proportion Ca � CT Ca)

2. In each voxel, proportion soft tissue 
    + proportion Ca  =  1

3. Proportion Ca = 
CT number  CT soft tissue

CT Ca  CT soft ttissue

Volume score (Callister et al. 1998b):

∑ [area ( >130 HU) × slice thickness]

Or: ∑ [volume ( 
130 HU) using isotropic interpolation]

�, Sum of all slices, except for mass estimation method. Ca 
is calcium hydroxyapatite.
a Slope is regression line calculated from known calcium 

concentrations and the mean CT numbers in each slice of 
cylindrical inserts in a calcium phantom.

b For all voxels with CT number > 100 HU.
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et al. 2001c; Ulzheimer et al. 2002; Becker et al. 
2003). Particularly a high inter-scan, inter-observer, 
and intra-observer variability associated with this 
test have been recognized (Devries et al. 1995; 
Hernigou et al. 1996; Wang et al. 1996; Yoon et al. 
2000; Achenbach et al. 2001c; Lu et al. 2002). The 
lowest inter-scan variability and highest reproduc-
ibility for coronary artery calcium measurements 
have been reported for mechanical spiral CT by use 
of narrow collimation and retrospective ECG-gat-
ing technique. More recent studies found inter-scan 
variability of about 10% or less for repeated four-de-
tector row CT examinations (Detrano et al. 2002; 
Moser et al. 2002; Ohnesorge et al. 2002), which 
may be accurate enough to enable sensitive detec-
tion of changes in the total atherosclerotic disease 
burden in patients with and in those without specifi c 
therapy. In comparison to the prospectively ECG-
triggered technique, however, CT acquisition with 
retrospective ECG gating is associated with a higher 
effective radiation dose (2.6–4.1 mSv) (Morin et al. 
2003). With sophisticated technical devices, such as 
ECG-based tube current modulation, radiation ex-
posure can be reduced to levels that are comparable 
to those of the prospectively ECG-triggered acquisi-
tion technique (Jakobs et al. 2002; Poll et al. 2002). 
At present, quantifi cation of the actual amount of 
calcifi ed plaques is still done semi-quantitatively 
and based on section-by-section analysis of CT im-
ages. This approach was fi rst proposed by Agatston 
et al. (1990) and been used ever since (for details see 
Sect. 4.2.4). However, recent studies (Callister et 
al. 1998b; Kopp et al. 2002; Ohnesorge et al. 2002; 
 Ulzheimer et al. 2003) reveal less variability and 
more accurate results when using quantitative mea-
sures (Ca++ volume, absolute Ca++ mass) as compared 
to the traditional scoring method according to Ag-

atston. Nowadays results for all three measurement 
approaches are standardized and provided on most 
software platforms (Callister et al. 1998b; Kopp 

et al. 2002; Ohnesorge et al. 2002; Ulzheimer et 
al. 2003). Determination of the absolute Ca++ mass 
is based on a scanner-specifi c calibration and thus 
appears most promising not only in terms of accu-
racy, consistency, and reproducibility of coronary 
calcium assessment (Ulzheimer et al. 2003), but 
also regarding a future replacement of traditional 
scoring methods (Becker et al. 2003).

 4.2.6 
Intravascular Ultrasound

Intravascular ultrasound (IVUS) is the most sensitive 
in vivo imaging modality for the characterization of 
plaque components, including calcium (Mintz et al. 
1992; Tuzcu et al. 1996). IVUS imaging makes use of 
a high-frequency ultrasound transducer, and can be 
performed during any coronary angiographic pro-
cedure. On IVUS images, calcifi ed deposits appear 
as bright echoes casting acoustic shadows. Quali-
tative description of calcifi cations include location 
(lesion or reference) and distribution (superfi cial or 
deep). Furthermore, the arc of calcium in degrees 
and the length of calcifi c deposits can be measured. 
On sequential images, the arc and length of calci-
fi cation can be used to calculate the percentage of 
plaque surface that is calcifi ed (Scott et al. 2000). 
A comparison of IVUS imaging and histology of 54 
atherosclerotic lesions showed that IVUS predicted 
the plaque composition correctly in 96% of cases 
(Potkin et al. 1990). All calcifi ed plaque quadrants 

Table 4.2.4. Coeffi cients of correlation for EBCT and MDCT regarding the detection and quantifi cation of coronary artery 
calcifi cations

Author Journal Patients (n) Modality Ca++ score r

Becker et al. (1999) Eur Radiol 50 1-Slice CT triggered 983 0.98

Becker et al. (2000) AJR Am J Roentgenol 160 1-Slice CT triggered n.a. 0.98

Carr et al. (2000) AJR Am J Roentgenol 36 1-Slice CT gated 432 0.98

Budoff et al. (2001) Int J Cardiol 33 1-Slice CT un-triggered 52.1 0.68

Knez et al. (2002) Int J Cardiac Imaging 99 4-Slice CT triggered 722 0.99

Stanford et al. Radiology 78 4-Slice CT triggered n.a. 0.96–0.99

n.a., Not available.
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were identifi ed by IVUS. Friedrich et al. (1994) ex-
amined 50 atherosclerotic arteries by IVUS and his-
tology. Three histological types of calcifi cation were 
found: dense calcifi cation, microcalcifi cation (size, 
up to 0.5 mm2) and a combination of the two. Sen-
sitivity and specifi city for densely calcifi ed plaques 
was 90% and 100%, respectively. However, only two 
of the 12 micro-calcifi cations (17%) were detected 
by IVUS. In a study comparing IVUS and histo-
logic fi ndings, IVUS identifi ed calcifi ed lesions with 
a high sensitivity and specifi city (89% and 97%, re-
spectively), but underestimated the calcifi ed plaque 
cross-sectional area by 39% (Kostamaa et al. 1999). 
Two evident factors may contribute to the under-
estimation of the calcifi ed plaque cross-sectional 
area. The fi rst is a limited depth of ultrasound pen-
etration due to the high refl ectivity of the acoustic 
signal by calcium. The second, a non-uniform rota-
tion of the IVUS catheter drive shaft. In a clinical 
study by Mintz et al. (1995) 1155 coronary lesions 
were evaluated by IVUS and coronary angiography. 
While IVUS detected calcium in 73% of lesions, 
angiography could only identify calcium in 38%. 
Compared to IVUS, angiography had a sensitivity 
of only 48%, and a specifi city of 89%. This fi nding 
was confi rmed by Tuzcu et al. (1996): the presence 
of calcium was much higher by IVUS than by an-
giography. In patients with angiographically evident 
calcifi cation, the mean arc of calcium on IVUS im-
ages was larger (175° vs. 108°). The distribution and 
amount of calcium within the vessel wall has a major 
signifi cance in the diagnostic classifi cation of lesion 
subsets (stable or unstable). Furthermore, the calci-
fi cation pattern is regarded as a prognostic indica-
tor for the outcome after coronary interventions, 
and thus infl uences the choice of treatment. The 
disadvantages of IVUS are its invasive nature and 
the limited portion of the coronary tree that can be 
visualized. Thus, currently IVUS has no important 
role in screening for sub-clinical CAD.

 4.2.7 
Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) receives increas-
ing attention for the characterization of atheroscle-
rotic plaques. Noninvasive MRI has been shown as 
a highly potent modality to differ between fi brous 
and lipid components of coronary plaques (Fayad 

et al. 2000; Viles-Gonzales et al. 2004). However, 
the ability of MRI to detect calcifi cation is limited. 
The most common fi nding of calcifi cation on T1- 
and T2-weighted spin-echo images is reduced signal 
intensity, primarily as a result of a low mobile pro-
ton density (Holland et al. 1985). However, another 
study found extremely variable spin-echo fi ndings for 
calcifi cations but demonstrated that gradient-echo 
images showed a marked (but non-specifi c) decrease 
in intensity in case of calcifi cation, due to T2 shorten-
ing (Atlas et al. 1988). Interestingly, concentrations 
of calcium particulate of up to 30% in weight seem 
to reduce T1 relaxation times, resulting in increased 
signal intensity (Henkelman et al. 1991). Thus cur-
rently an important role of MRI in the detection of 
coronary calcifi cation is not expected.
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 4.3.1 
Introduction

The amount of calcium present in coronary arter-
ies is related to the risk of coronary artery disease 
such as myocardial infarction and sudden death 
(Arad et al. 2000; Raggi et al. 2000; O’Rourke 
et al. 2000). Furthermore, the absence of calcium 
in the coronary arteries is believed to indicate the 
absence of coronary artery disease (Wexler et al. 
1996). Due to the high density of calcium X-ray to-
mographic techniques are very suitable for imaging 
calcium, which is presented by bright spots in tomo-
graphic images. Electron-beam tomography (EBT) 
is established as the gold standard for determining 
the amount of coronary calcium and assessing the 
extent and progression of calcifi ed plaques (Arad et 
al. 2000; Wong et al. 2000). However, EBT is becom-
ing obsolete. Multi-detector computed tomography 
(MDCT), has become a commonly used alternative 
to determine the amount of coronary calcium, due 
to the general availability of this modality. Using 
the image data obtained from EBT or MDCT, the 
amount of calcium can be quantifi ed. The amount of 
coronary calcium is refl ected by a calcium score.

 4.3.2 
Scoring Algorithms

At present, three different algorithms exist to deter-
mine the calcium score from CT images. The fi rst 
algorithm is the Agatston score, proposed in 1990 
by Agatston et al. (1990). Originally, the Agatston 
score (AS) was determined from 20 contiguous EBT 
slices of the heart with a thickness of 3 mm for each 
slice. Nowadays the amount of slices is adjusted to 
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the size of the heart. To calculate the Agatston score 
of an individual calcifi cation, the area of that cal-
cifi cation is determined by selecting pixels above a 
threshold of 130 HU and ignoring structures smaller 
than 1 mm2. The area is then multiplied by a weight-
ing factor (w) which depends on the maximum HU 
number (HUmax) inside the calcifi cation. This pro-
cedure is performed per slice.

 (4.3.1)

where

The total Agatston score is calculated by sum-
ming up the scores of the individual calcifi cations 
in all slices.

 (4.3.2)

The second algorithm is the Volume score (VS), 
proposed several years after the Agatston score to 
reduce variability of calcium scoring (Callister 
et al. 1998). The Volume score of a calcifi cation is 
defi ned by the number of interconnected voxels 
(N) in that calcifi cation which is above a threshold 
of 130 HU multiplied by the volume of one voxel 
(V).

 (4.3.3)

The total Volume score is calculated by summing 
up the scores of all individual calcifi cations and re-
fl ects the total volume of the calcifi cations present 
in the coronary arteries given in mm3.

  (4.3.4)

The third algorithm is the Equivalent Mass or 
Mass score (Yoon et al. 1997). The Mass score (MS) 
of a calcifi cation is defi ned by the number of inter-
connected voxels (N) in that calcifi cation which 
is above a threshold of 130 HU multiplied by the 
volume of one voxel (V), the averaged HU number 
(HUmean) of that calcifi cation and a calibration fac-
tor (c). 

 (4.3.5)

The calibration factor (c) relates a CT density (HU 
value) to a calcium density (mg/cc). The calibration 
factor is scanner-specifi c and defi ned by:

 (4.3.6)

The calibration factor can be obtained by scanning 
a calcifi ed object with a known density of calcium 
hydroxy apatite (HA), determining the mean CT 
number (CTHA) of that calcifi cation, and correcting 
for the mean CT number of water (CTwater) (McCo-

llough et al. 1995, 2007). A per-patient calibration 
of the scanner is not useful, because the determined 
calibration factor will only be infl uenced by the table 
height (Deurholt et al. 2008, unpublished results). 
Correction of the determined calibration factor ac-
cording to the table height yields a consistent calibra-
tion factor. Therefore, in accordance with guidelines 
a monthly calibration seems suffi cient (Oudkerk et 
al. 2008). The total Mass score is calculated by sum-
ming up the scores of all individual calcifi cations and 
refl ects the total mass of the calcifi cations present in 
the coronary arteries given in milligrams (mg).

 (4.3.7)

Equation 4.3.1 shows that the Agatston score de-
pends on the area of the calcifi cation, Eqs. 4.3.3 and 
4.3.5 show that the Volume score and Mass score 
both depend on the volume of the calcifi cation. Thus 
all three scoring algorithms depend on the size of 
the calcifi cation.

Apart from the size of the calcifi cation, both the 
Agatston score and the Mass score depend on the den-
sity of the calcifi cation. For the Agatston score this is 
refl ected by the weighting factor w, for the Mass score 
this is refl ected by the HUmean (Eqs. 4.3.1 and 4.3.5).

So, based upon the volume and the density, all 
three scoring algorithms quantify the amount of 
calcium in the coronary arteries, although the clini-
cal standard is still the Agatston score. Agatston 
scores range from 0 for patients without coronary 
calcium, up to more than 3000 for patients with se-
verely calcifi ed arteries.

 4.3.3 
Calcium Scoring In Vivo

Calcium scoring has been investigated in numerous 
patient studies with large patient cohorts (Arad et 
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al. 2000; Budoff et al. 1996; Hoff et al. 2003; Wong 
et al. 2000). The majority of these studies was per-
formed using EBT combined with Agatston scoring 
since the original calcium scoring algorithm was 
developed for this technique and multi-slice MDCT 
was not yet available. In these studies an associa-
tion between conventional risk factors for coronary 
artery disease and calcium in the coronary arteries 
was reported. Monitoring coronary calcium is sug-
gested to assess the progression and regression of 
coronary calcium. For reliable detection of changes 
in calcium score in patient monitoring programs, a 
coronary calcium measurement is mandatory. Fur-
thermore, the accuracy of the measurement should 
be lower than the normal progression of calcium 
scores. Study results showed that the normal pro-
gression of calcium scores varies between 14%–27% 
(Maher et al. 1999). In patients with signifi cant cor-
onary artery disease the progression is increased up 
to 33%–48% (Janowitz et al. 1991). Sevrukov et al. 
(2005) analyzed 2217 pairs of repeated calcium scans 
using EBT. They found that the smallest signifi cant 
interval change was 4.930 × square root of the base-
line Agatston score and 3.445 × square root of the 
baseline Volume score. In addition, it was shown 
that the square root of the Volume score stabilized 
interscan variability. A change in Volume score was 
defi ned as greater than or equal to 2.5 mm3 of the 
difference in the square root-transformed Volume 
score (Hokanson et al. 2004).

The accuracy of calcium scoring is usually deter-
mined by the variability of the measurement. Using 
two consecutive scans, with or without reposition-
ing the patient, the majority of the studies assessing 
the variability of calcium scoring defi nes the vari-
ability as

 (4.3.8)

Different variabilities have been reported in re-
cent years. For EBT these reported variabilities 
ranged from 9% up to 37% (Budoff et al. 2008; 
 Callister et al. 1998; Horiguchi et al. 2005a; Yoon 
et al. 1997; Lu et al. 2002). The difference in study 
outcome can partly be explained by different patient 
populations. For example, Yoon et al. (1997) selected 
patients with calcium scores between 2 and 100. Be-
cause the variability of low scores is higher, Yoon 
et al. (1997) reported higher variabilities than other 
studies (Stanford et al. 2004). Table 3.4.1 shows the 
results of several studies assessing the variability of 
EBT-based calcium scoring.

In recent years the variability of calcium scoring 
in MDCT has also been investigated. Reported vari-
abilities ranged from 11% up to 41% (Hoffmann et 
al. 2006; Hong et al. 2003a; Horiguchi et al. 2005a, 
2006; Mahnken et al. 2002; Ohnesorge et al. 2002). 
As with the studies performed with EBT, differences 
in study outcome can be explained by differences in 

Table 4.3.1. Reported variabilities of electron-beam tomography (EBT) and multi-detector CT 
(MDCT) in patient studies (64-MDCT data has not yet been reported)

Author Agatston Volume Mass Modality No. of 
patients

Yoon et al. (1997) 37.2 28.2 28.4 EBT 50

Callister et al. (1998) 15 9 - EBT 79

Mahnken et al (2002) 24.1 20.0 - 4-MDCT 75

Ohnesorge et al. (2002) 12 7.5 7.5 4-MDCT 50

Lu et al. (2002) 21.6 17.8 - EBT 298

Hong et al. (2003) 23.9 15.7 10.4 4-MDCT 37

Horiguchi et al. (2005) 25 20 21 EBT 61

13–22 13–18 15–18 16-MDCT

Hoffmann et al. (2006) 41 34 26 8-MDCT 69

Horiguchi et al. (2006) 12 11 - 16-MDCT 105

Budoff et al. (2008) 11.8 10.3 - EBT 463
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study population. In Table 4.3.1 results of different 
calcium scoring studies are given.

Apart from the variability of two consecutive 
scans, the variability between two imaging modali-
ties can also be calculated. This can be of interest 
when different imaging modalities are being used 
in a patient monitoring program or when interpret-
ing calcium scoring data between two modalities. 
Daniell et al. (2005) reported a variability of 27% 
for Agatston scoring and 16% for Volume scoring 
comparing EBT to MDCT. Similar variabilities were 
reported by other studies: 26.5% for Agatston scor-
ing and 17% for Volume scoring (Knez et al. 2002; 
Horiguchi et al. 2004). These results show that 
intermodality variabilities are similar to interscan 
variabilities of EBT and MDCT individually.

Furthermore, these results show that there are 
also differences in variability for the three scoring 
algorithms. The reason for introducing the Volume 
score was a reduced variability compared to the Ag-
atston score (Callister et al. 1998). This is illus-
trated in Table 4.3.1, where Volume scoring shows 
a smaller variability as compared to Agatston scor-
ing for all imaging techniques. For the same reason, 
reduced variability, the Mass score was introduced 
(Yoon et al. 1997). Again, the studies mentioned 
in Table 4.3.1 show a reduced variability for Mass 
scoring compared to Agatston scoring. But also a re-
duced variability for Mass scoring is observed when 
compared to Volume scoring, although the differ-
ences are smaller. Thus, Mass scoring shows the 
smallest variability of all three scoring algorithms 
in these in vivo studies. Based on this smallest vari-
ability for Mass scoring, this scoring algorithm is 
advocated for quantifying the amount of calcium 
in the coronary arteries. However, the current stan-
dard for calcium scoring is still the Agatston score, 
so a transition from Agatston score to Mass score is 
needed to decrease the variability and thus increase 
the accuracy of calcium scoring.

In addition to an accurate calcium score with a 
low variability, the absolute score is also important. 
Because the association between calcium scores and 
conventional risk factors for coronary artery dis-
ease are mostly related to EBT-based calcium scores, 
MDCT-based calcium scores should be equivalent.

The correlation between EBT and single-slice CT 
is excellent according to Carr et al. (2000), with a 
correlation coeffi cient of 0.98 for Agatston scoring, 
0.97 for Volume scoring and 0.98 for Mass scoring. 
The same excellent correlation was shown in an-
other study, although the mean calcium score was 

signifi cantly greater with EBT than with single-slice 
CT (Goldin et al. 2001). Going from single- to multi-
slice CT, the results are equivalent. Again an excel-
lent correlation between EBT and four-slice MDCT 
was found. Based on the results of 51 patients, a very 
strong linear association between EBT and four-
slice MDCT was found by Stanford et al. (2004) 
with a correlation coeffi cient of 0.99. Although the 
results for EBT and four-slice MDCT appeared com-
parable, this was only true with an equivalence limit 
of 20%. Based on the results of 100 patients Becker 
et al. (2001) found correlation coeffi cients of 0.987 
for Agatston scoring and 0.986 for Volume scoring, 
although the need for larger cohort studies was indi-
cated, particularly in younger subjects. In addition, 
both studies showed that calcium scores using EBT 
were higher than calcium scores using four-slice 
MDCT. Excellent correlations were also found by 
Horiguchi et al. (2004) in a study comparing EBT 
to 16-slice MDCT. For Agatston scoring the corre-
lation coeffi cients were 0.952, 0.955 and 0.977 for 
Agatston, Volume and Mass scoring, respectively 
(Table 4.3.2).

 4.3.4 
Calcium Scoring In Vitro

Because calcium scoring is hampered by large vari-
abilities it has been the subject of many in vitro 
studies. Phantom studies are particularly useful for 
calcium scoring investigations because they offer 
the possibility of systematic analysis of the infl u-
ence of different parameters without the problem 
of patient dose. Furthermore, the Volume score and 
Mass score are both suitable for comparison to ac-
tual known phantom values, in contrast to Agatston 
scoring which has no physical equivalent. This offers 
the possibility of a quantitative analysis of calcium 
scoring in addition to a qualitative analysis in terms 
of variability and absolute scores compared to EBT. 
The two measurable quantities, volume and mass, of 
an individual calcifi cation depend on the measured 
HU values, as explained in Sect. 4.3.2.

The major problem in calcium scoring is the par-
tial volume effect (PVE), which is related to the point 
spread function (PSF) of the scanner. The PVE is the 
effect wherein the HU value of a voxel is determined 
by a mixing of different tissues within that voxel. 
The PVE is related to the spatial resolution of the 
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scanner. An increase in spatial resolution leads to a 
decrease in PVE and visa versa. The problems aris-
ing from the PVE in calcium scoring are refl ected by 
under- or overestimation of the volume and/or mass 
of the calcifi cation as compared to the actual volume 
and or mass. For calcifi cations with a high density 
the voxels at the edges of the calcifi cation are exag-
gerated due to the PVE. Combined with the standard 
threshold of 130 HU this leads to an overestimation 
of the volume of the calcifi cation. For calcifi cations 
with a low density the reverse effect is observed. The 
voxels at the edges of the calcifi cation are under-
valued. Combined with the standard threshold of 
130 HU this leads to an underestimation of the vol-
ume of the calcifi cation. The described phenomenon 
can be observed when the Volume scores of equally 
sized calcifi cations with different densities are com-
pared (Fig. 4.3.1) (Groen et al. 2007a,b).

The incorrect volume of a calcifi cation infl u-
ences the measured mass of the calcifi cation. In 
 Figure 4.3.2 the true and measured masses of the 
same equally sized calcifi cations with different den-
sities are shown.

Although the volume of the calcifi cations with 
higher densities is exaggerated the measured mass 
is underestimated. This can be explained by the fact 
that the measured mass does not solely depend on 
the volume but also on the HUmean (Eq. 4.3.5). Due 
to the PVE the HUmean within the calcifi cation is un-
derestimated. For example, a phantom calcifi cation 
with a density of 800 HU will have a HUmean of ap-
proximately 400 HU when measured, when a stan-
dard acquisition protocol is used with a voxel size of 
0.6 × 0.6 × 3.0 mm.

Different in vitro studies confi rm these results. 
Mühlenbruch et al. (2007) investigated calcium 
scoring using a phantom containing different kinds 
of calcifi cations. The volumes of calcifi cations with 
a relatively high density were highly exaggerated, 
whereas the volumes of relatively low densities cal-
cifi cations were underestimated. The Mass scores 
of the calcifi cations showed that the masses of the 
calcifi cations were underestimated for all densities. 
Underestimated masses were also reported by Mao 
et al. (2003) in a study investigating calcifi cations 
with a relatively low density. Although both studies 

Table 4.3.2. Reported correlations between electron-beam tomography (EBT) and multi-detector 
(MDCT) in patient studies (64-MDCT data has not been reported yet)

Author Agatston Volume Mass Modalities

Carr et al. (2000) 0.98 0.97 0.98 EBT vs. 1SCT

Goldin et al. (2001) 0.99 - - EBT vs. 1SCT

Becker et al. (2001) 0.987 0.986 - EBT vs. 4-MDCT

Stanford et al. (2004) 0.99 - - EBT vs. 4-MDCT

Horiguchi et al. (2004) 0.955 0.952 0.977 EBT vs. 16-MDCT

1SCT, single-slice CT

Fig. 4.3.1. True and measured vol-
ume of three equally sized calcifi ca-
tions with different densities. Mea-
surements were performed with a 
64-slice MDCT with a slice thickness 
of 3.0 mm (Groen et al. 2007a,b)

Vo
lu

m
e 

[m
m

3 ]

250

200

150

100

50

0

� true
� measured

800 HU 400 HU 200 HU

Calcifi cation density [HU]



228 J. M. Groen, M. J. W. Greuter, and M. Oudkerk

are in concordance to the results in Figures 4.3.1 and 
4.3.2, the measured masses did not deviate severely 
from the true masses. This can be explained by the 
fact that the overestimation of the volume cancels 
out the underestimation of the HUmean, resulting in 
measured masses comparable to the true masses in 
spite of the PVE. However, both factors, the volume 
and HUmean, are incorrect. Both studies used the 
same phantom. Larger discrepancies between mea-
sured and true mass can be expected when analyz-
ing different kinds of calcifi cations.

To reduce the PVE CT modalities with higher 
spatial resolutions are required. Another partial so-
lution is the use of thinner collimations. The origi-
nal protocol utilizes relative thick slices of 3.0 mm, 
but modern MDCT offers sub-millimeter scanning. 
Apart from a reduction in the PVE this will increase 
the detectability of smaller calcifi cations and in-
crease noise levels in the image data (Groen et al. 

2007b; Mao et al. 2003; Mühlenbruch et al. 2007). 
Due to this increased detectability of smaller calcifi -
cations and increased noise levels the calcium score 
will increase for thinner slices. In Figure 4.3.3 Ag-
atston scores of three different calcifi cations at dif-
ferent slice thicknesses are shown. The fi gure shows 
increased Agatston scores for thinner slices.

Another approach to overcome the over- and un-
derestimated volumes might be the use of a segmen-
tation threshold adapted to the calcifi cation (Hong 
et al. 2003b; Raggi et al. 2002). The segmentation 
threshold should be increased for high density calci-
fi cations, whereas the threshold should be decreased 
for low density calcifi cations.

A second problem in calcium scoring is cardiac 
motion. Cardiac motion infl uences the HU values 
of the calcifi cation and thus the volume and the 
HUmean. Depending on the density of the calcifi ca-
tion, the volume of the calcifi cation will increase or 

Fig. 4.3.2. True and measured mass of 
three equally sized calcifi cations with dif-
ferent densities. Measurements were per-
formed with a 64-slice MDCT with a slice 
thickness of 3.0 mm (Groen et al. 2007a,b) 

Fig. 4.3.3. Agatston scores of three 
calcifi cations with different densities. 
The scans were performed with a 
64-slice MDCT at four different slice 
thicknesses (Groen et al. 2007b). 
HDC, high density calcifi cation; 
MDC, medium density calcifi cation; 
LDC, low density calcifi cationMDC LDC
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decrease with increasing motion, shown by volume 
scores of the different calcifi cations in an in vitro 
study (Fig. 4.3.4) (Groen et al. 2007b). With in-
creased heart rate the volume score of the high den-
sity calcifi cation is increased whereas the volume 
score of the low density calcifi cation is decreased.

A theoretical explanation for this phenomenon is 
given in Figure 4.3.5. Two calcifi cations of identical 
size are shown by black lines, one with a relatively 
high density (X) and one with a relatively low den-
sity (Y). The corresponding reconstructed blurred 
CT images at a relatively low velocity are repre-
sented by the solid grey line. The corresponding re-
constructed blurred CT images at a relatively high 
velocity are represented by the dotted grey line. In 
addition, the default calcium scoring threshold of 
130 HU is shown by the dotted black line. At the 
level of the threshold, the apparent width of the high 
density calcifi cation (X) is larger at the high velocity 

than at the low velocity. The low density calcifi ca-
tion shows the opposite behaviour as a function of 
velocity. Because the calcium score is proportional 
to the volume of the calcifi cation (Eqs. 4.3.1, 4.3.3 
and 4.3.5), high density calcifi cations show an in-
creased calcium score at increased velocity, whereas 
low density calcifi cations show a decreased calcium 
score at increased velocity.

To reduce the infl uence of cardiac motion a high 
temporal resolution is required (Mühlenbruch et 
al. 2007). Comparing 64-slice MDCT with a tempo-
ral resolution of 165 ms, dual source CT (DSCT) with 
a temporal resolution of 83 ms and EBT with a tem-
poral resolution of 50 ms, the latter was shown to be 
the least infl uenced by cardiac motion in a phantom 
study (Groen et al. 2007a). Furthermore, DSCT was 
shown to be 50% less infl uenced by cardiac motion 
compared to 64-slice MDCT (Groen et al. 2007a). In 
addition, Brown et al. (2007) showed that increased 

Fig. 4.3.5. Theoretical CT profi le of 
two objects (black) with a relatively 
high (X) and low (Y) density which 
exhibit a relatively low (solid grey) 
and high (dotted grey) movement. 
The dotted line represents the cal-
cium scoring threshold of 130 HU 
(Groen et al. 2007a,b)

Fig. 4.3.4. Volume scores as a function 
of cardiac motion of two equally sized 
calcifi cations. Scans were performed 
with a 64-slice MDCT at 0.6-mm slice 
thickness (Groen et al. 2007b)
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motion during scanning resulted in an apparent 
increase in the Agatston score. A second advantage 
of less motion during the calcium scoring scan is 
a reduced variability. Comparing calcium scoring 
scans at 60 bpm and 85 bpm, the variability was less 
at 60 bpm for EBT and 16-slice MDCT (Horiguchi 
et al. 2005b). Similar results were found for 64-slice 
MDCT; the variability increased with increasing 
heart rate (Groen et al. 2007b).

In conclusion, calcium scoring in vitro showed 
that calcium scoring can be improved in terms of 
variability and absolute score by a reduction of the 
PVE with higher spatial resolutions and a reduction 
of cardiac motion with higher temporal resolutions.

 4.3.5 
Combining In Vivo and In Vitro

Research on calcium scoring in vitro can be trans-
lated to calcium scoring in vivo and vice versa. Dif-
ferent phantom studies supported the underestima-
tion of the calcium score with MDCT compared to 
EBT (Groen et al. 2007a; Ulzheimer and Kalender 
2003). In a study comparing two different 64-slice 
MDCT systems to EBT, the Agatston and Volume 
scores obtained with 64-slice MDCT were highly 
correlated with EBT-obtained (Fig. 4.3.6). However, 
the MDCT systems both signifi cantly underesti-
mated the calcium scores compared to the EBT-
based scores (–10% to –2%, mean –8%) ( Greuter 

et al. 2007). This suggests that as a consequence 
MDCT-based calcium scores should be increased by 
approximately 8% to acquire MDCT-based calcium 
scores similar to EBT-based calcium scores. This 
might enable the use of the EBT-based cut-points 
for MDCT-based calcium scores. A second serious 
consequence of the underestimation of the calcium 
score on MDCT is that when the outcome of the 
calcium scan is zero, this does not mean that there is 
no calcium present in the coronary arteries. Due to 
the large variabilities and underestimation, smaller 
calcifi cations might be missed by MDCT.

In addition to systematic comparisons between 
EBT and MDCT, calcium scoring in vitro showed 
that a reduced spatial and temporal resolution is re-
quired to enhance calcium scoring in vivo.

An increased spatial resolution in calcium scor-
ing in vivo can be achieved by the use of smaller slice 
thicknesses, although this will also increase the patient 
dose. Calcium scoring in vitro already showed that 
smaller slice thicknesses increased the calcium score 
(Groen et al. 2007b; Mao et al. 2003;  Mühlenbruch 
et al. 2007). This result was confi rmed in different 
patient studies. Vliegenthart et al. (2003) showed 
that the median Volume score was increased by 44% 
comparing 1.5-mm slices to 3.0-mm slices in 1302 
patients using EBT. Increased Agatston, Volume and 
Mass scores were also reported for 16-slice MDCT 
(Sabour et al. 2007) and 64-slice MDCT (Schlosser 
et al. 2007). In addition, Schlosser et al. (2007) also 
showed a reduced variability for thinner slices.

A second approach to reduce the PVE is the use 
of overlapping slices. Different patient studies con-

Fig. 4.3.6. Comparison of two 
different 64-slice MDCT to 
EBT with respect to Agatston 
scores of a phantom (Greuter 
et al. 2007). Scans were per-
formed with a sequential scan-
ning protocol at 3.0-mm slice 
thicknessEBT Agatston score
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fi rmed the use of overlapping slices to be benefi cial 
for calcium scoring. A reduced variability was ob-
served for 16-slice MDCT (Horiguchi et al. 2005a) 
and 64-slice MDCT (Schlosser et al. 2007).

An increased temporal resolution in calcium scor-
ing in vivo can only be achieved by the use of scanners 
with faster rotation times (Flohr et al. 2006). However, 
an alternative approach is to reduce the amount of 
motion during scanning. In MDCT scanning this can 
be achieved by the use of ECG-gating or �-blockers. 
ECG-gating ensures that the scan is performed during 
a period of reduced movement of the heart, therefore 
reducing the amount of cardiac motion during the 
scan. The use of this technique to reduce the amount 
of motion reduces the variability (Horiguchi et al. 
2007; Mao et al. 2001; Rutten et al. 2008). Absolute 
scoring results have not been reported.

 4.3.6 
Implications

The presented research results show that MDCT 
could function as an alternative to EBT for quantify-
ing the amount of calcium in the coronary arteries. 
However, the obtained calcium score does come with 
a few pitfalls. First of all, calcium scoring is ham-
pered by large variabilities, thus the obtained score 
has relatively large margins of error. Furthermore, if 
the score is zero, there might still be calcium present 
in the coronary arteries, due to the underestimation 
inherent to MDCT. This underestimation also ham-
pers the use of the calcium score as a risk factor for 
coronary artery disease, especially for low calcium 
scores. A simple one-to-one translation from EBT 
to MDCT might underestimate the patients risk for 
coronary artery disease. And fi nally, different pa-
rameters of the scan protocol have an impact on 
the outcome of the calcium score. Therefore, these 
parameters should be taken into account when in-
terpreting the obtained score.

 4.3.7 
Conclusion

MDCT can be used to quantify the amount of coro-
nary calcium and shows equal or improved vari-

abilities as compared to EBT. Furthermore, research 
shows that calcium scoring using the Mass score is 
advocated due to a lower variability compared to 
the other calcium scoring algorithms. The variabil-
ity can be further reduced by the use of appropri-
ate scan protocols using thinner slices combined 
with techniques to reduce the amount of motion. 
Although the accuracies of EBT and MDCT are simi-
lar and different scanning techniques of MDCT are 
useful in the reduction of variability, the absolute 
scoring results of MDCT may not be equivalent to 
the scoring results of EBT. MDCT underestimates 
the total amount of calcium in the coronary arteries 
compared to EBT. Therefore, one should be cautious 
when using a calcium score obtained with MDCT for 
risk assessment, since this risk assessment is based 
upon EBT-data.

Although standardized protocols and calibra-
tions are helpful in obtaining standardized calcium 
scores, a thorough understanding of the underlying 
principles involved in calcium scoring is essential. 
A proper analysis of algorithms and measurements 
will benefi t the calcium score in terms of variability, 
absolute score and equality of MDCT and EBT.

For now, MDCT and EBT calcium scores may not 
be equivalent. Knowledge of the system and scan 
protocol remain important and are therefore needed 
for every calcium score procedure to ensure a cor-
rect clinical interpretation of the obtained calcium 
score results.
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 4.4.1 
Coronary Calcium as an Indicator of 
Atherosclerosis

Non contrast-enhanced cardiac CT imaging allows 
for direct, noninvasive visualization of calcifi ed cor-
onary plaques. The primary aim is not to diagnose 
coronary stenoses, but rather to detect and quantify 
coronary plaque burden. Coronary plaques, usually 
not highly stenotic, are the underlying substrate of 
the acute coronary syndromes (Schmermund and 
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Fig. 4.4.1. Extent of coronary calcium (Total Agatston score) 
in relation to the number of coronary segments with angio-
graphic stenoses > 20% diameter narrowing. 10, 
 10 Seg-
ments. A curvilinear fi t of the total Agatston calcium score 
median values is shown. On the basis of data presented in 
Schmermund et al. (1999)

Erbel 2001). Coronary calcium is a specifi c expres-
sion of coronary atherosclerotic plaque disease 
( Budoff et al. 2006; deBacker et al. 2003). There is 
a relationship between the extent of calcifi ed plaque 
burden and that of total plaque burden (Budoff et 
al. 2006; deBacker et al. 2003; Rumberger et al. 
1995; Schmermund et al. 1999). Total plaque burden 
is one of the most important predictors of coronary 
risk (Emond et al. 1994; Proudfi t et al. 1980). The 
more calcium is detected, the more plaque there 
is (Fig. 4.4.1). This carries direct implications for 
an individual’s coronary risk (Budoff et al. 2006; 
deBacker et al. 2003; Schmermund and Erbel 
2001).
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It may be argued that calcium is associated with 
an overall increased activity of coronary athero-
sclerotic disease. Histo-pathologic studies have 
demonstrated that coronary calcium is a frequent 
feature of plaque rupture (Burke et al. 2000; Farb 
et al. 1996; Schmermund et al. 2001a) and is found 
even in subjects who die of sudden coronary death 
as the first manifestation of ischemic heart dis-
ease under the age of 50 years (Schmermund et 
al. 2001a). Among all types of histologically de-
fined types of plaques detected in young victims 
of sudden coronary death, acute ruptures con-
tain calcium most frequently (80%), while healed 
ruptures contain the greatest amount of calcium 
(Burke et al. 2000, 2001). Plaque erosions, on 
the other hand, are associated with little calcium 
(Farb et al. 1996; Burke et al. 2000). Calcium is 
found preferentially in plaques with expansive 
(“positive”) arterial remodeling (Burke et al. 
2002). The mechanisms leading to expansive arte-
rial remodeling appear to share common aspects 
with those ultimately leading to plaque rupture, 
and plaques displaying positive remodeling of the 
arterial segment are prone to rupture (Ward et al. 
2000). Further evidence supporting the active role 
of coronary calcium in coronary atherosclerosis 
stems is, among others, derived from the obser-
vation that the extent of coronary artery calcium 
is inf luenced by exposure to urban air pollution 
(Hoffmann et al. 2006).

The fi ndings in studies using conventional in-
travascular ultrasound have been less unequivocal, 
perhaps due to differences in the ability to defi ne 
calcium and lesion characteristics ( Beckman et al. 
2001; Bocksch et al. 1994; de Feyter et al. 1995; 
Mintz et al. 1997; Rasheed et al. 1994). Whereas 
some studies have detected less calcium in the cul-
prit lesion in patients with unstable angina pecto-
ris or acute myocardial infarction than in patients 
with stable symptoms (Beckman et al. 2001; Mintz 
et al. 1997; Rasheed et al. 1994), others did not fi nd 
a difference (Bocksch et al. 1994; de Feyter et 
al. 1995) or, in a prospective study, detected more 
calcium in patients who later sustained an event 
(Abizaid et al. 1999). In summary, coronary cal-
cium indicates the presence and extent of coro-
nary atherosclerotic plaque disease. The weight of 
evidence suggests that coronary calcium indicates 
atherosclerotic disease activity and is associated 
with healed or acute plaque rupture and positive 
arterial remodeling.

 4.4.2 
Coronary Calcium – Prediction of 
Coronary Heart Disease Events

In symptomatic patients presenting to the emer-
gency room with chest pain and no initial objective 
signs of myocardial ischemia, a negative coronary 
calcium scan indicated an excellent prognosis with 
regard to major cardiac events over the subsequent 
1–4 months (Georgiou et al. 2001; Laudon et al. 
1999; McLaughlin et al. 1999). Coronary calcium 
scans yielded negative predictive values in the range 
of 98%–100%. In symptomatic patients undergoing 
coronary angiography, increased amounts of coro-
nary calcium detected by electron-beam computed 
tomography (EBCT) were highly predictive of subse-
quent events over 30 months (Detrano et al. 1996). 
In direct comparison, the coronary calcium scan 
performed better than coronary angiography (that 
is, number of stenotic major coronary arteries) in 
this respect.

Möhlenkamp et al. (2003) evaluated the prog-
nostic value of high coronary calcium scores in 
symptomatic males undergoing coronary angiog-
raphy. In these selected patients, clinical cardiac 
events occurred earlier and more frequently in pa-
tients with scores > 1000. Left main coronary artery 
disease and elevated calcium scores were the only 
independent predictors of hard events. Accordingly, 
even in symptomatic patients with an a priori high 
cardiovascular risk, extensive coronary calcium 
provided complementary prognostic information 
concerning future cardiovascular events.

The morphological information on the extent of 
coronary atherosclerosis provided by the coronary 
calcium score may complement the functional in-
formation obtained by exercise stress testing and, in 
particular, myocardial perfusion studies (Berman 
et al. 2004; Greenland et al. 2007; He et al. 2000; 
 Schmermund et al. 1999). High coronary calcium 
scores are associated with a high rate of positive myo-
cardial perfusion studies, demonstrating compara-
tively extensive perfusion abnormalities (Berman et 
al. 2004; He et al. 2000). On the other hand, myocar-
dial perfusion defects are almost never observed in 
the absence of coronary calcium. In a middle-aged 
patient group with an intermediate coronary heart 
disease (CHD) risk, myocardial perfusion defects are 
detected in < 2% of all patients with a coronary cal-
cium score < 100 (Berman et al. 2004).
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Data are accumulating regarding the prognostic 
ability of calcium scanning in asymptomatic sub-
jects. In 2004, Pletcher et al. systematically ana-
lyzed the published evidence available on the prog-
nostic value of measuring coronary calcium. All 
studies available for the analysis had been performed 
by using EBCT. These studies included > 13,000 
person-years of observation time after the EBCT 
scan. To provide for a common standard, Pletcher 
et al. (2004) analyzed four calcium score categories 
(0, 1–100, 101–400, and > 400). After adjusting for 
the established cardiovascular risk factors, they 
calculated the relative risk of a CHD event associ-
ated with each of the higher calcium score categories 
compared to a calcium score of 0. Figure 4.4.2 shows 
that the relative risk estimates increased progres-
sively for each calcium score category. Accordingly, 
coronary calcium was associated with an increased 
risk of CHD events, even when established risk fac-
tors for CHD were taken into account. 

A number of studies provided a detailed analysis 
of the potential of the calcium score to add prog-
nostic information to the traditional risk factors. 
 Greenland et al. (2004) analyzed data from the 
South Bay Heart Watch study, which had in part 
be included in the above named meta-analysis by 
Pletcher et al. (2004) (Greenland et al. 2004). 
Risk factors were determined with state-of-the art 
methods and were used to compute the Framingham 
risk score, employing the algorithm provided by 
the National Cholesterol Education Program Adult 
Treatment Panel III report. The rate of cardiovascu-
lar death or myocardial infarction (“hard events”) 
over 7.0 years was assessed in subgroups of patients 
classifi ed according to the Framingham risk score 
or the calcium score. Across all Framingham risk 
score strata, a calcium score 
 301 (observed in 17%) 
predicted an increased hard event rate compared 
with a calcium score of 0 (observed in 24%). In the 
Framingham risk score strata 
 10%, a calcium score 

≥ 301 predicted an increased hard event rate com-
pared with all categories of lower calcium scores, 
thus suggesting useful additional prognostic infor-
mation in “intermediate risk” subjects. Along these 
lines, receiver-operating characteristic (ROC) curve 
analysis demonstrated that the addition of the cal-
cium score to the Framingham risk score provided 
for a signifi cant improvement in the prediction of 
hard cardiac events (Greenland et al. 2004). 

Table 4.4.1 gives an overview of the studies not in-
cluded in the meta-analysis by Pletcher et al. (2004), 
usually because they were published in the year 2004 
or later. The endpoints of these studies vary, and most 
did not perform state-of-the-art measurements of the 
cardiovascular risk factors. Nevertheless, we are pro-
vided with large observational studies which demon-
strate the ability of calcium scores to add independent 
and incremental information in addition to tradi-
tional risk factors in predicting important clinical 
events. Most of these studies included patients who 
had been referred for risk assessment or because of 
a presumed high-risk status, usually involving some 
selection of the study subjects. It has been questioned 
whether the results obtained in these populations also 
pertain to a more general population. In this respect, 
recent data from general, unselected populations are 
of great interest, as provided by the Rotterdam Calci-
fi cation Study (Vliegenthart et al. 2005) and the St. 
Francis Heart Study (Arad et al. 2005a).

The above named studies have established the 
prognostic ability of coronary calcium quantities 
determined by using cardiac CT. On the basis of 
these studies, coronary calcium scanning has been 
proposed as a means for risk stratifi cation in cer-
tain subgroups of asymptomatic and symptomatic 
subjects by the major scientifi c societies in the USA 
and in Europe (Budoff et al. 2006; deBacker et 
al. 2003; Greenland et al. 2007). The clinical use 
of this method as detailed by the current scientifi c 
statements is outlined below (Sect. 4.4.4).

Fig. 4.4.2. Meta-analysis of prospective studies on 
the prognostic value of coronary calcium published 
between 1999 and 2001. Depending on the coro-
nary calcium score, the odds ratio (OR) regarding 
cardiac events is shown after adjustment for the 
cardiovascular risk factors. The reference odds ratio 
equals 1 and pertains to the absence of detectable 
coronary calcium. On the basis of data presented in 
Pletcher et al. (2004)
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Table 4.4.1. 
Prospective studies on the prognostic value of the coronary calcium score in asymptomatic subjects not included in the 2004 meta-
analyses by Pletcher et al. (2004). CHD = coronary heart disease

First author Number of 
study 
participants 
and mean 
duration of 
follow-up

Risk 
factor 
Assess-
ment

Endpoint Univariate 
relative risk

Multivariate 
relative risk

Comment

Kondos 
et al. (2003)

8,855
3.1 Years

Question-
naire

CHD events
(a) “Hard events” = 
cardiac death and 
myocardial infarc-
tion
(b) “All events” 
= also including 
revascularization

Analysis restricted to 
men:
(a) Hard events:
Presence of coronary 
calcium versus no 
calcium: 5.8
b) All events:
Presence of coronary 
calcium versus no 
calcium: 16.7

Analysis restricted to 
men:
(a) hard events:
Presence of coronary 
calcium versus no 
calcium: 3.9
(b) all events:
Presence of coronary 
calcium versus no 
calcium: 10.5

Too few women 
as participants 
and too few 
events to allow 
for a meaning-
ful analysis in 
women

Shaw 
et al. (2003)

10,377
5.0 Years

Question-
naire/
interview

All-cause 
mortality

Calcium score � 10: 1
Score 11–100: 2.5
Score 101–400: 3.6
Score 401–1,000: 6.2
Score > 1,000: 12.3

Calcium score � 10: 1
Score 11–100: 1.6
Score 101–400: 1.7
Score 401–1,000: 2.5
Score > 1,000: 4.0

Overall mortality 
as the only clini-
cal endpoint

LaMonte 
et al. (2005)

10,746
3.5 Years

Question-
naire

CHD events
(a) “Hard events” = 
coronary death and 
myocardial infarc-
tion
(b) “All events” 
= also including 
revascularization

Highest tertile of 
calcium score distri-
bution versus no coro-
nary calcium: 
Hard events: 
Men: 20.0
Women: 9.3
All events:
Men: 67.0
Women: 9.3

Highest tertile of 
calcium score distri-
bution versus no coro-
nary calcium: 
Hard events: 
Men: 17.7
Women: 7.2
All events:
Men: 61.7
Women: 6.2

Large, relatively 
healthy sample

 4.4.3 
Progression of Coronary Calcium

Coronary angiographic studies have established the 
prognostic importance of atherosclerosis progres-
sion (Kaski et al. 1995; Waters et al. 1993). Patients 
with increased progression of either the number of 
angiographic stenoses or worst stenosis degree have 
a several-fold increased risk of unstable angina and 
myocardial infarction. Importantly, it has been 
demonstrated that atherosclerosis progression does 
not occur in a graded, continuous fashion. Severe 
stenoses can appear in coronary segments showing 
no or minimal angiographic disease in the initial 
angiogram only weeks to months before the second 
examination, and lesions in the same patient do not 

necessarily develop in the same direction: some le-
sions progress whereas others remain stable or even 
regress (Ambrose 1988; Little 1988). Accordingly, 
it is usually impossible to predict the progression of 
coronary atherosclerosis in an individual patient.

Coronary calcium progression can be reliably 
determined in small groups of patients. Using up-
to-date scanner technology, inter-scan variability 
is smaller than annual coronary artery calcifi ca-
tion (CAC) progression in such groups, which is 
usually in the order of 20%–30% (Achenbach et 
al. 2002;  Callister et al. 1998; Maher et al. 1999; 
 Schmermund et al. 2001b; Yoon et al. 2002). In in-
dividual patients, only substantial CAC changes are 
beyond measurement variability (Bielak et al. 2001). 
In analogy with angiographic measures of coronary 
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First author Number of 
study 
participants 
and mean 
duration of 
follow-up

Risk 
factor 
Assess-
ment

Endpoint Univariate 
relative risk

Multivariate 
relative risk

Comment

Taylor 
et al. (2005)

2,000
3.0 Years

Measure-
ment

All CHD events Not presented Analysis restricted to 
men:
Presence of coronary 
calcium versus no 
coronary calcium: 
11.8
After further control-
ling for C-reactive 
protein: 10.8

Young, healthy 
population; few 
events; too few 
women as par-
ticipants and too 
few events 
to allow for a 
meaningful 
analysis in 
women

Vliegenthart

et al. (2005)
1,795
3.3 Years

Measure-
ment

(a) Hard CHD 
events (only  cardiac 
death and myocar-
dial  infarction)
(b) All CHD events 
(also including 
revascularization)
(In addition, also 
overall cardio-
vascular events and 
total mortality, not 
listed here)

Adjusted for age and 
sex
(a) (Hard events)
Score 0–100: 1
Score 101–400: 2.8
Score 401–1000: 3.9
Score > 1000: 7.5
(b) (All CHD events)
Score 0–100: 1
Score 101–400: 3.2
Score 401–1000: 4.7
Score > 1000: 8.2

(a) (Hard events)
Score 0–100: 1
Score 101–400: 2.7
Score 401–1000: 4.1
Score > 1000: 8.1
(b) (All CHD events)
Score 0–100: 1
Score 101–400: 3.1
Score 401–1000: 4.6
Score > 1000: 8.3

Population-based 
study with no 
selection of the 
participants
Higher age than 
in the other 
studies (mean 
age, 71 years)

Arad et al. 
(2005a)

4,613
4.3 Years

Measure-
ment/ques-
tionnaire

All CHD events Calcium score = 0: 1
Score 1–99: 1.9
Score 100–399: 10.2
Score 
 400: 26.2

Only available in a 
subgroup of subjects, 
not presented in 
detail, but coronary 
calcium adds signifi -
cant information

Study partici-
pants were volun-
teers not selected 
on the basis of 
risk factors or 
clinical symp-
toms

atherosclerosis, increased CAC progression conveys 
an increased risk of suffering acute myocardial in-
farction and other cardiovascular events (Arad et 
al. 2005a; Raggi et al. 2003, 2004). Although this 
might have clinical consequences for selected pa-
tients, no factors have been reliably identifi ed which 
modify coronary calcium progression.

In symptomatic patients who mostly under-
went pharmacological treatment and who had a 
calcium score > 0, the mean annual progression of 
total calcium area was 42%, and the median 27% 
( Schmermund et al. 2001b). The baseline coronary 
calcium burden infl uenced the rate of progression 
(Fig. 4.4.3). This was later confi rmed in other reports 
(Yoon et al. 2002). Patients with extensive coronary 
calcium had the greatest absolute rate of progres-

sion, whereas in patients with lower coronary cal-
cium scores, absolute progression was much less. 
In the latter group (with lower coronary calcium 
scores), relative progression was signifi cantly higher 
(Fig. 4.4.3). This refl ects in part a mathematical phe-
nomenon in that an increase in the coronary calcium 
score from 30 to 60 is an increase by 100%, whereas 
from 1030 to 1060, it is only an increase by 3%. Nev-
ertheless, it appears clinically relevant that opposite 
trends in absolute and relative (percent) measures of 
progression can be seen.

It has been proposed that patients with increased 
coronary calcium progression (and normal renal 
function) have a higher rate of acute myocardial in-
farction, independent of statin treatment (Raggi et 
al. 2003, 2004). Raggi et al. (2004) conducted a retro-
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spective analysis in 495 patients who had no clinical 
coronary artery disease but were all treated with sta-
tins because of their coronary calcium burden. The 
mean follow-up time was 3.2 years. Although the 
baseline amount of coronary calcium was compara-
ble, patients who later suffered an acute myocardial 
infarction had a mean coronary calcium progres-
sion of 42%, whereas it was 17% in the patients with 
no acute myocardial infarction (p< 0.0001). Patients 
with an annual coronary calcium progression 
 15% 
had a 17.2-fold increased risk of acute myocardial in-
farction. This risk appeared to be modifi ed depend-
ing on the baseline coronary calcium score. In par-
ticular, patients with a high baseline score and an 
increased progression had an increased risk of acute 
myocardial infarction, underlining the importance 
of the relationship between the baseline amount of 
CAC and the rate of progression (Raggi et al. 2004).

Several randomized studies failed to detect an 
effect of lipid-lowering therapy on CAC progres-
sion, even though medications proven to reduce 
cardiovascular event rates were used (Arad et 
al. 2005b; Houslay et al. 2006; Raggi et al. 2005; 
 Schmermund et al. 2006b). In a subgroup of par-
ticipants in the St. Francis Heart Study who had in-
creased coronary calcium scores, coronary calcium 

Fig. 4.4.3. The interpretation of the annualized progression 
of coronary calcium (median) depends on the baseline total 
calcium score. Patients are classifi ed into four groups with 
different baseline scores. In the top panel, absolute changes 
(calcium score progression per year) are greater in patients 
with greater baseline scores. In the bottom panel, relative 
changes in percent of the baseline score are smaller in pa-
tients with greater baseline scores. On the basis of data pre-
sented in Schmermund et al. (2001b)

progression was examined over a mean duration of 
4.3 years (Arad et al. 2005b). Apart from vitamin 
supplementation and aspirin, the treatment group 
received atorvastatin 20 mg/day, whereas the pla-
cebo group received only aspirin 81 mg/day. In the 
group treated with atorvastatin, the mean baseline 
LDL cholesterol value of 146 mg/dl was lowered by 
47% over the course of the study. Despite the com-
paratively long treatment period and a trend for a 
lower event rate in the atorvastatin group, no dif-
ference in the progression of coronary calcium 
(Agatston method) was observed. Overall, the Ag-
atston coronary calcium score increased by 331 in 
the atorvastatin group (+81%) and by 323 (+73%) in 
the control group treated with aspirin alone (Arad 
et al. 2005b).

In the Beyond Endorsed Lipid Lowering with EBT 
Scanning (BELLES) trial, EBCT scanning to track 
CAC progression was performed in hyperlipidemic 
postmenopausal women (Raggi et al. 2005). In a 
multicenter study, they were randomized to therapy 
with 80 mg/day atorvastatin or 40 mg/day pravasta-
tin. Intensive statin therapy with 80 mg atorvastatin 
over 1 year lowered LDL cholesterol from 175 mg/dl to 
92 mg/dl (–47%), whereas 40 mg pravastatin lowered 
LDL cholesterol from 174 mg/dl to 129 mg/dl (–25%). 
However, median coronary calcium progression 
(volume score) did not differ and was approximately 
20% in both treatment groups. In another random-
ized multicenter study, patients who had no CHD but 

 2 cardiovascular risk factors and at least moder-
ate coronary calcium scores were assigned to receive 
80 mg or 10 mg atorvastatin per day over 12 months 
(Schmermund et al. 2006b). Mean coronary calcium 
progression was similar in both treatment groups. 
Corrected for the baseline calcium volume score, it 
was 27% in the 80 mg atorvastatin group and 25% in 
the 10 mg atorvastatin group (p= 0.65). There was no 
relationship of coronary calcium progression with 
on-treatment LDL cholesterol levels.

To explain these unexpected results, a recent 
analysis reevaluated intravascular ultrasound data 
from two large randomized trials examining coro-
nary plaque progression in response to anti-athero-
sclerotic treatment (Nicholls et al. 2007). Whereas 
in general, coronary plaques with little or no calci-
fi cation displayed measurable changes in volume 
(progression or even regression depending on the 
medical treatment regimen), calcifi ed plaque vol-
ume appeared to be more resistant to such changes. 
This may imply that once calcifi ed plaque forma-
tion has taken place, further changes are diffi cult to 
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detect. In this respect, two more considerations de-
serve mention. Calcifi ed plaque volume only repre-
sents a minor proportion of overall plaque volume, a 
proportion which may in part be too small to detect 
changes. Also, only a fraction of the extent of coro-
nary calcium can be explained by cardiovascular 
risk factor variability (Schmermund et al. 1998). 
Accordingly, other factors apart from risk factors 
should also play a role in coronary calcium progres-
sion and were not accounted for in the randomized 
studies mentioned above.

Overall, accelerated coronary calcium progres-
sion signifi es a signifi cantly increased risk of ad-
verse cardiac events. However, it remains open 
which determinants infl uence calcium progression 
over the course of 1–4 years, and likewise, poten-
tial therapeutic implications remain unclear. Apart 
from these issues, we do not know at which inter-
val serial coronary calcium scanning might be con-
sidered and if the dynamic developments in scan-
ner technology will infl uence serial measurements. 
Against this background, assessment of coronary 
calcium progression in clinical practice is currently 
discouraged (Greenland et al. 2007).

 4.4.4 
Guidelines for and Practical Use of 
Coronary Calcium Assessment

Assessment of coronary calcium provides for direct 
visualization of the coronary arteries and quantifi -
cation of coronary artery calcium as a representation 
of coronary atherosclerosis. The extent of coronary 
calcium has unequivocally been demonstrated to 
predict clinical cardiovascular events. In appropri-
ately selected patients, it provides additional and 
incremental prognostic information above that 
provided by clinical data and cardiovascular risk 
factor analysis alone. Assessment of coronary cal-
cium should only be contemplated in patients who 
can potentially derive a benefi t from this test. This 
will be the case in asymptomatic patients whose 
cardiovascular risk remains indeterminate despite 
thorough analysis of medical history, ECG data and 
other clinical information, and risk factor analysis. 
Depending on the defi nition of cardiovascular risk 
thresholds (“low versus intermediate versus high 
risk”), the proportion of the asymptomatic popu-
lation with an indeterminate (“intermediate”) risk 

may range between 5% and 40% (Greenland et al. 
2001; Keevil et al. 2007).

For practical purposes, global cardiovascular risk 
assessment plays an important role in determining 
the a priori risk of an individual. This will usually 
involve one or more of the available risk scoring 
algorithms in Europe and in the USA such as the 
Framingham Risk Score (Greenland et al. 2001) or 
the European Score (deBacker et al. 2003). In addi-
tion, a family history of premature CHD certainly 
needs to be considered (Keevil et al. 2007; Nasir 
et al. 2004). In their most recent expert consensus 
statement, the leading American professional so-
cieties state: “The accumulating evidence suggests 
that asymptomatic individuals with an intermediate 
Framingham Risk Score may be reasonable candi-
dates for CHD testing using coronary artery calcium 
as a potential means of modifying risk prediction 
and altering therapy” (Greenland et al. 2007). The 
statement published by the European societies reads: 
“The resulting calcium score is an important param-
eter to detect asymptomatic individuals at high risk 
for future cardiovascular disease events, indepen-
dent of the traditional risk factors” (deBacker et 
al. 2003). In a large unselected European population 
in Germany, the Heinz Nixdorf Recall study dem-
onstrated the impact of coronary calcium scoring 
on global risk assessment (Erbel et al. 2008). The 
majority of the subjects who had been classifi ed as 
“intermediate risk” on the basis of the Framingham 
risk algorithm were reclassifi ed on the basis o the 
coronary calcium score as having either a low risk 
(64%) or a high risk (32%).

Both the American and the European societies 
suggest that coronary calcium scanning in asymp-
tomatic subjects with an indeterminate risk can be 
helpful for defi ning therapeutic aims and for guid-
ing the intensity of medical therapy (deBacker et 
al. 2003; Greenland et al. 2007). Coronary calcium 
scanning does not appear to add useful prognostic 
information in subjects with a low cardiovascular 
risk on the basis of clinical data and the risk pre-
diction algorithms. In high-risk subjects, coronary 
calcium scanning also appears unnecessary. The 
currently available data are insuffi cient to justify 
withholding therapy from high-risk patients who 
have no coronary calcium.

When defi ning a patient’s individual risk, age and 
sex of the patient should be considered. Recent large 
population-based studies have provided “normo-
grams” of calcium score distribution in the general 
population in the USA (Multi-Ethnic Study of Ath-
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erosclerosis) and in Europe (Heinz Nixdorf Recall 
Study) (McClelland et al. 2006, Schmermund et 
al. 2006a). These percentile values were calculated 
on the basis of EBCT studies. They appear to be very 
similar to values derived with four-slice spiral CT 
(Schmermund et al. 2002). However, with the ongo-
ing scanner technology developments, there are dy-
namic changes in imaging parameters which need 
to be accounted for regarding the comparability 
and application of data from one system to another. 
Figures 4.4.4 and 4.4.5 show simple schemes for the 
indication and interpretation of coronary calcium 
scans in asymptomatic individuals.

In symptomatic individuals, coronary calcium 
scanning may be useful as a fi lter prior to invasive 
coronary angiography or stress nuclear imaging, be-
cause signifi cant coronary stenoses are very unlikely 
in the absence of coronary calcium ( Greenland et 

al. 2007). This also pertains to the examination of 
patients in the emergency room who have unex-
plained chest pain. However, the assessment of cal-
cifi ed plaques has clear limitations in a setting where 
it is the goal to rule out coronary stenoses. In rare 
instances, signifi cant coronary stenoses can result 
from non-calcifi ed plaque formation, being “silent” 
on a coronary calcium scan. Indeed, if coronary 
stenoses need to be ruled out with a high degree of 
certainty, CT coronary angiography may be prefer-
able, as it also detects non-calcifi ed plaque forma-
tion. Also, patients who are able to exercise should 
probably undergo exercise stress testing in the fi rst 
line, because it provides inherently important prog-
nostic information on cardiorespiratory fi tness. Ta-
ble 4.4.2 gives an overview of the current indications 
for coronary calcium scanning in asymptomatic and 
symptomatic patients.

Fig. 4.4.5. The interpretation of 
the coronary artery calcium score 
can be carried out in two steps. In 
a fi rst step, the overall amount of 
coronary calcium is assessed. In a 
second step, the percentile value 
of the calcium score is considered 
to put the amount of calcium in a 
perspective regarding other sub-
jects of the same sex and age

Fig. 4.4.4. Schematic representation of the indication for coronary calcium determination. The test can provide 
useful additional information in a subgroup of patients whose cardiovascular risk remains indeterminate after 
offi ce-based risk assessment
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Table 4.4.2. Indications for the use of CT coronary calcium scanning

Asymptomatic persons:

1. Specify cardiovascular risk in subjects with risk factors who cannot be determined by offi ce-based risk assessment 
to have either a low or a high cardiovascular risk 

2. Specify cardiovascular risk in older subjects in whom the established risk factors lose some of their predictive 
value and whose risk remains indeterminate

3. Identify subjects with an increased cardiovascular risk who might endanger others in the case of a clinical event 
(air travel, public traffi c, high-risk environment)

4. Subjects with markedly elevated levels of potential cardiovascular risk factors whose clinical impact remains 
uncertain such as lipoprotein(a), C-reactive protein, or homocysteine

Symptomatic persons:

5. Rule out calcifi ed coronary atherosclerosis in patients with a low to intermediate likelihood of signifi cant coronary 
stenoses to determine the necessity of further testing (myocardial perfusion study, coronary angiography)
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 4.5.1 
The Prevalence of Coronary Calcifi cation

The amount of coronary calcifi cation detected by 
electron-beam computed tomography (EBCT) de-
pends on sex and age. Studies among populations 
of asymptomatic subjects have shown that men 
generally have higher calcium scores than women 
and that calcium scores increase with age (Hoff 
et al. 2001; Rumberger et al. 2003; Schmermund 

et al. 2006a; McClelland et al. 2006). Table 4.5.1 
shows sex- and age-stratifi ed calcium score nomo-
gram of the largest study, which comprises 35,246 
self-referred subjects (Hoff et al. 2001). Different 
studies have found that up to half of all men already 
have detectable coronary calcifi cation before the 
age of 50. By the age of 65 years, almost all men have 
a positive calcium score. The median calcium score 
for men at the age of 65 years is at least 100, with 
a wide and skewed distribution. The prevalence 
of coronary calcium is much lower for relatively 
young women: only up to 25% of women have any 
coronary calcium before the age of 50. By the age 
of 75, coronary calcifi cation is as ubiquitous for 
women as for men. However, at any age, the distri-
bution of calcium scores is much lower for women 
than for men. Calcium scores in women are compa-
rable to calcium scores in men who are 10–15 years 
younger. For example, the median calcium score 
for women aged 65 years is only 10–20. In Fig-
ure 4.5.1, median calcium score values from the 
different studies are depicted for men and women, 
per age category (Schmermund et al. 2006a). De-
pending on the specifi c characteristics of the study 
population, some median values differ. Compared 
to population-based studies, self-referred cohorts 
generally yield somewhat higher median calcium 
scores for men at higher ages and women at lower 
ages. Possible explanations for these differences 
include selection of study participants, geographic 
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differences and differences in prescription of car-
diovascular medication.

Although the amount of coronary calcifi cation in-
creases with age, age itself should not be considered 
as a risk factor for coronary calcifi cation. Rather, the 
effect of age is to a great extent due to the cumulative 
measure of exposure to cardiovascular risk factors.

 4.5.2 
Cardiovascular Risk Factors and 
Coronary Calcifi cation

It has been known for decades that cardiovascular 
risk factors like smoking, hypertension, hypercho-
lesterolemia, obesity and diabetes increase the risk 
of coronary heart disease (CHD), mostly through 
initiating and accelerating the development of ath-
erosclerosis. These risk factors are also called tradi-
tional risk factors. More recently, studies have iden-
tifi ed new risk markers for cardiovascular disease 
like C-reactive protein (CRP), fi brinogen and homo-
cysteine. There is clear evidence that conventional 
risk factors are associated with the presence and 
amount of coronary calcifi cation. In a self-referred 
screening population of more than 30,000 subjects 
aged 30–90 years (mean age, 51 years), the mean 
calcium score increased with increasing number of 
conventional risk factors (Hoff et al. 2003). Sig-

Table 4.5.1. Electron-beam computed tomography calcium score percentiles for 25,251 men and 9995 women within age 
strata. [Reprinted from Hoff et al. (2001) with permission]

Calcium scores Age (years)

<40 40–44 45–49 50–54 55–59 60–64 65–69 70–74 >74

Men (n) 3504 4238 4940 4825 3472 2288 1209 540 235

25th Percentile 0 0 0 1 4 13 32 64 166

50th Percentile 1 1 3 15 48 113 180 310 473

75th Percentile 3 9 36 103 215 410 566 892 1071

90th Percentile 14 59 154 332 554 994 1299 1774 1982

Women (n) 641 1024 1634 2184 1835 1334 731 438 174

25th Percentile 0 0 0 0 0 0 1 3 9

50th Percentile 0 0 0 0 1 3 24 52 75

75th Percentile 1 1 2 5 23 57 145 210 241

90th Percentile 3 4 22 55 121 193 410 631 709

Fig. 4.5.1a,b. Median coronary calcium scores in men (a) 
and in women (b) in different cohort studies: Raggi et al. 
(2000), Hoff et al. (2001), Mitchell et al. (2001), Nasir et al. 
(2004a), HNR: Heinz Nixdorf Recall Study, HNR no CV med: 
Heinz Nixdorf Recall study population without cardiovascu-
lar medication (both from Schmermund et al. 2006a). [Re-
printed from Schmermund et al. (2006a) with permission]

a

b
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studies have shown that systolic blood pressure 
and diastolic blood pressure are important risk fac-
tors for coronary calcifi cation (Maher et al. 1996; 
 Mahoney et al. 1996; Megnien et al. 1996; Arad et 
al. 2001; Bielak et al. 2004). Adults with coronary 
calcifi cation have a higher systolic blood pressure 
and a higher diastolic blood pressure than adults 
without any coronary calcifi cation. Adults above the 
90th percentile of systolic blood pressure have been 
shown to be at least six times more likely to have 
coronary calcifi cation, with corresponding relative 
risks for diastolic blood pressure of 4 for men and 3 
for women (Mahoney et al. 1996). While coronary 
calcifi cation is positively associated with both sys-
tolic and diastolic blood pressure below the age of 
50 years, the positive association remains only for 
systolic blood pressure above 50 years, favoring 
pulse pressure as the best predictor of coronary cal-
cium (Bielak et al. 2004). Analogous to the attenua-
tion of the predictive value of hypertension for CHD 
in the very elderly, no association of hypertension 
and coronary calcifi cation was found in subjects 
with a mean age of 80 years (Newman et al. 2001).

Compared to subjects who have cholesterol lev-
els below 5.0 mmol/l, the risk of CHD is three-fold 
greater among subjects who have cholesterol levels 
between 6.5 mmol/l and 7.9 mmol/l and fi ve-fold 
greater among subjects who have cholesterol levels 
>8.0 mmol/l (Jousilahti et al. 1998). In the study by 
Hoff et al. (2003), the percentage of hypercholester-
olemia increased from 31% and 33% among men and 
women without coronary calcium to 42% and 52% 
in case of a high calcium score. Population-based 
studies with an age range of 20–74 years have shown 
that LDL cholesterol, triglycerides and cholesterol/
HDL cholesterol ratio are positively associated with 
coronary calcifi cation while HDL cholesterol is in-
versely associated with coronary calcifi cation in 
both men and women (Maher et al. 1996; Arad et 
al. 2001; Allison et al. 2003; Allison and Wright 
2004a). However, in the elderly an association be-
tween concurrently measured cholesterol and coro-
nary calcifi cation is lacking (Newman et al. 2001; 
Oei et al. 2004). In the MESA study, a multicenter 
study of 6814 participants, it was found that many 
drug-eligible persons with considerable coronary 
calcium are not treated with lipid-lowering therapy, 
while many persons who do not qualify for drug 
treatment have considerable coronary calcium 
(Goff et al. 2006). Thus, information on the severity 
of coronary calcifi cation may improve the ability to 
predict who will benefi t from lipid-lowering therapy. 

nifi cant associations were present with self-reported 
hypertension, smoking, hypercholesterolemia and 
diabetes. In the Rotterdam Coronary Calcifi cation 
Study among elderly subjects (mean age, 71 years), 
risk factors assessed 7 years before scanning were 
strongly associated with coronary calcifi cation (Oei 

et al. 2004). However, associations with blood pres-
sure and cholesterol disappeared when measured 
concurrently to scanning, probably due to the de-
creasing predictive value of risk factors with in-
creasing age. Remarkably, without risk factors, a 
high calcium score, above 400, was present in about 
30% of men and 15% of women. In the following 
paragraphs, we will discuss the association between 
the separate conventional and newer risk factors and 
coronary calcifi cation.

Pathology studies in the 1970s already showed 
that smoking increases the amount of coronary and 
aortic atherosclerosis (Strong and Richards 1976). 
The development of EBCT offered the opportunity 
to study the association of smoking and coronary 
atherosclerosis in vivo. In a population-based study 
among 740 adults between 20 and 59 years of age, 
Maher et al. (1996) showed that subjects with a his-
tory of smoking have higher calcium scores than 
subjects who never smoked. In a multivariate model 
a history of smoking was only in men associated 
with coronary calcifi cation. In the study by Hoff et 
al. (2003), the percentage of ever smokers increased 
from 43% and 46% among men and women with-
out coronary calcium to 65% and 59% in case of a 
high calcium score (2003). In elderly, smoking, ex-
pressed as the number of pack-years smoked, is still 
associated with coronary calcifi cation (Newman et 
al. 2001; Oei et al. 2004). On the other hand, studies 
using intravascular ultrasound to detect coronary 
calcifi cation in patients who underwent coronary 
angiography found a similar or even lower amount 
of calcifi cation in smokers than in non-smokers 
(Tuzcu et al. 1996; Mintz et al. 1997; Kornowski 
1999). This apparent contradiction is likely due to 
selection bias. Therefore, the results of the latter 
studies cannot be extrapolated to the general popu-
lation.

Blood pressure is positively and linearly related 
to cardiovascular disease (Stokes et al. 1989). A net 
reduction of 5–6 mm Hg in diastolic blood pressure 
is associated with a 38% reduction in stroke risk and 
a 16% reduction in CHD risk (Stokes et al. 1989). 
Furthermore, hypertension is an important risk fac-
tor for atherosclerosis at extracoronary sites (Bots 
et al. 1992; O’Leary et al. 1992). Population-based 
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Oxidation of LDL has been proposed as an interme-
diary step in the causal chain from risk factors to the 
development of subclinical cardiovascular disease. 
In the MESA study, persons with coronary calcifi -
cation were found to have higher levels of oxidized 
LDL (Holvoet et al. 2006). Lipoprotein-associated 
phospholipase A2, a new predictor of cardiovas-
cular disease, possibly exerts its effect through 
enhancement of the pro-infl ammatory properties 
of oxidized LDL-cholesterol (Kardys et al. 2006). 
LDL-cholesterol to which a protein (a) is bound, also 
known as lipoprotein (a), has been established as an 
independent risk factor for coronary heart disease. 
Studies in which the relationship between lipopro-
tein (a) and coronary calcifi cation was examined, 
generally showed no association between the two, 
suggesting that lipoprotein (a) infl uences lesion sta-
bility or susceptibility to thrombosis rather than the 
development of the atherosclerotic lesion (Nishino 

et al. 2000; Guerra et al. 2005).
Subjects with obesity have a relative risk of 2–2.5 

for CHD as compared to subjects without obesity 
(Hubert et al. 1983). Studies in young to middle-
aged populations have shown a strong relationship 
between measures of obesity and coronary calcifi ca-
tion. Body mass index, waist to hip ratio, abdominal 
height and intra-abdominal fat are all associated 
with the amount of coronary calcifi cation (Maher 
et al. 1996; Arad et al. 2001). In contrast, in elderly 
individuals body mass index shows a weak or no 
correlation with calcifi cation (Newman et al. 2001; 
Oei et al. 2004). Whether the weaker association be-
tween obesity and coronary calcifi cation in the el-
derly is caused by selection due to survival, by frailty 
due to underlying disease (e.g. cancer) or by another 
underlying mechanism is unclear.

There is a remarkable disparity between men 
and women with respect to measures of body mor-
phology and coronary calcifi cation (Allison and 

 Michael Wright 2004b). The relationship between 
body mass index and the calcium score is much 
stronger for men than for women. Central adipos-
ity was related to coronary calcifi cation in men only, 
but not as strong as the body mass index. CT-based 
measures of abdominal fat do not seem to be supe-
rior to body mass index or waist circumference as 
risk factors to explain the presence of coronary cal-
cium (Snell-Bergeon et al. 2004).

Studies on type II diabetes and coronary calcifi -
cation consistently show that the prevalence and ex-
tent of coronary calcifi cation is increased in diabet-
ics (Schurgin et al. 2001; Mielke et al. 2001; Meigs 

et al. 2002; Hoff et al. 2003; Wong et al. 2003a). 
Table 4.5.2 shows calcium scores for diabetics and 
non-diabetics in different age-categories, by gender. 
Men with diabetes have higher calcium scores than 
men without diabetes. Similarly, women with diabe-
tes have higher calcium scores than women without 
diabetes (Hoff et al. 2003). Compared to individu-
als without type II diabetes, patients are 70% more 
likely to have any coronary calcium (Wong et al. 
2003a) and 70% more likely to have a calcium score 
in the highest age/gender quartile (Hoff et al. 2003). 
Whether the association between diabetes and cor-
onary calcium persists at old age is unclear. While 
one population-based study (mean age, 71 years) 
showed a positive association between diabetes and 
the calcium score (Oei et al. 2004), another study 
in an even older population (mean age, 80 years) 
showed no association between diabetes mellitus 
and coronary calcifi cation. Insulin resistance also 
shows an association with subclinical coronary ath-
erosclerosis (Arad et al. 2001; Meigs et al. 2002). 
Insulin resistance is correlated with a constellation 
of abnormalities, including central adiposity, lipid 
abnormalities, hypertension and hypercoagulabil-
ity – known together as the metabolic syndrome. 
In a population with a mean age of 53 years, the 
prevalence of coronary calcium increased with the 
number of risk factors for the metabolic syndrome, 
from 34% for 0 risk factors to 58% for fi ve risk fac-
tors (Wong et al. 2003a).

The prevalence of coronary calcifi cation is not 
only increased in patients with type II diabetes, but 
also in type I diabetics (Dabelea et al. 2003). In type 
I diabetes, coronary calcium is detected already in 
the third decade of life in a considerable proportion 
of patients. The gender difference in the presence of 
coronary calcium is smaller in case of type I diabe-
tes than in the general population (Colhoun et al. 
2000). Type I diabetes increases coronary calcifi ca-
tion relatively more in women than in men, possibly 
related to gender differences in insulin resistance in 
these patients (Dabelea et al. 2003).

Population-based follow-up studies have shown 
that moderate alcohol consumption diminishes the 
risk of CHD (Hennekens et al. 1978; Klatsky et al. 
1981; Suh et al. 1992; Camargo et al. 1997; Yang et 
al. 1999). Although it has been postulated that alco-
hol increases HDL cholesterol levels, the mechanism 
by which alcohol intake exerts this effect is not well 
understood. Confl icting results have been found in 
studies examining the relationship between alco-
hol consumption and coronary atherosclerosis. In 
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the Rotterdam Coronary Calcifi cation Study, a u-
shaped association was reported, with the largest 
reduction in risk of extensive coronary calcifi cation 
at a consumption level of one to two drinks per day 
(Vliegenthart et al. 2004). The protective effect 
was most prominent for wine types of alcoholic bev-
erages. In contrast, two studies in younger popula-
tions found no inverse relation between alcohol in-
take and coronary calcifi cation (Tofferi et al. 2004; 

Pletcher et al. 2005). In these studies, increasing 
number of drinks per day was associated with an 
increasing prevalence of coronary calcium. Also 
binge drinking (>fi ve drinks on one day) increased 
the risk of coronary calcifi cation (Pletcher et al. 
2005). In a large population-based study among 
white and African American subjects with a mean 
age of 56 years, no benefi cial effect of alcohol on the 
extent of coronary calcifi cation was found (Ellison 

Table 4.5.2. Median coronary artery calcium (CAC) scores in men and women with and without 
diabetes. [Reprinted from Hoff et al. (2003) with permission]

Diabetes No Diabetes

Median CAC Median CAC

Men n Score n Score pValue

Age group 
(years)

<40 46 4 3,005 1 <0.001

40–44 63 13 3,653 1 <0.001

45–49 100 9.5 4,322 3 0.001

50–54 144 42 4,142 14 <0.001

60–64 117 192 1,860 105 <0.001

65–69 72 378 955 152 <0.001

>70 45 343 592 301 0.77

Total 747 63 21,441 6 <0.001

Diabetes No Diabetes

Median CAC Median CAC

Women n Score n Score pValue

Age group 
(years)

<40 21 1 514 0 <0.001

40–44 32 0 846 0 0.14

45–49 32 1 1,398 0 0.01

50–54 74 8.5 1,826 0 <0.001

55–59 52 7.5 1,522 1 <0.001

60–64 47 21 1,105 2 0.003

65–69 34 104 712 5 0.006

>70 36 114 465 52 0.54

Total 328 5 8,388 1 <0.001

The Mann-Whitney U test was used to compare coronary artery calcium (CAC) scores between 
diabetic and nondiabetic subjects within each fi ve-year age group. the analyses were performed 
separately for men and women
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et al. 2006). Possibly different beverage preferences 
may have led to these contrasting results.

Infl ammatory markers, like CRP and fi brinogen, 
are blood measurements that have recently gained in-
terest as possible new variables for prediction of car-
diovascular disease. The most studied infl ammatory 
protein so far is CRP. CRP is a sensitive marker of in-
fl ammation that increases the risk of CHD in healthy 
subjects (Ridker et al. 1997, 1998a,b), in patients 
with stable and unstable angina pectoris (Liuzzo 
et al. 1994; Thompson et al. 1995; Haverkate et al. 
1997), and in high-risk patients (Kuller et al. 1996). 
In addition, CRP has been related both cross-section-
ally and prospectively to peripheral arterial disease 
(Ridker et al. 1998c; Erren et al. 1999). However, 
CRP is not associated with the amount of coronary 
calcifi cation in most studies (Redberg et al. 2000; 
Bielak et al. 2000; Hunt et al. 2001; Newman et al. 
2001; Reilly et al. 2003; Khera et al. 2006). Only one 
study found a modest correlation between high CRP 
levels and the calcium score (Wang et al. 2002). By far 
the largest study, among more than 3300 participants 
of the population-based Dallas Heart Study, found 
some increase in the extent of coronary calcifi cation 
in subjects with higher CRP levels, but this associa-
tion was explained by traditional cardiovascular risk 
factors (Khera et al. 2006). As a possible explanation 
for the lack of the association, it has been suggested 
that high-sensitivity CRP refl ects an underlying pro-
pensity to plaque instability rather than overall ath-
erosclerotic plaque burden (Khera et al. 2006).

Increased plasma fi brinogen concentration is re-
lated to an increased risk of cardiovascular disease 
(Danesh et al. 1998; Maresca et al. 1999). There 
are several mechanisms by which fi brinogen may 
increase the risk of cardiovascular disease. Fibrino-
gen is the main coagulation protein in plasma, is an 
important determinant of blood viscosity and can 
act as a cofactor for platelet aggregation (Meade et 
al. 1986; Maresca et al. 1999). Fibrinogen may also 
contribute to cardiovascular disease by other direct 
effects: it is a component of atherosclerotic plaques 
and stimulates smooth muscle cell migration and 
proliferation (Meade et al. 1986). Furthermore, the 
correlation with CRP suggests that fi brinogen refl ects 
the infl ammatory activity of progressing atheroscle-
rosis (Folsom et al. 1997). Studies on the association 
of fi brinogen and coronary calcifi cation have found 
confl icting results. A population-based study in 114 
men and 114 women found that subjects who were 
selected on the basis of their high calcium score had 
higher fi brinogen than the control group (Bielak 

et al. 2000). In addition, a study in hypercholester-
olemic patients found that fi brinogen was positively 
associated with coronary calcifi cation (Levenson 
et al. 1997). However, other studies were not able to 
confi rm these fi ndings (Hunt et al. 2001; Newman 
et al. 2001). In conclusion, studies have suggested that 
fi brinogen may play a role in the process of athero-
sclerosis. Larger population-based studies have to be 
awaited before conclusions can be drawn on the asso-
ciation of fi brinogen and coronary calcifi cation.

Although elevated serum homocysteine levels 
have been shown to correlate with CHD risk in cross-
sectional studies, results from prospective studies 
are confl icting (Pearson 2002). A meta-analysis of 
57 studies showed that homocysteine is only weakly 
related to CHD and somewhat more strongly re-
lated to cerebrovascular disease (Ford et al. 2002). 
Although recent experimental studies have shown 
that hyperhomocysteinemia is atherogenic, at least 
at early stages and in the presence of another potent 
risk factor (Hofmann et al. 2001; Zhou et al. 2001), 
most epidemiologic studies found no effect of se-
rum homocysteine levels on coronary calcifi cation 
( Mahoney et al. 1996; Superko and Hecht 2001; 
Taylor et al. 2001). However, in the largest study 
so far, including 1071 participants, homocysteine 
did show a correlation with the extent of coronary 
calcium (Kullo et al. 2006a), even after adjusting 
for conventional cardiovascular risk factors. Only in 
subjects at intermediate risk of coronary heart dis-
ease, based on risk factor levels, was an association 
present. In a study among patients with type II dia-
betes, a positive correlation between homocysteine 
and the calcium score was found, but the asso-
ciation disappeared after adjusting for risk factors 
( Godsland et al. 2006). The signifi cance and clini-
cal utility of homocysteine needs to be resolved.

Whether a family history of premature CHD is as-
sociated with coronary calcium is still unclear. The 
limited number of published studies showed differ-
ing results. A screening study showed a signifi cant as-
sociation between family history and the prevalence 
and extent of coronary calcifi cation, stronger for a 
sibling history than for a parental history (Nasir et al. 
2004b). Another study found a positive correlation for 
African-Americans, but not for Caucasians ( Fornage 
et al. 2004). However, in a large predominantly Cau-
casian population, Hoff et al. (2003) found a positive, 
albeit moderate, association between family history 
and the extent of coronary calcium.

Various psychological and socio-economic fac-
tors are associated with coronary heart disease. One 
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of the proposed pathways is increased atherogenesis. 
Studies examining the relationship of psychosocial 
risk factors to coronary calcium have yielded con-
fl icting results. In a study of almost 800 individuals 
(mean age, 57 years), social network indices such as 
being single or widowed were associated with coro-
nary calcifi cation (Kop et al. 2005). The larger the 
social network, the lower the likelihood of coronary 
calcium being present. Socioeconomic status and de-
pressive symptoms were not related to the presence 
of coronary calcifi cation. In contrast, educational 
attainment, a correlate of socioeconomic status, 
was found to be inversely related to the prevalence 
of coronary calcium in two other studies among 
young adults and postmenopausal women (Gallo 
et al. 2001; Yan et al. 2006).

While single studies in different study popula-
tions showed a positive association of coronary 
calcium with hostility, depression and type A (cor-
onary-prone) behaviour (Iribarren et al. 2000; 
Sparagon et al. 2001; Agatisa et al. 2005), the 
largest study so far found no correlation between 
the prevalence and extent of coronary calcifi cation 
and depression, anxiety, hostility and stress (Diez 

Roux et al. 2006). Also a study among active army 
personnel found no associations (O’Malley et al. 
2000). Thus, further research is needed to determine 
whether, and in which populations, psychosocial 
factors infl uence the development and progression 
of subclinical coronary atherosclerosis.

 4.5.3 
Ethnic Diff erences in Coronary Calcifi cation

There are remarkable ethnic differences in the prev-
alence, progression, and risk of CHD. Pathological 
studies have found more extensive fatty streaks in 
the coronary arteries of African-American individu-
als than of Caucasians (McGill and Strong 1968; 
Freedman et al. 1988; Strong et al. 1999) but a simi-
lar amount of raised lesions (Strong et al. 1999), 
which are likely to contain calcium. In contrast, large 
US-based studies have shown that Caucasian men 
have the highest prevalence of coronary calcifi cation 
compared to men from other ethnicities after control-
ling for risk factors (Bild et al. 2005; McClelland 
et al. 2006; Orakzai et al. 2006). Overall, compared 
to Caucasians, the prevalence and extent of coronary 
calcifi cation is lowest for African-Americans, fol-

lowed by Chinese and then by Hispanics. It is prefer-
able to evaluate the amount of coronary calcifi cation 
according to race-specifi c distributions of the calcium 
score. Tools are available on the internet to obtain a 
percentile of the calcium score for a specifi c combi-
nation of age, gender and race (McClelland et al. 
2006). Among women from different ethnic groups, 
very little or no differences in coronary calcium are 
generally seen. Interestingly, African-American in-
dividuals have higher incidences of CHD, despite 
similar (women) or lower (men) calcium scores. The 
explanation for this difference is unclear. Possibly, 
ethnic differences in the process of calcifying plaques 
play a role (Doherty et al. 1999).

 4.5.4 
Coronary Calcifi cation and Risk of 
Manifest Atherosclerotic Disease

The most important cause of morbidity and mortal-
ity in individuals with cardiovascular risk factors is 
coronary atherosclerosis. Atherosclerotic plaques in 
a coronary artery can rupture or erode, which can 
lead to thrombosis and partial or complete occlusion 
of the culprit artery. If occlusion of the coronary ar-
tery lasts for some time, ischemia and subsequently 
infarction of the cardiac tissue, which is normally 
nourished by the culprit artery, can occur – caus-
ing a coronary event. Most subjects at risk do not 
develop symptoms of coronary artery disease (CAD) 
until the occurrence of acute myocardial infarction 
or sudden cardiac death. The ability to predict and 
prevent the majority of coronary events is limited. 
Research has shown that asymptomatic individuals 
at risk benefi t from aggressive risk factor modifi ca-
tion or further testing (Grover et al. 1995). A com-
monly used method to assess cardiovascular risk is 
the Framingham risk score. This is an offi ce-based 
scoring algorithm based on risk factors. Accord-
ing to the Framingham risk score, asymptomatic 
individuals are stratifi ed into low, intermediate or 
high risk of CHD. However, risk factor assessment 
to identify high-risk subgroups is neither highly 
sensitive nor highly specifi c (Grover et al. 1995): 
many individuals, considered to be at high risk of a 
coronary event will not experience myocardial in-
farction or sudden cardiac death, while many other 
subjects, considered to be low-risk, will suffer a cor-
onary event. Thus, there is a clear need for new strat-
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egies for the primary prevention of CAD. In recent 
years, an alternative approach to risk stratifi cation 
has been proposed: noninvasive evaluation of coro-
nary calcifi cation by EBCT. This strategy is based 
on the close histopathological correlation between 
coronary calcium deposits and the total amount of 
coronary atherosclerosis (Rumberger et al. 1995).

To draw conclusions about the possible clinical 
use of the calcium score, prospective results from 
large follow-up studies in unselected populations 
are of utmost importance (Wexler et al. 1996). In 
recent years a number of studies have been published 
on the prognostic value of coronary calcifi cation for 
coronary events in asymptomatic subjects – see the 
overview provided in Table 4.5.3.

In a study by Arad et al. (2000) 39 coronary 
events were observed in 1172 asymptomatic subjects 
(mean age 53 years) during an average follow-up of 
3.6 years. The population consisted of subjects who 
were either referred by physicians or self-referred in 
response to advertisements. The 39 events included 
three sudden cardiac deaths, 15 (nonfatal) myocar-
dial infarctions, and 21 revascularizations. The mean 
calcium score among subjects with events was much 
higher than the mean calcium score among subjects 
without events (764�±�935 vs. 135�±�432). A calcium 
score above 160 was associated with an odds ratio of 
all coronary events of 15.8 (CI, 7.4–33.9), while the 
odds ratio of only myocardial infarction and coro-
nary death was 22.2 (CI, 6.4–77.4). Wong et al. (2000) 
observed in a study among 926 self-referred and GP-
referred subjects a relative risk of cardiovascular 
events of 8.8 in the highest calcium score quartile 
compared to subjects without coronary calcifi ca-
tion. However, of the 28 cardiovascular events that 
occurred during a mean of 3.3 years after scanning, 
23 were revascularizations. Referral bias could have 
infl uenced the results since revascularizations may 
partially have taken place on the basis of a high cal-
cium score. Raggi et al. (2000) reported a relative 
risk of 21.5 (95% CI, 2.8–162.4) for myocardial inf-
arction or cardiac death in the fourth quartile of the 
calcium score when compared to the lowest quartile. 
The subjects in the study population were referred 
for scanning because of the presence of cardiovas-
cular risk factors. The investigation was based on 
calcium scores of 632 subjects (mean age 52 years) 
and 27 coronary events in 32 months. In two large 
screening studies among 5635 and 10,746 subjects 
by Kondos et al. (2003) and LaMonte et al. (2005), 
respectively, 224 and 287 participants experienced 
an event during the follow-up period of 3–3.5 years. 

Strong associations between the calcium score and 
coronary events were found in men, with relative 
risks of the highest quartile and tertile, respectively, 
were 7.2 and 61.7 (versus a calcium score of 0). Inter-
estingly, in a further analysis of the latter screening 
population (Church et al. 2007), a calcium score of 
zero was associated with a very low risk of coronary 
events, irrespective of the number of risk factors 
present. Statistical power enabled only LaMonte et 
al. (2005) to investigate relative risks in women. In 
gender-specifi c tertiles of non-zero calcium scores, 
lower relative risks were found for women than for 
men. However, the distribution of calcium scores 
for women was much lower than for men. In both 
screening studies, the majority of events concerned 
revascularizations, possibly due to referral bias. 
This limits the validity of the results.

Most of the aforementioned prospective studies 
were performed in populations of self-referred or 
physician-referred individuals. This is usually not 
a refl ection of the general population, since referral 
for an EBCT examination may occur because of the 
presence of risk factors, or due to health-conscious-
ness of asymptomatic persons. In these studies, risk 
factors were generally obtained by questionnaires or 
interviews, not by actual measurement. It is known 
that self-report may lead to misclassifi cation of risk 
factors. Many individuals are unaware of the pres-
ence of risk factors like hypertension or hypercho-
lesterolemia.

Recently, studies have been published in study 
populations that are more refl ective of (a part of) the 
general population. In these studies, cardiovascular 
risk factors were measured [in the study by Arad 
(2005a) in part of the population]. In the South Bay 
Heart Watch Study, 1029 high-risk asymptomatic 
subjects without diabetes (mean age 66 years) were 
followed during more than 6 years (Greenland et 
al. 2004). The majority of the population was male. 
During the follow-up time, 84 myocardial infarc-
tions and coronary deaths occurred. In this study, 
the predictive value of the calcium score was com-
pared to that of the Framingham risk score. The 
calcium score was found to be an independent pre-
dictor of coronary events. Across categories of the 
Framingham risk score, the calcium score was pre-
dictive of risk among individuals with an intermedi-
ate and high Framingham risk score, but not in case 
of a low risk score. In the intermediate risk group, 
the extent of coronary calcifi cation signifi cantly 
modifi ed the risk prediction, and allowed further 
categorization of these individuals into low or high 
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Table 4.5.3. Relative risks of coronary calcifi cation for coronary heart disease in prospective electron-beam computed tomography studies

Study Subjects 
(n)

Age 
(years,
mean 
± SD)

Population 
characteristics

Risk factors 
measured 
or reported

Mean 
follow-up 
(months); 
% compl.

Events (n); types (n) Calcium score
cut-off

Relative risk 
(95% CI)b

Arad 
et al. (2000)

1173
71% Male

53 ± 11 Self-referred 
or referred by 
physician

Reported 43; 100 39; Nonfatal MI (15), 
CHD death (3), 
revascularization (21)

>80 (vs <80)
>160 (vs <160)
>600 (vs <600)

14.3 (4.9–42.3)
19.7 (6.9–56.4)
20.2 (7.3–55.8)

Wong 
et al. (2000)a

926
79% Male

54 ± 10 Self-referred 
or referred by 
physician

Reported 40; 61 28; Nonfatal MI (6), 
revascularization (20), 
also included stroke 
(2)

0
Quartiles:
Q1 (1–15)
Q2 (16–80)
Q3 (81–270)
Q4 (>270)

1.0 (reference)

0.7 (0.1–6.6)
3.3 (0.9–12.8)
4.5 (1.2–16.8)
8.8 (2.2–35.1)

Raggi 
et al. (2000)

632
50% Male

52 ± 9 Referred by 
physician 
because of 
risk factors

Reported 37; nr 27; Nonfatal MI (21), 
CHD death (8)

Quartiles:
Q1 (nr)
Q2
Q3
Q4

1.0 (reference)
1.0 (0.1–16.1)
6.2 (0.7–52.1)
21.5 (2.8–162.4)

Kondos 
et al. (2003)

5635
74% Male

51 ± 9 Self-referred Reported 37; 64 224; Nonfatal MI (37), 
CHD death (21), 
revascularization 
(166)

In men:c

0
Quartiles:
Q1 (1–4)
Q2 (4–31)
Q3 (31–169)
Q4 (≥170)

1.0 (reference)

1.8 (0.4–7.9)
2.8 (0.7–11.1)
5.6 (1.6–20.1)
7.2 (2.0–26.2)

LaMonte 
et al. (2005)

10746
64% Male

54 ± 10 Preventive 
health 
examination, 
self-referred 
or referred by 
physician

Measured in 
3619, in the 
others 
reported

42; 70 287; Nonfatal MI (62), 
CHD death (19), 
revascularization 
(206)

In men:
0
Tertiles:
T1 (1–38)
T2 (39–249)
T3 (
250)
In women:
0
Tertiles:
T1 (1–16)
T2 (17–112)
T3 �
113)

1.0 (reference)

5.0 (1.8–13.8)
18.5 (7.3–46.6)
61.7 (24.7–153.7)

1.0 (reference)

1.8 (0.6–5.5)
3.7 (1.5–9.2)
6.2 (2.7–14.4)

Greenland 
et al. (2004)

1029
90% Male

66 ± 8 South Bay Heart 
Watch Study, 
at least one risk 
factor, diabetics 
excluded

Measured 76; 88 84; Nonfatal MI and 
CHD death (84)

0
1–100
101–300
>300

1.0 (reference)
1.5 (0.7–2.9)
2.1 (1.0–4.3)
3.9 (2.1–7.3)

Arad 
et al. (2005b)

4613
65% Male

59 ± 6 St Francis Heart 
Study, 50–70 
years

Measured 
in random 
sample of 
1293

52; 94 99; Nonfatal MI and 
CHD death (40), 
revascularization (59)

0
1–99
100–399
≥400

1.0 (reference)
1.9 (0.8–4.2)
10.2 (4.8–21.6)
26.2 (12.6–53.7)

Vliegenthart 
et al. (2005)

1795
49% Male

71 ± 6 Rotterdam Coro-
nary 
Calcifi cation 
Study, general 
population of 
elderly

Measured 40; 100 51; Nonfatal MI and 
CHD death (40), 
revascularization (11)

0–100
101–400
401–1000
>1000

1.0 (reference)
3.1 (1.2–7.9)
4.6 (1.8–11.8)
8.3 (3.3–21.1)

Taylor 
et al. (2005)

1983
82% Male

43 ± 3 PACC Project, 
active-duty army 
personnel, 40–50 
years

Measured 36; 99 9; Nonfatal MI, CHD 
death, and unstable 
angina (9)

In men:c

> 0 (vs 0)
10.8 (2.2–51.8)

nr, Not reported. MI, myocardial infarction; CHD, coronary heart disease.
a Confi dence intervals as reported by PLETCHER et al. (2004). b Analyses adjusted for age, gender, and cardiovascular risk factors, except 
GREENLAND and ARAD (2005): univariate analysis. c Relative risks not reported for women due to lack of power.
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risk. Thus, it was concluded that calcium scoring 
can signifi cantly alter clinical decision making. The 
authors refuted the notion that absence of coronary 
calcium precludes the risk of CHD, pointing to 14 
coronary events in the group of 316 subjects with a 
calcium score of 0. However, in this study a scan pro-
tocol was used with a lower sensitivity for calcifi ed 
plaques (6-mm slices instead of 3-mm slices). Thus, 
the amount of coronary calcifi cation may have been 
underestimated, causing subjects to be falsely clas-
sifi ed as having no calcium. The St Francis Heart 
Study is a study among 4903 asymptomatic indi-
viduals, aged 50–70 years. At 4.3 years, 119 of the 
4613 subjects with complete follow-up suffered from 
CHD, stroke or peripheral vascular surgery (Arad 
et al. 2005a). The calcium score was a strong predic-
tor of events, independent of traditional risk factors 
and CRP levels. Furthermore, the predictive power 
of the calcium score exceeded that of the Framing-
ham risk score, and improved cardiovascular risk 
stratifi cation of subjects falling into the intermedi-
ate or high risk category on the basis of risk factors. 
The table reports the main result for coronary events 
alone. So far the only truly population-based study 
with prospective results is the Rotterdam Coronary 
Calcifi cation Study, a study among elderly taking 
part in the Rotterdam Study. In this study among 
1795 asymptomatic elderly (mean age, 71 years) with 
a follow-up period of 3.3 years, a strong association 
was found between the calcium score and the risk of 
CHD, with relative risks up to 8.3 for a calcium score 
over 1000 compared to a calcium score between 0 
and 100 (Vliegenthart et al. 2005). Risk prediction 
based on the Framingham risk score became more 
accurate when coronary calcifi cation was added to 
risk assessment. The calcium score is not only pre-
dictive in older, but also in younger populations. In 
a study among mainly male army personnel, aged 
40–50 years, nine coronary events occurred during 
3 years of follow-up (Taylor et al. 2005). Compared 
to absence of coronary calcium, a calcium score 
above 0 increased the risk of CHD almost 11 times, 
independently of the Framingham risk score and 
a family history of CHD. The paucity of events di-
minished the ability to control for risk factors and 
diminished the precision of risk estimates. Finally, 
a large screening study among 10,377 individuals in-
cluding 903 diabetics, showed that the calcium score 
also has predictive power in patients with diabetes, 
who are generally considered to be at high risk of 
CHD (Raggi et al. 2004a). In this study all-cause 
mortality was used as outcome measure. With in-

creasing extent of coronary calcifi cation, the risk of 
mortality increased more in diabetics compared to 
non-diabetics. Interestingly, in the case of a calcium 
score of 0, the short-term risk of death was similar 
for the two groups. Further studies should investi-
gate whether the same is true in case of CHD events. 
Possibly, the notion of diabetes as a CAD equivalent 
may not apply in diabetic patients without coronary 
calcium.

Atherosclerosis is thought to be a generalized 
process. Manifestations of atherosclerosis not only 
occur in the coronary arteries but also at other sites 
of the vascular tree, such as the arteries in the leg 
(manifest as intermittent claudication), and the ca-
rotid or cerebral arteries (transient ischemic attack 
or stroke). Since calcifi cation of the coronary arter-
ies is also a marker of the amount of atherosclerosis 
elsewhere in the vessels, detection of the amount 
of coronary calcifi cation could be related to mani-
festations of atherosclerosis distant from the heart. 
Vliegenthart et al. (2002) showed an association 
between the amount of coronary calcifi cation and 
the presence of stroke in the Rotterdam Coronary 
Calcifi cation Study. People whose calcium score 
was high (above 500) were three times more likely 
to have experienced stroke, compared to those with 
low calcium scores (0–100). Those with an interme-
diate score (101–500) were twice as likely to have had 
a stroke in comparison to the reference category. 
The results support the view that similar processes 
underlie CHD and stroke. More study is needed to 
determine if people with high levels of coronary cal-
cifi cation are at an increased risk of stroke.

It can be concluded that the amount of coronary 
calcifi cation as assessed by CT is a strong predictor 
of coronary events, in younger and older popula-
tions. An analysis of the combined data of six pro-
spective studies (Kondos et al. 2003; Greenland 

et al. 2004; Arad et al. 2005a; Taylor et al. 2005; 
 Vliegenthart et al. 2005; LaMonte et al. 2005) in 
27,622 individuals (395 coronary events) results in 
summary relative risks that can be appreciated in 
Figure 4.5.2, and have been reported in Greenland 
et al. (2007). Individuals without coronary calcium 
have a very low risk of CHD (0.4% over 3–5 years of 
observation), while the risk of CHD shows a steep in-
crease with increasing amount of coronary calcifi ca-
tion. The calcium score signifi cantly improves CHD 
prediction compared to the assessment of risk fac-
tors. Recently, the long awaited update ACCF/AHA 
consensus document on calcium scoring was pub-
lished. The document includes recommendations for 
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indications to perform calcium scoring and clinical 
implications (Greenland et al. 2007). With the evi-
dence that has accrued in the last 6 years, the role of 
calcium scoring becomes more and more clear. Ac-
cording to the consensus document, calcium scor-
ing is reasonable in asymptomatic individuals with 
intermediate CHD risk based on risk factors. These 
individuals may be reclassifi ed to a higher risk sta-
tus based on a high calcium score (Agatston score 
>400). In case of a high calcium score, individuals 
should be regarded as candidates for intensive risk 
factor modifi cation. Use of calcium scoring in indi-
viduals at low or high CHD risk based on risk factors 
is not advised, since testing at this moment will have 
no consequences for the clinical strategy. An addi-
tional role of calcium scoring is noted in patients 
with atypical chest pain. The absence of coronary 
calcium basically rules out the presence of obstruc-
tive coronary disease.

 4.5.5 
Coronary Calcifi cation and Measures of 
Extracoronary Atherosclerosis

Pathology studies in the 1960s already revealed 
that atherosclerosis is a generalized process that is 
not limited to the coronary arteries but is present 
in different vessel beds. With the development of 
EBCT, it became possible for the fi rst time to directly 

evaluate the extent of coronary atherosclerosis in 
a non-invasive manner. This also created the pos-
sibility to study the association of extracoronary 
atherosclerosis and coronary atherosclerosis in the 
living. Since then several studies have examined to 
what extent measures of atherosclerosis in the extra-
coronary arteries refl ect coronary atherosclerosis. 
Carotid atherosclerosis, most commonly examined 
by ultrasound, is assessed by the intima-media 
thickness and by the number of plaques. Both mea-
sures are associated with the amount of coronary 
calcifi cation, carotid plaques more strongly than the 
intima-media thickness (Davis et al. 1999; Newman 
et al. 2002; Oei et al. 2002). The ankle-brachial blood 
pressure index, a measure of peripheral atheroscle-
rosis, shows a moderate association with coronary 
atherosclerosis (Oei et al. 2002; McDermott et al. 
2005). Calcifi c deposits in the abdominal aorta on 
lumbar radiographs (Kuller et al. 1999; Oei et al. 
2002), CT-detected calcifi cation of the thoracic aorta 
(Adler et al. 2004; Wong et al. 2003b) and of the 
aortic valve (Wong et al. 2003b) are closely related 
to the presence of coronary calcium.

The fi ndings confi rm the generalized nature of 
the development of atherosclerosis in vascular beds. 
However, atherosclerosis does not develop in all 
vascular beds concurrently: plaque formation in the 
aorta and peripheral arteries generally precede cal-
cifi cation of the coronary arteries.

Atherosclerosis induces macro- and microvascu-
lar changes, including stiffening of the arteries. Ar-
terial stiffness leads to an increase in blood pressure 
and is predictive of cardiovascular events (Oliver 

and Webb. 2003; Mattace-Raso et al. 2006). Aortic 
pulse wave velocity and brachial artery distensibil-
ity – functional measures of arterial stiffness – have 
also been found to be related to coronary calcifi ca-
tion (Budoff et al. 2003; Kullo et al. 2006b).

Measures of extracoronary atherosclerosis have 
been found to predict the risk of CHD (Witteman 
et al. 1986; Leng et al. 1996; Bots et al. 1997; Zheng 
et al. 1997; O’Leary et al. 1999; Wilson et al. 2001; 
Meer et al. 2004). Relative risks for an extensive 
level of atherosclerosis compared to a low level or 
absent atherosclerosis range between 1.7 and 4.5 for 
carotid intima-media thickness, between 1.7 and 
6.4 for calcifi ed plaques in the aorta, and between 
1.4 and 3.3 for ankle-brachial blood pressure index. 
In an elderly population, the predictive value of the 
calcium score for CHD was compared with the pre-
dictive value of often used measures of extracoro-
nary atherosclerosis (Vliegenthart et al. 2005). 

Fig. 4.5.2. Summary relative risks of myocardial infarction 
and coronary heart disease death, according to calcium 
score. [Modifi ed from  Greenland et al. (2007) with per-
mission]
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The cut-off values for severe atherosclerosis versus 
mild or no atherosclerosis were chosen such that 
the percentages of individuals in the two catego-
ries were comparable. Relative risks of CHD for the 
most severe level of extracoronary atherosclerosis in 
comparison to the lowest level were 1.6 for carotid 
intima-media thickness, 2.7 for aortic calcifi cation 
and 1.5 for ankle-brachial index. By far the stron-
gest predictor of coronary events was the amount of 
coronary calcifi cation, with a relative risk for a high 
calcium score versus a low calcium score of 8.2.

 4.5.6 
Progression and Regression of 
Coronary Calcifi cation

A method to document the atherosclerotic process 
in the general population can be invaluable for the 
assessment of interventions or lifestyle modifi ca-
tions aimed at reducing cardiovascular risk. Ac-
curate measurements of coronary calcifi cation can 
be obtained by EBCT, with reasonable variability 
(down to about 10% with the new protocols). Since 
the amount of coronary calcium has been shown 

to be closely related to the total amount of coro-
nary atherosclerosis (Rumberger et al. 1995), the 
assessment of coronary calcifi cation may facilitate 
the study of the progression of coronary athero-
sclerosis. A number of studies has been conducted 
in which changes in coronary calcifi cation were 
evaluated over time (Table 4.5.4). Annual progres-
sion rates in the different studies ranged from 0% to 
52%, depending on the population and the calcium 
score distribution. The most important factor for the 
prediction of progression is the initial calcium score. 
Generally, the absolute increase in calcium score is 
largest in the case of a high baseline calcium score, 
and lower for lower baseline calcium scores. How-
ever, the relative increase (in percent) is largest for 
the lowest initial calcium scores, and decreases with 
the baseline calcium score. Interestingly, of subjects 
with no detectable coronary calcium on the baseline 
scan, the majority did not develop calcifi cation in 
the next years (Gopal et al. 2006).

The associations between cardiovascular risk 
factors and progression of coronary calcifi cation 
have not yet been completely elucidated. As stated, 
progression is most strongly related to the initial 
calcium score, while the relationship with cardio-
vascular risk factors is weaker and less consistent. 
Neither age nor sex was found to be a signifi cant 

Table 4.5.4. Annual progression of coronary calcifi cation (in percent) in generally asymptomatic subjects, in observational 
electron-beam computed tomography studies

Study Subjects 
(n)

Age 
(years, mean ± SD)

Follow-up 
(months)

Hypercholesterolemiaa 
(%)

Annual progression 
(%)

Janowitz et al. 
(1991)

20 56 ± 9 13

     Asymptomatic 20

     CAD 48

Callister et al. 
(1998b)

27 nr 12 nr 52

Maher et al. 
(1999)

82 46 ± 7 42 nr, 1% Medication 24

Pohle et al. (2001) 104 65 ± 8 15 nr, 52% Medication 27

Yoon et al. (2002) 217 57 ± 11 25 59 38

Hsia et al. (2004) 94 65 ± 9 40 21 14 (3rd Tertile) –33% 
(1st/ 2nd tertile)

CAD, coronary artery disease; nr, Not reported
aEither high LDL cholesterol level in blood or use of cholesterol-lowering medication
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predictor of progression (Budoff et al. 2000; Yoon 
et al. 2002). Studies on different cardiovascular risk 
factors have shown that risk factors infl uence the 
progression of coronary calcifi cation. In a study 
in 443 non-diabetic subjects (mean age, 51 years), 
subjects received a repeat scan after an average of 
9 years (Cassidy et al. 2005). The Framingham risk 
score and measures of obesity were specifi cally stud-
ied in relation to progression of the calcium score. 
The mean 10-year CHD risk in this population was 
7.5 ± 5.8%. Adjusted for the baseline calcium score, 
a higher Framingham risk score was associated with 
a greater increase in the calcium score: with a 1-unit 
increase in SD in the Framingham risk score, the an-
nual change in coronary calcium area increased by 
60%. In the group with a 10-year CHD risk <10%, 
age, male sex, hypertension, cholesterol level and 
measures of obesity were found to be associated with 
an increase in progression, but not in the higher risk 
group. In case of the presence of traditional cardio-
vascular risk factors, other factors for coronary cal-
cium progression may be more diffi cult to identify. 
Hypertension and diabetes were also found to be 
independent predictors of progression of coronary 
atherosclerosis in a study by Yoon et al. (2002). The 
infl uence of lipid levels on progression of coronary 
calcium has been studied in a number of observa-
tional and interventional studies, to be discussed 
in a later paragraph. A study among asymptomatic 
post-menopausal women showed that the calcium 
progression for women without hormone therapy 
was similar to those taking hormone replacement 
therapy consisting of estrogen plus progestin (22% 
vs. 24%). The rate of progression was less in case of 
estrogen replacement only (9%). Whether combined 
hormone replacement therapy reduces cardiovascu-
lar risk is questionable (Staren and Omer 2004), 
probably due to the negative effect of progestin on 
the cardiovascular system.

The progression of coronary atherosclerosis may 
not only be evaluable by EBCT; multidetector com-
puted tomography (MDCT) has also been proposed 
for this purpose. So far, one study, by Shemesh et 
al. (2000), examined the rate of calcium progression 
using dual-slice spiral CT in 246 hypertensive sub-
jects, who underwent a second scan after 3 years. Of 
the patients with a baseline calcium score of 0 28% 
had calcium on the second scan, while of those with 
calcium on the fi rst scan, 70% showed an increase 
in the extent of coronary calcium. The relative rate 
of calcium progression was found to be higher in 
hypertensive patients who had had a coronary event 

compared to those without an event (Shemesh et al. 
2001).

The prognostic impact of coronary calcium pro-
gression was studied by one group. In a screening 
population (817 asymptomatic individuals) and sub-
sets of this population, with an average follow-up 
period of 2.2–3.2 years, the rate of progression was 
found to be a signifi cant predictor of the occurrence 
of myocardial infarction (Raggi et al. 2003, 2004b). 
Compared to subjects with stable calcium scores, 
individuals with signifi cant increase of the calcium 
score had an increased risk of myocardial infarction 
(Raggi et al. 2003). Similar results were found in 
individuals receiving lipid-lowering therapy: even 
with similar LDL control, progression of coronary 
calcium was increased in MI patients compared to 
those without an event (Raggi et al. 2004b). The 
follow-up score and the score change were found to 
be independent predictors of events.

There is discussion on the calcium measure to 
be used for annual change, and the defi nition of a 
signifi cant increase in coronary calcium. To accu-
rately evaluate progression of coronary calcifi ca-
tion over time, it is necessary to take into account 
the variability of calcium scores, which can occur 
in dual scan runs. Bielak et al. (2001) devised a re-
gression method to evaluate the change in calcium 
scores over time, while accounting for disagreement 
in the quantity of calcium between dual scan runs. 
The regression method was then tested on 81 par-
ticipants who were scanned after a mean interval of 
3.5 years. No signifi cant change in calcium quantity 
was present in 73% of participants, while 26% had 
a large increase. In all, 1% of the participants had a 
signifi cant decrease in calcium score. Hokanson et 
al. (2003) performed dual EBCT scans 5 min apart in 
1074 subjects, and calculated calcium volume scores. 
They assessed interscan variability, and found that 
use of the square root transformation of the volume 
score stabilized the variation the most. They then 
applied this transformation to data of baseline and 
follow-up scans from 109 diabetic patients. In their 
study, signifi cant change in calcium volume score 
was defi ned as a difference between transformed 
scores of at least 2.5 mm3 (>99th percentile of inter-
scan variability). This analytic method may facilitate 
research on progression of coronary calcifi cation.

Prospective trials to assess the effectiveness of an 
intervention on cardiovascular event rate require 
large numbers of subjects to be followed for many 
years, at high cost. As a means to obtain effect esti-
mates for all participants in a clinical trial, and af-
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ter a shorter period, the use of surrogate end-points 
was introduced. Surrogate end-points have the ad-
vantage that much smaller numbers of subjects can 
be studied for a shorter period of time, with suffi -
cient statistical power. Before a marker can be used 
as a surrogate end-point, the validity of the marker 
should be established, i.e. whether the marker can 
be used to assess the risk of cardiovascular events. 
A number of potential end-points have been inves-
tigated, that are indeed able to predict cardiovascu-
lar events. Furthermore, most surrogate end-points, 
like lumen diameter by coronary angiography 
and carotid intima-media thickness, are continu-
ous variables, which provide a much more precise 
measure of the effect of the studied intervention. In 
addition to the mentioned benefi ts, surrogate mark-
ers provide information on the natural history of 
and factors associated with progression. Coronary 
calcifi cation by EBCT, which is non-invasive and a 
direct measure of coronary atherosclerosis, may be 
worthwhile as a surrogate end-point. The use of the 
development of coronary calcifi cation through time 
as end-point in clinical studies is gaining interest. 
However, a number of studies has been published 
on the effect of control of lipid levels with or with-
out lipid-lowering therapy on progression of coro-
nary calcifi cation. Two observational studies found 
that the progression of coronary calcifi cation was 
lower under treatment with lipid-lowering drugs 
( Callister et al. 1998a; Achenbach et al. 2002).

In case of good control of lipid levels under lipid-
lowering therapy, the progression decreased signifi -
cantly compared to the untreated status, and even 
a net reduction in the calcium score was noted on 
the repeat scan after an average of 12–14 months of 
treatment.

A study in diabetic patients also showed a de-
crease in calcium score progression in case of lipid 
lowering (Budoff et al. 2005). These results suggest 
that treatment of hypercholesterolemia decreases 
the rate of calcium progression. However, confl ict-
ing results were found in clinical trials on different 
statin therapy strategies. Two study groups investi-
gated the effect of standard versus intensive lipid-
lowering therapy, and performed repeated EBCT 
scanning after an average of 12 months (Raggi et al. 
2005; Schmermund et al. 2006b). One trial included 
471 asymptomatic individuals with at least two car-
diovascular risk factors (Schmermund et al. 2006b), 
while the other included 615 postmenopausal women 
with hypercholesterolemia. No statistically signifi -
cant difference in progression of coronary calcium 

was found between the two drug regimes, despite a 
difference in reduction of LDL-cholesterol (decrease 
signifi cantly larger in case of intensive treatment). 
As the authors suggest, possibly the follow-up pe-
riod was too small to detect a signifi cant difference 
in the rate of calcium progression. A trial in which 
102 patients with calcifi c aortic stenosis, without in-
dication for lipid-lowering, were assigned to either 
intensive lipid-lowering drugs or placebo, showed 
similar results: reduction of LDL-cholesterol levels 
in case of statins, but no major effect on the progres-
sion of coronary calcifi cation (Houslay et al. 2006). 
However, this study used an outdated CT technique 
to detect and quantify coronary calcifi cation, which 
limits the validity of the obtained calcium scores. 
Lastly, a trial was performed in 1005 asymptomatic 
individuals with a high calcium score percentile 
(Arad et al. 2005b). The individuals were random-
ized to a low-dose statin, vitamin C and vitamin E 
or to placebos, and followed for more than 4 years. 
Again, while LDL-cholesterol levels showed a reduc-
tion in treated individuals versus individuals taking 
placebos, no effect was found on the rate of progres-
sion of coronary calcium. However, a number of 
weaknesses, like a considerable number of low-risk 
individuals, affected the probability of fi nding a sig-
nifi cant difference in progression of coronary calci-
fi cation. Thus, no defi nitive answer is as yet avail-
able on the effect of statins on the rate of calcium 
progression. Results from a recent IVUS study sug-
gest that calcifi ed plaques are more resistant to the 
effect of medical therapy than non-calcifi ed plaques 
(Nicholls et al. 2007). This indicates that changes 
in calcifi cation may not give a clear indication of the 
effect on the plaque volume, including vulnerable 
plaque components.

More studies are needed to elucidate whether 
progression of coronary calcium is a useful tool in 
clinical practice.

In conclusion, the amount of EBCT-detected cor-
onary calcifi cation shows a steep increase with age, 
and is generally higher in men than in women. The 
coronary calcium score has been found to be related 
to many cardiovascular risk factors, and is consid-
ered to refl ect the impact of known and unknown 
risk factors on the arterial wall. There are remark-
able ethnic differences in coronary calcifi cation. The 
calcium score is a very strong predictor of coronary 
heart disease, with higher relative risks than found 
for other non-invasive measures of atherosclerosis. 
Coronary calcifi cation improves cardiovascular 
risk prediction based on conventional risk factors. 
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Evaluation of the calcium score may be valuable in 
cardiovascular risk stratifi cation of asymptomatic 
individuals and in the clinical work-up of patients 
with atypical symptoms of chest pain. Future stud-
ies should investigate how the calcium score can be 
incorporated in clinical strategies for asymptomatic 
and symptomatic individuals. It is still uncertain 
whether repeated measurement of coronary calcium 
can be used to follow the progression of atheroscle-
rosis.
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 4.6.1 
Introduction

In 1996 and 2000 the American Heart Association 
(AHA) issued statements on coronary artery cal-
cium (CAC) quantifi cation (O’Rourke et al. 2000; 
Wexler et al. 1996). In 2006 and 2007, several pro-
fessional societies updated these statements describ-
ing new evidence related to CAC imaging (Budoff 
et al. 2006; Greenland et al. 2007; Hendel et al. 
2006). The purpose of the present chapter is to sum-
marize the rationale and content of those recom-
mendations with regard to CAC quantifi cation, to 
address differences among them and to point out 
controversial areas of CAC research of high clinical 
relevance among both asymptomatic and symptom-
atic persons.

Nearly all of the published clinical outcome data 
from CAC are based on results obtained with electron 
beam tomography (EBT) systems. However, these CT 
systems are largely no longer available and are be-
ing widely replaced with multi detector CT (MDCT) 
systems. EBT, produced by one manufacturer, pro-
vided much more standardization than exists for 
all the various generations of MDCT systems from 
different manufacturers. Standardization guide-
lines have been proposed for MDCT ( McCollough 
et al. 2007), but are rarely used. Studies with earlier 
MDCT technology (four- to 16-slice) have demon-
strated that similar mean CAC scores can be ob-
tained with EBT and MDCT (Becker et al. 2001; 
Carr et al. 2000; Daniell et al. 2005;  Detrano et 
al. 2005; Horiguchi et al. 2004; Knez et al. 2002). 
Nevertheless systematic differences exist which can 
likely affect serial measurements (McCollough 
et al. 2007; Greuter et al. 2007; Ulzheimer and 
 Kalender 2003).

While large numbers of patients were included 
in the EBT outcome studies, most of these suffered 
from selection biases related to ethnicity, patient 
self-referral or referral by physicians concerned 
about subclinical coronary artery disease due to 
the presence of risk factors. The Dallas Heart Study 
(Jain et al. 2004), Multi-Ethnic Study of Atheroscle-
rosis (Bild et al. 2005) and Rotterdam Study (Oei et 
al. 2004; Vliegenthart et al. 2005) have attempted 
to address some of these issues. The results from 
general populations cannot reliably be applied to 
special populations. Nevertheless it is clear from 
many studies that in all kinds of populations, even 
in high-risk populations such as diabetic patients, 

and in both symptomatic and asymptomatic pa-
tients, the absence of coronary artery calcium (zero 
calcium score) excludes most clinically relevant 
coronary artery disease. This information is highly 
relevant since many individuals of subjects among 
the general as well as special populations have a zero 
calcium score.

In this paper we review the evidence in support 
of the use of CAC for cardiac risk assessment in the 
general population as well as special populations 
with particular focus on the importance of a zero 
score. The need for standardization of CAC mea-
surements with MDCT is also discussed.

 4.6.2 
Coronary Artery Calcium as a Predictor of 
Cardiac Events

Most published studies addressing the issue of 
coronary artery calcium as a predictor of cardiac 
events are based on EBT data. In the ACCF/AHA 
Consensus Document on Coronary Artery Calcium 
Scoring 6 such studies were selected for review be-
cause they fulfi lled suffi cient criteria for outcome 
analysis (Vliegenthart et al. 2005; Arad et al. 
2000; Greenland et al. 2004; Kondos et al. 2003; 
LaMonte et al. 2005; Taylor et al. 2005a). From 
the data presented in these studies it was concluded 
that coronary artery calcium scores add incremen-
tal prognostic value in the evaluation of patients at 
intermediate risk for a coronary event. Other studies 
further support this conclusion. Raggi et al. (2000a) 
screened 632 asymptomatic patients with EBT and 
followed them for 32 months to determine the inci-
dence of hard cardiac events (myocardial infarction 
and death). The majority of events occurred in indi-
viduals with high calcium scores and in individuals 
with scores > 75th percentile compared with age and 
sex matched controls. Arad et al. (2000) screened 
1172 asymptomatic patients with EBT and followed 
them for a mean of 3.6 years to determine the in-
cidence of cardiovascular end points (myocardial 
infarction, death and the need for revasculariza-
tion). The authors concluded that in asymptomatic 
adults EBT calcium scores are highly predictive of 
events. Pletcher et al. (2004) conducted a meta-
analysis of studies performed between 1980–2003 in 
~13,000 asymptomatic patients screened with EBT 
and followed for 3.6 years or less to determine the 
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odd ratios (OR) of hard coronary events. OR for 
Agatston CAC scores < 100, 100–400 and > 400 were 
2.1, 4.2 and 7.2, respectively. The authors concluded 
that the EBT derived Agatston calcium score is an 
independent predictor of coronary events in asymp-
tomatic subjects.

 4.6.3 
CAC as an Indicator of Coronary Artery 
Luminal Stenosis

Only studies based on EBT data have addressed the 
issue of CAC as an indicator of coronary artery lumi-
nal stenosis. Haberl et al. (2001) analyzed the value 
of EBT derived calcium CAC scores as an indicator of 
coronary luminal stenoses in 1764 patients undergo-
ing conventional coronary angiography. The authors 
concluded that EBT CAC scores are highly sensitive 
but moderately specifi c determinants of stenosis. The 
ACC/AHA Expert Consensus document on electron-
beam CT for the diagnosis and prognosis of coronary 
artery disease (2000) reported a pooled sensitivity of 
91.8% and specifi city of 55% for detection of a coro-
nary artery stenosis >50% after reviewing 16 selected 
studies comparing CAC scores and invasive angi-
ography. Knez et al. (2004) compared EBT derived 
Agatston CAC scores with calcium volume scores 
(CVS) as a predictor of coronary luminal stenoses 
in 2115 patients undergoing conventional coronary 
angiography. The authors reported overall results 
similar to those already reported by others, but also 
concluded that the CVS are as accurate as the Agat-
ston score for stenosis prediction. Indeed, Budoff et 
al. (2002) utilized CVS obtained by EBT to predict the 
presence of coronary artery stenoses in 1851 patients 
undergoing conventional coronary angiography and 
concluded that CVS provide incremental value in 
predicting the severity and extent of angiographi-
cally signifi cant coronary artery disease. 

 4.6.4 
Clinical Comparison of MDCT and EBT for 
Coronary Artery Calcium Score Measurement

Knez et al. (2002) studied 99 symptomatic men (mean 
age: 60 years) with both MDCT (prospective trigger-

ing, Siemens Volume Zoom) and EBT imaging and 
found a correlation coeffi cient of 0.99 for CVS and 0.98 
for the mass score (MS) with a mean overall variability 
of 17%. No signifi cant differences for scores 1–100, 
101–400, 401–1000, > 1000 were found. The authors 
concluded that MDCT is equivalent to EBT for CAC 
scoring. Becker et al. (2001) compared a four-slice 
MDCT (Siemens Volume Zoom) with EBT (prospec-
tive triggering) in 100 patients and calculated the 
Agatston score, CVS and MS. The authors concluded 
that the score variability is highest for the Agatston 
score (32%) and the correlation between MSCT and 
EBT is excellent for CVS and MS. Carr et al. (2000) 
performed CT examinations with both GE Lightspeed 
LX/i four-slice MDCT (retrospective gating) and EBT 
in 36 patients and calculated the Agatston score in all 
of them. The authors reported excellent correlation 
between scores obtained on the two CT systems. Ho-

riguchi et al. (2004) performed EBT and 16-MDCT 
with retrospective gating in 100 patients and reported a 
high degree of correlation between the two CT systems 
for the Agatston score (r2 = 0.955), CVS (r2 = 0.952) 
and MS (r2 = 0.977). Daniell et al. (2005) compared 
the results of EBT and four-slice MDCT (prospective 
triggering, Siemens Volume Zoom) in 68 patients. EBT 
and MDCT scores correlated well (r = 0.98–0.99) with 
a median variability between EBT and MDCT for the 
Agatston score of ~ 25% and ~ 16% for CVS. Scores 
were higher for EBT than MDCT in approximately half 
of the cases, with little systematic difference between 
the two (median EBT-MDCT difference: Agatston 
score, –0.55; volume score, 3.4 mm3). 

 4.6.5 
Review of Current Guidelines on 
Coronary Artery Calcifi cation

4.6.5.1 

Risk Assessment in Asymptomatic Persons

Risk stratifi cation algorithms such as the Framing-
ham risk score (FRS) (Wilson et al. 1998), the PRO-
CAM score (Assmann et al. 2002) or the European 
SCORE-system (Conroy et al. 2003; Graham et al. 
2007) are used to assess an individual’s global 10-
year risk. Risk factors are measured and weighed 
and attributed to an empirically determined abso-
lute risk of cardiovascular events, i.e. cardiac death 
and myocardial infarction (Smith et al. 2000): 
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Low risk = < 1% per year or < 10% in 10 years �
Intermediate risk = 1–2% per year or 10–20% in  �
10 years
High risk = > 2% per year or > 20% in 10 years �

This classifi cation was slightly modifi ed by 
the 2004 update of NCEP guidelines (Table 4.6.1) 
(Grundy et al. 2004).

It is argued that persons at high risk will most 
likely benefi t from intensive risk modifi cation, while 
persons at low risk are generally recommended to 
adhere to a healthy lifestyle and guideline based 
treatment of individual risk factors when present. 
In persons at intermediate risk, however, there re-
mains a diagnostic gap and further tests, such as 
CAC scoring, measuring intima-media thickness 
(IMT), the ankle arm index, or exercise stress test-
ing may be useful in distinguishing individuals 
who indeed have a high risk from those at low risk, 
leaving hopefully few that remain at intermediate 
risk (Smith et al. 2000). It should be recognized, 
though, that the Framingham score does not take 
into account life-style factors such as diet, exercise 
and body mass index. Neither does the score refl ect 
a positive family history of cardiovascular disease. 
The extent of atherosclerotic disease burden, au-
tonomic dysfunction, chronic infl ammation, lipo-
protein subfractions, blood thrombogenicity, the 

myocardial propensity to develop life-threatening 
arrhythmias, and immeasurable genetic factors 
are also not part of conventional risk assessment. 
Measuring the atherosclerotic sequelae of life-
long global exposure to all risk factors by virtue 
of measuring the extent of the disease in its early 
subclinical stages may overcome this limitation. 
The detection of calcifi ed atherosclerosis is a gen-
eral surrogate of total atheroma burden. It is noted 
however, that the extent of coronary calcifi cation 
systematically differs among ethnic populations 
and by gender.

4.6.5.2 

The Focus of Current Guidelines on CAC Scoring

The AHA Scientifi c Statement on “Assessment of 
Coronary Artery Disease (CAD) by Cardiac Com-
puted Tomography” (Budoff et al. 2006) reviewed 
scientifi c data for cardiac CT related to imaging of 
CAD and atherosclerosis in symptomatic and asymp-
tomatic subjects, including a detailed description of 
technical aspects and radiation exposure of CAC 
CT and non-invasive CT angiography using electron 
beam CT (EBT) and multidetector CT (MDCT). Ac-
cording to AHA standards, recommendations were 
classifi ed (Class I, IIa, IIb and III) and the level of 
evidence (A, B, or C) was provided (see http://circ.
ahajournals.org/manual/ manual_IIstep6.shtml).

The ACC/AHA 2007 Clinical Expert Consensus 
Document (Greenland et al. 2007) discussed the 
role of CAC quantifi cation with respect to: (1) identi-
fying and modifying coronary event risk in asymp-
tomatic subjects, (2) modifying clinical care and 
outcomes of symptomatic patients with suspected 
CAD and (3) understanding the role of CAC CT in 
selected patient sub-groups, including women, eth-
nic groups, and patients with renal disease or dia-
betes. (4) The clinical value of serial CAC CT, cost-
effectiveness of CAC CT, and clinical implications of 
incidental fi ndings were also addressed.

The purpose of the 2006 Appropriateness Criteria 
Statement (Hendel et al. 2006) was to create, review 
and categorize appropriateness criteria for cardiac 
CT and also cardiac magnetic resonance imaging 
(MRI) with regard to detection of CAD, cardiovas-
cular risk stratifi cation, as well as cardiac structure 
and function assessment. Members of the expert 
group assessed the risks and benefi ts of the imaging 
tests for several indications and clinical scenarios 
and scored them based on a scale of 1–9:

Table 4.6.1. Absolute risk categories “NCEP-Update 2004”. 
[Modifi ed from Grundy et al. (2004)]

10-Year risk 
categories

Defi nition of risk category

High risk
CADa, CAD-risk equivalentsb, 
2 major 
risk factorsc, 10-year-risk >20%

Moderately 
high risk


2 Major risk factors but 10-year CAD 
risk 10%–20%

Moderate risk

2 Major risk factors but 10-year CAD 
risk <10%

Low risk
0–1 Major risk factor and 10-year CAD 
risk <10%

a History of myocardial infarction, coronary revascularisa-
tions or myocardial ischemia. 

b Includes diabetes mellitus, stroke, TIA or carotid artery 
stenosis > 50%, symptomatic peripheral artery disease or 
abdominal aortic aneurysm. 

c Smoking, hypertension, high LDL- cholesterol/low HDL-
cholesterol, age (men > 45 years., women > 55 years.), 
and premature family history of coronary artery disease 
(1st grade family member, i.e. men < 55 years., women 
< 65 years). CAD, coronary artery disease.
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7–9 = Appropriate: the test is generally acceptable  �
and is a reasonable approach
4–6 = Uncertain: uncertain indication or clinical  �
setting
1–3 = Inappropriate: the test is generally not  �
acceptable / is not a reasonable approach

Indications in the latter statement were derived 
from common applications or anticipated uses of 
cardiac CT and MRI. Working group panelists rated 
each indication based on the ACC methodology for 
valuating the appropriateness of cardiovascular im-
aging (Patel et al. 2005).

 4.6.6 
Indications for CAC Scoring in 
Asymptomatic Individuals

In the past several years, numerous publications 
have reported on the incremental prognostic value 
of CAC over measured conventional risk factors 
in large series of patients including asymptomatic 
population-based cohorts (Vliegenthart et al. 
2005; Greenland et al. 2004; Kondos et al. 2003; 
LaMonte et al. 2005; Taylor et al. 2005a; Arad 
et al. 2005). The relative risk of coronary events 
increased with increasing CAC burden (Fig. 4.6.1). 
The majority of the expert writing committees 
agree that it may be reasonable to consider use 
of CAC measurement in asymptomatic intermedi-
ate risk patients, i.e. 10%–20% coronary events in 
10 years. These patients might be reclassifi ed to a 
higher risk status based on a high CAC score, and 
subsequent patient management may be modifi ed 
(Fig. 4.6.2). In the ACC appropriateness criteria 

document, notably published prior to the most 
recent AHA and ACC statements and additional 
prospective CAC scoring studies, CAC scoring was 
considered appropriate only for very few indica-
tions. However, all of them were given a rating of 
“uncertain”, most notably CAC scoring for risk 
assessment in the general population at moderate 
(score 6) or high (score 5) CAD Framingham risk. 
In patients with a low or a high 10-year risk of coro-
nary events, i.e. < 10% or > 20% in 10 years, CAC 
quantifi cation is not recommended: in low risk 
individuals, even a high CAC score does not gener-
ally elevate this person’s risk above the threshold 
to initiate therapy (Greenland et al. 2007). Yet, 
lifetime risk may be elevated in 18% and 20% of 
asymptomatic men and women, respectively, who 
have a high CAC score, i.e. CAC > 400 or > 75th 

lower risk       higher risk

CAC RR
(vs. negative scan)

1.0             10                      100

1.0             10                      100

1–  100 1.9 (1.3–2.5)

100–  400 4.3 (3.1–6.1)

400–1000 7.2 (5.2–9.9)

> 100 10.8 (4.2–27.7)

average

moderate

high

very high

Fig. 4.6.1. Increase in 
relative risk (RR) with 
increasing CAC scores in 
asymptomatic persons 
in comparison to asymp-
tomatic persons without 
CAC. [Modifi ed from 
Greuter et al. (2007)]
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Fig. 4.6.2. Annual rate of myocardial infarction or cardiac 
death in categories of CAC burden in persons at intermediate 
risk based on convention risk factor assessment. In persons 
with a high CAC score (> 400), the annual event rate exceeds 
the threshold for intensive risk factor modifi cation, i.e. > 2% 
per year (black line). A CAC score > 400 in intermediate risk 
persons may therefore be considered as a risk equivalent. 
[Modifi ed from Greuter et al. (2007)]
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percentile, despite a low Framingham risk score 
( Erbel et al. 2007). Persons with a high 10-year 
risk are candidates for intensive risk modifi ca-
tion based on current NCEP guidelines (Grundy 
et al. 2004), and there is no evidence that a low 
CAC score substantially reduces this risk. This 
also holds for persons with risk equivalents. The 
performance of serial (follow-up) calcium scoring 
examinations was not recommended.

 4.6.7 
Atherosclerotic Disease Quantifi cation in 
Patients with Chest Pain

In symptomatic patients, diagnostic tests may be 
used for risk stratifi cation, but the primary ini-
tial objective is to identify or rule out obstructive 
coronary artery disease. Especially in young per-
sons with atypical chest pain, non-atherosclerotic 
non-obstructive coronary disease such as myo-
cardial bridging, coronary anomalies, coronary 
vasospasm, intramyocardial small vessel disease, 
or non-coronary heart disease such as cardiomyo-
pathy, valvular heart disease, pericardial disease, 
aortic disease, pulmonary disease, etc. must be 
considered as differential diagnoses. Persons with 
an intermediate pretest-likelihood of obstructive 
CAD, i.e. between 20%–80%, are most likely to 
benefi t from additional testing (Gibbons et al. 
2002). 

Functional tests such as treadmill, exercise or 
pharmacological nuclear stress tests or stress-
echocardiography are used to induce myocardial 
ischemia in patients with fl ow limiting coronary 
obstruction. In contrast, CAC CT is aimed at esti-
mating coronary plaque severity and the associated 
likelihood of a fl ow-limiting lesion. These two ap-
proaches, the former functional and the latter mor-
phological, are distinctly different and have inher-
ently different reasons for false positive and false 
negative results.

The presence of CAC is almost 100% sensitive 
for the presence of atherosclerotic coronary plaque 
but not specifi c for fl ow limiting plaque, as both 
obstructive and non-obstructive lesions can con-
tain calcifi c deposits in the vessel wall. However, 
increasing calcium scores are associated with an 
increasing likelihood of both obstructive disease, 

and an increased severity (number of vessels in-
volved) of coronary artery disease. Moderately high 
coronary calcium scores (approximately 150) in 
symptomatic patients are associated with a roughly 
80% sensitivity and specifi city for the presence of 
an obstructive coronary artery lesion (among pa-
tients referred to coronary angiography) (Haberl 
et al. 2001; Budoff et al. 2002) an accuracy that is 
similar in magnitude to conventional stress tests 
(Gibbons et al. 2002; Fleischmann et al. 2002). 
Consistent with these data are fi ndings from myo-
cardial perfusion scintigraphy in which only 2% 
of patients with a CAC score < 100 were shown to 
have a positive nuclear stress test (Berman et al. 
2004). A clinical application of these relationships 
has been demonstrated among emergency depart-
ment patients with chest pain, in whom a zero cal-
cium score was associated with a very low risk of 
cardiovascular events (Georgiou et al. 2001). Cau-
tion in the interpretation of zero calcium scores is 
warranted among individuals with a high pretest 
probability for coronary artery disease (e.g., young 
smokers) in whom false negative studies may be 
observed (Shaw et al. 2006).

In summary, the majority of expert writing com-
mittee members agreed that patients at low risk of 
CAD by virtue of atypical cardiac symptoms may 
benefi t from CAC testing to help exclude the pres-
ence of obstructive CAD. CAC scoring may be a 
useful fi lter prior to invasive angiography or fur-
ther stress testing (Geluk et al. 2007; Raggi et al. 
2000b). However, more data on direct comparisons 
with established forms of stress testing are needed. 
Currently, additional non-invasive testing in per-
sons with a very high CAC score, e.g. > 400 is not 
recommended as there is no evidence that such ad-
ditional testing will improve appropriate selection 
of candidates for therapy. CAC CT was classifi ed as 
“Class IIb, Level of Evidence: B” when used to rule 
out obstructive CAD in patients with chest pain with 
equivocal or normal ECGs and negative cardiac en-
zymes, and in symptomatic patients in the setting of 
equivocal exercise stress tests [3].

Other clinical scenarios: Serial imaging of CAC to 
assess disease progression is currently not indicated 
by the existing guidelines (Budoff et al. 2006); this 
issue is discussed later herein. Existing evidence 
on CAC CT has mostly been gathered from studies 
in Caucasian men and caution is warranted in ex-
trapolating existing data to other ethnic groups or 
women.
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4.6.7.1 

Implications for Therapy

The NCEP/ATP III Guidelines have incorporated 
CAC CT as a complementary test to modify treat-
ment intensity: Measurement of coronary calcium 
is an option for advanced risk assessment in ap-
propriately selected persons. In persons with mul-
tiple risk factors, high coronary calcium scores (e.g., 
>75th percentile for age and sex) denote advanced 
coronary atherosclerosis and provide a rationale 
for intensifi ed LDL-lowering therapy. Moreover, 
measurement of coronary calcium is promising for 
older persons in whom the traditional risk factors 
lose some of their predictive power (Grundy et al. 
2004). The use of CAC percentile ranks, as advocated 
in the NCEP guidelines, is especially important in 
young individuals whose absolute scores may be low, 
yet “high-for-age”, indicating a high life-long risk, 
even though short-term risk over the next 5–10 years 
may be low. As risk factor modifi cation in high-
risk subjects should be initiated as early as possible, 
such persons are likely appropriate candidates for 
intensive risk modifi cation – a notion that needs 
to be further confi rmed by prospectively collected 
outcome data.

4.6.7.2 

Limitations

There is currently little evidence that CAC CT and 
knowledge of CAC score severity has an impact on 
the advice physicians give to patients or on patients’ 
adherence to prescribed risk factor modifi cation 
efforts (Kalia et al. 2006). Further, CAC CT may 
improve risk stratifi cation in selected populations, 
but currently the data are limited that CAC CT im-
proves outcome. Accordingly, current evidence does 
not support lowering treatment intensity in inter-
mediate risk subjects even if the CAC score is zero 
(Greenland et al. 2007).

4.6.7.3 

Summary

Current guidelines propose the use of CAC CT to 
improve risk stratifi cation in subjects at intermedi-
ate 10-year risk of incident coronary events. The 
present writing committee agrees with this general 
recommendation.

 4.6.8 
Race and Calcium Score

There is still limited knowledge of the predictive 
value of CAC in non-Caucasians. It has been well 
documented that there is a notable difference in CAC 
accumulation not only between men and women, 
but also between subjects of different ethnicities 
and races. Doherty et al. (1999) using subtraction 
fl uoroscopy fi rst noted a signifi cantly lower preva-
lence of CAC in Blacks than Whites (35.5% vs. 59.9%, 
p = 0.0001) and warned of the different prognostic 
signifi cance of CAC in these races. Indeed, during a 
follow up of 70 + 13 months, 23.7% of the black and 
14.8% of the white screened population suffered an 
incident cardiovascular event (odds ratio: 2.16, 95% 
CI 1.34–3.48). The signifi cant difference in preva-
lence and distribution of CAC assessed by CT in four 
races in the US, was recently confi rmed by the Multi-
Ethnic Study of Atherosclerosis (MESA). Bild et al. 
(2005) showed that the prevalence of CAC on cardiac 
CT (score > 0) was highest in Whites followed by 
Chinese, Hispanics and fi nally Blacks. Santos et 
al. (2006) showed that North American Caucasian 
subjects have more CAC than Caucasian subjects 
from Brazil and Portugal despite the higher preva-
lence of risk factors in the latter two ethnic groups. 
Interestingly, despite a substantial genetic similarity 
between Brazilian and Portuguese patients, and the 
presence of more smokers among the latter, Brazil-
ians had a greater extent of coronary artery calcium 
than Portuguese subjects. These fi ndings mirrored 
the national mortality and morbidity statistics in-
dicating a greater cardiovascular event rate in the 
North American, followed by the Brazilian and fi -
nally the Portuguese population.

Despite the noted differences in CAC scores, there 
is currently limited evidence of the prognostic sig-
nifi cance of CAC in different races. Detrano et al. 
(2008) showed that CAC is a strong predictor of car-
diovascular death, non-fatal myocardial infarction, 
angina and revascularization (total events = 162) in 
all 6722 MESA patients independent of race. Fur-
thermore, CAC added incremental prognostic value 
beyond traditional risk factors for the prediction of 
events.

Recently, Nasir et al. (2007) evaluated the use 
of CAC to predict all-cause mortality in 14,812 pa-
tients belonging to the same four races considered 
in MESA (505 deaths in 10 years of follow-up). Once 
again the prevalence of CAC was highest in Whites, 
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although Blacks and Hispanics had a greater cluster-
ing of risk factors for CAD. Despite a lower preva-
lence of CAC and lower scores compared to the other 
races, black patients had the highest mortality rates 
even after multivariable adjustment for clinical risk 
factors and baseline CAC score (p < 0.0001). Com-
pared with Whites, the relative risk of death was 
2.97 (CI:1.87–4.72) in Blacks, 1.58 (CI: 0.92–2.71) in 
Hispanics and 0.85 (CI: 0.47–1.54) in Chinese in-
dividuals. A 50-year-old black patient with a CAC 
score > 400 had an estimated loss of 7 years of life, 
as opposed to 2.5 years of life for a white patient with 
the same score.

Therefore, it would appear appropriate to con-
sider CAC a good marker of risk in all races so far 
investigated, although the prognostic signifi cance 
of score categories varies between racial groups. 
This underscores the importance of racial specifi c 
risk categories defi ned according to CAC score 
thresholds. An attempt at defi ning such categories 
was recently published by Sirineni et al. (2008). In 
their publication the authors suggested substituting 
the chronological age of a patient undergoing CAC 
screening for his vascular age. The vascular age can 
be assessed according to the median CAC score for a 
subject of the same age, race and sex. For example a 
50-year-old black man with a CAC score of 40 should 
be considered ~ 20 years older than his chronologi-
cal age, since 40 is the median score of a 70 year old 
black man in MESA. On the other hand, a score of 40 
adds only 11 years of age to a 50-year-old white man. 
The prognostic validity of this novel approach is still 
awaiting confi rmation in prospective studies.

 4.6.9 
The Value of Coronary Artery Calcium in 
the Elderly Population

The assessment of coronary calcifi cation may have 
particular value in the elderly population. The po-
tential for prevention of coronary heart disease 
(CHD) in older adults is large, since even a small re-
duction in risk factor levels results in a considerable 
reduction in event rates. However, to identify as-
ymptomatic elderly in the population at the highest 
risk of CHD is challenging. Offi ce-based risk score 
algorithms like the Framingham risk score (Wilson 
et al. 1998) and the European SCORE ( Conroy et 
al. 2003) have an upper age threshold that limits 

their applicability to older adults. Furthermore, the 
predictive power of risk factors diminishes with in-
creasing age (Anderson et al. 1987; Glynn et al. 
1995; Kannel et al. 1997). Finally, age becomes the 
predominant factor in the algorithm in older adults, 
despite the fact that a fi xed weight attributed to age 
does not take into account the individual variation 
in coronary plaque burden. On the basis of risk fac-
tors and age, the true CHD risk may be miscalcu-
lated, and this may lead to inaccurate selection of 
elderly for aggressive risk factor modifi cation.

CAC refl ects the lifetime impact of all atheroscle-
rosis risk factors, both known and unknown, on 
the arterial wall (Thompson and Partridge 2004). 
Thus, this non-invasive measurement can provide a 
more accurate estimate of the accumulated plaque 
burden and CHD risk. So far, one population-based 
study has focused on the predictive value of CAC 
in the elderly: the Rotterdam Coronary Calcifi ca-
tion Study (mean age, 71 years) (Vliegenthart 
et al. 2005). During a mean follow-up period of 
3.3 years, 50 of the 1795 initially asymptomatic sub-
jects had a coronary event. Increasing CAC score 
categories showed relative risks for CHD up to 8.2 
(95% confi dence interval, 3.3–20.5) for a CAC score 
above 1000, compared to absent or low CAC score 
(0–100). Similar relative risks were found after ad-
justment for risk factors and in asymptomatic indi-
viduals over 70 years of age. Of interest, there was 
a very low probability of events in subjects with a 
low CAC score (0–100). Furthermore, irrespective of 
the Framingham risk category (low-to-intermediate 
or high risk), increasing CAC score categories were 
strongly associated with the risk of events. Thus, a 
low CAC score in elderly may be as valuable a fi nding 
as in younger subjects. These results indicate that 
the CAC score is a very promising measurement to 
improve cardiovascular risk stratifi cation in the 
elderly. In a recent publication, Abbott et al. (2007) 
reported on 224 very old (age 84–96) Japanese men 
living in Hawaii followed for an average of 2.5 years 
after CAC imaging. A total of 17 deaths occurred 
during 2.5 years of follow-up and no death occurred 
in patients with a CAC score <10. As shown in the 
study by Vliegenthart et al. (2005), the death rate 
increased signifi cantly as the CAC score increased 
(p < 0.001). Finally, Newman et al. (2008) measured 
CAC and carotid intima-media thickness in 559 pa-
tients (336 women) age 70–99 years. The top quartile 
of each measurement was associated with ~two-fold 
increased risk of a combined cardiovascular disease 
end-point.
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Other population prospective studies have been 
conducted in a wide age range (Greenland et al. 
2004; Kondos et al. 2003; LaMonte et al. 2005; 
Raggi et al. 2000a; Arad et al. 2005; Budoff et al. 
2007). Most of these studies did not specifi cally ad-
dress the predictive value of CAC in older age. In a 
study by LaMonte et al. (2005), CHD event rates 
adjusted for gender were presented in different age 
groups. In subjects over 65 years of age, a graded in-
crease in event rates was seen for CAC scores ≥ 100 
and ≥ 400 (7.1 and 8.2 per 1000 person-years, respec-
tively). Conversely, absence of CAC was associated 
with a very low event rate (0.9 per 1000 person-
years). 

 4.6.10 
Summary

These data support the notion that CAC screening 
may be used in all age groups to adjust the relative 
risk level. They must, however, be considered pre-
liminary; more research will be needed to demon-
strate that expensive medical therapies can be with-
held in the elderly with risk factors in the absence of 
CAC and to establish the best approach to managing 
older, asymptomatic patients with extensive CAC.

 4.6.11 
Diabetes Mellitus and 
Coronary Artery Calcium

Patients suffering from diabetes type-2 have been 
shown to harbor larger amounts of CAC than non-
diabetic patients with the metabolic syndrome 
(Wong et al. 2003) and subjects of similar age and 
otherwise similar risk factor profi le (Wong et al. 
2003; Schurgin et al. 2001). The extent of CAC in 
patients with type-2 diabetes is similar to that of 
patients with established CAD but without diabetes, 
diabetic women harbor as much CAC as diabetic 
men (Khaleeli et al. 2001; Mielke et al. 2001), and 
younger diabetic individuals have a plaque burden 
comparable to that of older non-diabetic individuals 
(Hoff et al. 2003). All of this confi rms the clinical 
evidence that diabetes mellitus is associated with a 
very high prevalence of CAD; it negates the advan-

tage of women over men and of youth over older age 
in prevalence and extent of atherosclerosis. Hoff et 
al. (2003) utilized a large database to calculate the 
age and gender normative (percentile) distribution 
of calcium scores in asymptomatic (self-reported) 
diabetic individuals.

Olson et al. (2000) investigated the presence of 
CAC and prior CAD in 302 patients with diabetes 
mellitus type-1 and a history of myocardial infarc-
tion, angina, or evidence of ischemia on stress test-
ing or surface electrocardiograms. Among the sub-
jects free of clinical CAD, 5% had a CAC score ≥ 400 
(large atherosclerosis burden), as opposed to 25% of 
the subjects with prior angina or objective evidence 
of myocardial ischemia and 80% of the patients 
with myocardial infarction or luminal stenoses on 
invasive angiography. CAC showed a sensitivity of 
84% and 71% for clinical CAD in men and women, 
respectively, and 100% sensitivity for myocardial in-
farction (MI) and obstructive CAD.

Limited data exist on outcome related to CAC in 
diabetic patients. Wong et al. (2005) performed CAC 
screening and stress myocardial perfusion imaging 
(MPI) in 1043 patients, 313 of whom were affected 
by either diabetes mellitus (n = 140) or the metabolic 
syndrome (n = 173). In patients with a CAC score 
< 100, the prevalence of stress induced MPI abnor-
malities was very low (~ 2%). However, in the pres-
ence of a metabolic disorder (diabetes mellitus or the 
metabolic syndrome) a CAC score between 100–399 
or greater than 400 was associated with a greater in-
cidence of ischemia than in patients without a meta-
bolic disorder (13% vs. 3.6%, p < 0.02, and 23.4% vs. 
13.6%, p = 0.03, respectively). Similarly, Anand et al. 
(2006) performed sequential CAC screening and MPI 
in 180 type-2 diabetic patients. The incidence of my-
ocardial ischemia was directly proportional to the 
CAC score. For type-2 diabetic patients with a CAC 
score of 0, 11–100, 101–400, 401–1000, and >1000, the 
incidence of myocardial ischemia on stress MPI was 
0%, 18%, 23%, 48%, and 71%, respectively. In sum-
mary, based on the data from Wong et al. (2005) and 
Anand et al. (2006), type-2 diabetic patients with a 
CAC score > 100 are expected to have an increased 
frequency of ischemia on MPI.

Two outcome studies addressed the question of 
whether CAC constitutes a risk for events in asymp-
tomatic patients but came to opposite conclusions. 
The South Bay Heart Watch (SBHW) was a prospec-
tive cohort study designed to determine the rela-
tion between radiographically detectable CAC and 
cardiovascular outcome in high-risk asymptomatic 
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adults (Qu et al. 2003). A total of 1312 asymptomatic 
subjects > 45 years old with cardiac risk factors were 
recruited via mass-mailing advertisement in the Los 
Angeles area; of these 19% were diabetic patients. In 
a sub-analysis of the main database after a mean fol-
low-up of 6 years, Qu et al. (2003) found an increased 
risk of cardiovascular events (death, myocardial in-
farction, stroke and revascularizations) in diabetic 
patients compared to non-diabetic subjects in the 
presence of CAC. However, the risk did not increase 
signifi cantly as the CAC score increased. Raggi et 
al. (2004a) utilized a database of 10,377 asympto-
matic individuals (903 diabetic patients), followed 
for an average of 5 years after CAC screening. The 
primary end-point of the study was all-cause mor-
tality. The authors showed that the risk of all-cause 
mortality was higher in diabetic patients than non-
diabetic subjects for any degree of CAC and the risk 
increased as the score increased. Additionally, the 
absence of CAC predicted a low short-term risk of 
death (~1% at 5 years) for both diabetic patients and 
non-diabetic subjects [67]. Hence, both the presence 
and absence of CAC were important modifi ers of 
risk even in the presence of established risk factors 
for atherosclerosis such as diabetes mellitus. This 
suggests that there is a great heterogeneity among 
diabetes mellitus patients and that risk stratifi cation 
may be of benefi t even in patients considered to be at 
high-risk of atherosclerosis complications.

 4.6.12 
Summary

The preceding discussion suggests that CAC imag-
ing techniques may be very helpful to the practicing 
physician faced with the dilemma of accurate risk 
assessment even in diabetic patients at high risk. 
However, as is the case with other subsets of patients, 
further research will be needed to confi rm the prog-
nostic role of CAC in diabetes mellitus.

 4.6.13 
Renal Failure and Coronary Artery Calcium

Both EBT and MSCT have been utilized in the recent 
past to investigate the natural history and pathogen-

esis of CAC, as well as the impact of different thera-
peutic strategies in chronic kidney disease (CKD). 
Evidence indicates that as the estimated glomerular 
fi ltration rate (eGFR) declines the prevalence of CAC 
increases. In fact, the prevalence of CAC was reported 
to be 40% in 85 pre-dialysis patients as opposed to 
13% in controls with normal renal function (Russo 
et al. 2004). In a prospective study of 313 high-risk 
hypertensive patients a reduced eGFR was shown to 
be the major determinant of the rate of progression 
of CAC (odds ratios for calcium progression in the 
group with eGFR <60 ml/min: 2.1; 95% CI 1.2–3.7) 
(Bursztyn et al. 2003). Consistent with these fi nd-
ings, Sigrist et al. (2006) reported a prevalence of 
CAC of 46% in 46 pre-dialysis patients compared to 
70% and 73%, respectively, in 60 hemodialysis and 
28 peritoneal dialysis patients (p = 0.02). Hence, it 
appears that the prevalence of CAC increases with 
declining renal function and after initiation of dial-
ysis. Of note, CAC was reported in ~ 60% of patients 
new to hemodialysis  (Block et al. 2007) and in as 
many as 80%–85% of adult prevalent hemodialysis 
patients (Raggi et al. 2002) in two prospective, ran-
domized studies. In a small longitudinal study, the 
baseline CAC score measured by EBT in 49 prevalent 
hemodialysis patients was on average two- to fi ve-
fold higher than in age and sex matched individuals 
with established CAD. A repeat CT after an interval 
of 12 months showed signifi cant progression of CAC 
(p < 0.05) (Braun et al. 1996).

A number of factors have been associated with 
progression of CAC in dialysis patients. Associations 
with age and duration of dialysis (Raggi et al. 2002; 
Goodman et al. 2000), diabetes mellitus (Raggi et 
al. 2002) abnormalities of mineral metabolism (Oh 
et al. 2002; Wang et al. 2003; Chertow et al. 2004) 
as well as use and dose of calcium based phosphate 
binders (Chertow et al. 2002; Guerin et al. 2000) 
have all been reported. To investigate the impact of 
therapy for hyperphosphatemia on the progression 
of CAC a randomized clinical trial compared the ef-
fect of Sevelamer (Genzyme, Cambridge, MA USA – 
a non absorbable polymer with gut phosphate bind-
ing ability) and calcium-based phosphate binders 
in 200 hemodialysis patients for 1 year (Chertow 
et al. 2002). Throughout the study both drugs pro-
vided a comparable phosphate control (mean phos-
phate = 5.1 mg/dl), although a signifi cantly higher 
serum calcium concentration (p = 0.002) was noted 
in the calcium-salts treated arm. At study completion 
Sevelamer treated subjects were less likely to experi-
ence CAC progression (median absolute progression 
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of CAC score 0 vs. 36.6, p = 0.03 and aorta 0 vs. 75.1, 
p = 0.01, respectively) (Chertow et al. 2002).

In a smaller series of 129 patients new to hemo-
dialysis (Block et al. 2005), subjects treated with 
calcium containing phosphate binders showed a 
more rapid and more severe increase in CAC score 
compared with those receiving Sevelamer (p = 0.056 
at 12 months, p = 0.01 at 18 months) (Block et al. 
2005). In the same series, all cause mortality was 
strongly associated with the baseline CAC score, 
and was signifi cantly lower in the Sevelamer arm 
after 4.5 years of follow up (p = 0.02) (Block et al. 
2007). Even more surprisingly mortality was ex-
tremely low (3.9%/year) in patients with 0 calcium 
score. This stands in contrast with a reported mor-
tality of ~ 20–25%/year in patients undergoing 
hemodialysis. CAC scores were also shown to be 
predictive of an unfavorable outcome in dialysis 
patients by Matsuoka et al. (2004). The authors 
followed 104 chronic hemodialysis patients for an 
average of 43 months after a screening EBT. Patients 
were divided into two groups according to a base-
line CAC score falling below or above the median 
for the group (score = 200). The 5-year cumulative 
survival was signifi cantly lower for patients with a 
CAC score > 200 than for those with a score < 200 
(67.9% vs. 84.2%, pV ≥ = 0.0003).

 4.6.14 
Summary

CAC appears to be predictive of an adverse outcome 
in CKD patients and its absence has been linked with 
a very low event rate.

 4.6.15 
The Value of the ZERO Calcium Score – 
Asymptomatic Patients

The presence of coronary calcifi cation is, especially 
with advancing age, a sensitive but unspecifi c fi nd-
ing. As discussed above, many studies have empha-
sized the graded increase in CHD risk with increas-
ing calcium scores. However, an even more clinically 
relevant fi nding may be the absence of CAC. In a 
large population of over 10,000 individuals screened 

for CAC, all-cause mortality was assessed during 
a 5-year follow-up period. With a zero or very low 
(< 10) calcium score, the investigators reported a 
very low probability of mortality, ~ 1.0% at the end 
of follow-up (Shaw et al. 2003). This fi nding was 
confi rmed in a study by Budoff et al. (2007) in 
25,253 individuals, in which only 0.4% of the indi-
viduals with a negative calcium score died during 
almost 7 years of follow-up, compared to 3.3% of 
individuals with a positive CAC score. In prospec-
tive studies in which coronary heart disease was 
used as outcome measure, a zero or very low cal-
cium score was associated with a very low probabil-
ity of events during follow-up (Kondos et al. 2003; 
 Taylor et al. 2005a; Raggi et al. 2000a; Arad et 
al. 2005; Church et al. 2007). Church et al. (2007) 
reported a relative risk of coronary events in sub-
jects without CAC compared to those with a posi-
tive calcium score of 0.13 (95% confi dence interval, 
0.06–0.30). Cumulative incidences in studies with a 
follow-up period of 3–5 years ranged between 0.1% 
and 0.7% (Table 4.6.2). One study showed a some-
what higher cumulative incidence of 4.4% during 
more than 6 years (Greenland et al. 2004). This 
may be partly explained by the different CT protocol 
(6-mm slicing) which may have resulted in missing 
calcifi ed lesions.

Four studies have specifi cally compared the prog-
nosis for men and women in the absence of CAC. 
Raggi et al. (2004a) found no difference in all-cause 
mortality after 5 years of follow-up in over 4000 
women and over 6000 men with a very low CAC score 
(< 10): 1.6% vs. 1.5%. Recently, the results from three 
studies in which coronary heart disease was the out-
come (Kondos et al. 2003;  LaMonte et al. 2005; 
Taylor et al. 2005a), were used in a meta-analysis 
(Bellasi et al. 2007). In total, the analysis included 
3862 women and 5548 men with absent or minimal 
CAC. The annual CHD event rate was very similar in 
women and men: 0.2% vs. 0.3%. When only women 
and men with no CAC were studied, rates were some-
what lower (0.16% vs. 0.27%) but again not signifi -
cantly different. Thus, absent or very low CAC score 
carries the same prognostic value in both genders.

Interestingly, even in the presence of cardiovas-
cular risk factors, the negative predictive value of 
absent or minimal CAC appears to be very high. In 
the aforementioned study in which all cause mortal-
ity was the outcome (Shaw et al. 2003), further in-
vestigations were performed according to smoking 
status and diabetes status of the participants (Shaw 
et al. 2006; Raggi et al. 2004b). Absence of CAC was 
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noted in about 30% of individuals with diabetes, and 
in 50% of smokers. Little or no CAC was associated 
with a near 100% survival in non-smokers as well as 
smokers, and non-diabetic as well as diabetic sub-
jects.

As discussed in the previous section, Block et 
al. (2007) reported a very low mortality rate for 
hemodialysis patients without evidence of CAC 
(3.9%/year); this is in contrast with the extremely 
high mortality rate (~ 25%–30%/yearly), typically 
quoted for this category of patients. Thus, the ab-
sence of CAC may be an important modifi er of 

the risk of events even in the presence of cardio-
vascular risk factors. The high negative predictive 
value of a zero CAC score is extremely valuable, 
considering that a large number of asymptomatic 
individuals have no CAC. In various studies, ab-
sence of CAC was noted in 26%–92% of individuals, 
depending on the age of the individuals. Hence, a 
zero CAC score may have important implications 
in daily clinical practice and on a population level. 
The most important question from a population 
and societal point of view is whether individuals 
without CAC should be considered at low risk, even 

Table 4.6.2. Absent or very low calcium score and events in asymptomatic populations

Author
(year)

Total
(n)

Subgroups
(n)

Mean 
age 
± SD 
(years)

Lowest 
calcium 
score 
category

Percentage in 
lowest category

Mean 
follow-up 
± SD 
(years)

Outcome Cumula-
tive 
incidence 
(%)

Raggi 
et al. (2000a)

632 52±9 0 46% 2.7±0.6 MI/cardiac death 0.3

Shaw 
et al. (2003)a

10377 53±10 0–10 57% 5.0±3.5 All-cause mortality 1.0

Raggi 
et al. (2004a)a

10377 4191 Women
6186 Men

55±11
52±11

0–10 68%
50%

5.0±3.5 All-cause mortality 1.6
1.5

Raggi 
et al. (2004b)a

10377 903 Diabetics
9474 Non-diabetics

57±10
53±10

0 30%
51%

5.0±3.5 All-cause mortality 1.2
0.6

Shaw 
et al. (2006)a

10377 4113 Smokers
6264 Non-smokers

53±10
54±11

0–10 about 49%
about 63%

5.0±3.5 All-cause mortality 0.5
0.3

Kondos 
et al. (2003)

5635 1484 Women
4151 Men

54±9
50±9

0 49%
26%

3.0±1.0 MI/CHD death 0.3
0.3

Greenland 
et al. (2004)

1029 66±8 0 31% 6.3±1.5 MI/CHD death 4.4

Arad 
et al. (2005)

4613 59±6 0 33% 4.3 MI/CHD death/ 
revascularizations

0.5

Vliegenthart

et al. (2005)
1795 71±6 0–100 50% 3.3±0.8 MI/CHD death 0.7

Taylor 
et al. (2005a)

1983 356 Women
1627 Men

43±3 0 92%
78%

3.0±1.4 MI/CHD death/ 
unstable angina

0.0
0.2

Church 
et al. (2007)b

10746 54±10 0 53% 3.5±1.4 MI/CHD death 0.1

LaMonte 
et al. (2005)b

10746 3911 Women
6835 Men

54±10
53±10

0 71%
39%

3.5±1.4 MI/CHD death 0.1
0.1

Budoff 
et al. (2007)

25253 56±11 0 44% 6.8±3.0 All-cause mortality 0.4

a Same study, analysis in different subgroups.
b Same study, analysis in different subgroups. CHD, coronary heart disease; MI, myocardial infarction; SD, standard de-

viation. Cumulative incidence derived from published data or calculated
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in the presence of cardiovascular risk factors, and 
therefore be spared therapies such as aspirin and 
cholesterol-lowering medications. Although the 
current evidence is substantial, such a notion can-
not be endorsed at this time in the absence of pro-
spective, randomized trials.

 4.6.16 
The Value of ZERO Calcium Score – 
Symptomatic Patients

4.6.16.1 

Calcium Score and Prediction of Obstructive 

Coronary Artery Disease on Angiography

As outlined above, a negative CAC score has a high 
negative predictive value in asymptomatic patients 
of both genders and even in patients with risk fac-
tors such as smoking, diabetes or renal failure. In 
symptomatic patients where CAD is suspected, can 
a zero or a minimal CAC score (e.g., < 10) be used 
as a fi lter to rule out obstructive CAD? Several in-
vestigators have addressed this point. Becker et 
al. studied 1347 symptomatic subjects with sus-
pected CAD (Becker et al. 2007a). Sensitivity, 
specifi city and predictive accuracy were calculated 
for different calcium thresholds for prediction of 
CAD. In 720 (53%) subjects, invasive angiography 
revealed a lumen diameter stenosis greater than 
50%. Patients with obstructive CAD had signifi -
cantly higher total calcium scores than patients 
without CAD (p = 0.001). The overall sensitivity of 
any CAC score to predict stenosis was 99%, with a 
specifi city of 32%. An absolute score cutoff > 100 
and an age and sex specifi c score > 75th percentile 
were identifi ed as the cutoff levels with the high-
est sensitivities (86%–89%) and lowest false posi-
tive rates (20%–22%). Absence of CAC was highly 
accurate for exclusion of CAD in subjects older 
than 50 years (negative predictive value = 98%). 
The authors concluded that the presence of CAC 
on MDCT in symptomatic patients is accurate for 
prediction of obstructive CAD and that its absence 
is associated with a high negative predictive value 
for exclusion of CAD. 

Several other studies investigated the presence 
of non-calcifi ed plaques and obstructive lesions in 
patients with a low or zero CAC score. Cheng et al. 
(2007) assessed the presence and severity of non-

calcifi ed coronary plaques on 64-MDCT coronary 
angiography in 554 symptomatic patients with low 
to intermediate pre-test likelihood for CAD and 
zero or low CAC score (low score: men, score < 50; 
women, score < 10). The authors intended to eluci-
date how well absence of CAC predicts the absence 
of obstructive non-calcifi ed coronary artery plaque 
(NCAP). Compared with patients with absent CAC, 
those with a low CAC score had markedly increased 
rates of critical luminal stenoses (8.7% vs. 0.5%, 
p < 0.001). The authors concluded that in sympto-
matic patients with low to intermediate pre-test 
probability of CAD, absence of CAC predicts very 
low prevalence of occlusive NCAP. Nonetheless, low 
but detectable CAC scores were signifi cantly less 
reliable in excluding the presence of plaque that at 
times could be obstructive.

Leschka et al. (2007) recently studied the poten-
tial of using the CAC score to improve the diagnostic 
accuracy of MDCT angiography. They evaluated 74 
consecutive patients who underwent CAC scoring, 
MDCT angiography and invasive angiography. Seg-
ments that were not evaluable on MDCT angiogra-
phy were considered to be false-positive. When us-
ing CAC scores of 0 to exclude stenoses and ≥ 400 
to predict stenosis for segments with non-evaluative 
segments, the per-patient sensitivity and specifi city 
improved from 98% and 87% to 98% and 100%, re-
spectively. Only the 0 CAC score was found to be 
helpful to exclude stenoses as a high CAC score often 
corresponds to more than one stenosis in the coro-
nary artery tree.

In a study by Rubinshtein et al. (2007), the se-
verity of CAD was examined using 64-MDCT an-
giography in patients who underwent testing due 
to chest pain syndromes and had a zero or low CAC 
score. Of 668 consecutive patients, 231 had a low 
score (< 100) or absent CAC. Obstructive CAD was 
present in nine of 125 patients (7%) with a 0 CAC 
score, and in 18 of 106 (17%) with a low score (CAC: 
1 to 100).

 4.6.17 
Summary

In conclusion, absent CAC seems to be an excel-
lent fi lter for exclusion of obstructive CAD in symp-
tomatic patients with intermediate to high pre-test 
likelihood of obstructive CAD. A low CAC score, 
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however, is more controversial as a number of stud-
ies showed that the presence of non-calcifi ed and 
potentially obstructive lesions is higher in patients 
with low CAC scores and symptoms compared to 
patients with a score of zero.

4.6.17.1 

The Value of Zero Calcium Score to 

Rule Out CAD in Symptomatic Patients: 

Comparison to Treadmill Stress Testing and 

Nuclear Stress Tests

In discussing the potential value of a zero CAC 
score in symptomatic patients for a reliable exclu-
sion of CAD, other non-invasive tests like ECG 
stress testing or nuclear stress testing have to be 
considered. Exercise stress testing is often used as 
the initial non-invasive diagnostic test in symp-
tomatic patients with suspected obstructive CAD. 
Positive standard ECG criteria are quite specific 
for obstructive CAD, but there may be a substan-
tial number of false negative tests, including pa-
tients with severe disease. Also, exercise stress 
tests frequently yield equivocal results. Lamont 
et al. (2002) assessed the value of combining CAC 
screening with a stress test to reduce the high 
false-positive rate seen with treadmill stress test 
(TMST) alone. A CAC score was obtained by EBT 
in 153 symptomatic patients who underwent coro-
nary angiography because of a positive TMST. The 
TMST false-positive rate was 27% (41 of 153). In 
these patients, a CAC score of zero resulted in 
a negative predictive value of 93%. The authors 
concluded that the absence of CAC reliably iden-
tified patients with a false-positive TMST result. 
Raggi et al. (2000b) showed that in symptomatic 
patients with low to intermediate pretest prob-
ability of disease (5%–50%), a CAC score of zero 
can be reliably used to exclude obstructive CAD 
and that calcium scoring as the initial test to in-
vestigate presence of CAD provides a substantial 
cost benefit over a pathway based on exercise 
stress testing. Berman et al. (2004) described the 
relationship between stress-induced myocardial 
ischemia on single-photon emission computed 
tomography (SPECT) perfusion studies and 
CAC. Including a total of 1195 patients without 
known CAD, 51% asymptomatic, the frequency 
of ischemia by SPECT was compared to the mag-
nitude of CAC. The frequency of ischemic SPECT 
was <2% with CAC scores <100 and increased pro-

gressively with CAC >100 (p for trend < 0.0001). 
Patients with symptoms and CAC scores > 400 had 
higher likelihood of myocardial ischemia versus 
those without symptoms (p < 0.025). The authors 
concluded that ischemic SPECT is associated with 
a high likelihood of subclinical atherosclerosis by 
CAC, but it is rarely seen for CAC scores < 100. 
In most patients, low CAC scores appear to obvi-
ate the need for subsequent noninvasive testing. 
Patients with normal perfusion studies, however, 
frequently had extensive non-obstructive athero-
sclerosis by CAC criteria.

Geluk et al. (2007) determined the effi ciency 
of a screening protocol based on CAC scores com-
pared with exercise testing in patients with sus-
pected CAD, a normal ECG and troponin levels. A 
total of 304 patients were enrolled in a screening 
protocol that included CAC scoring by EBT, and 
exercise testing. Decision-making was based on 
CAC scores. When the CAC score was ≥ 400, coro-
nary angiography was recommended. When the 
CAC was < 10, patients were discharged. Exercise 
tests were graded as positive, negative or nondi-
agnostic. The combined endpoint was defi ned as 
coronary event or obstructive CAD at coronary 
angiography. During 12 ��4 months, CAC ≥ 400, 
10–399 and < 10 were found in 42, 103 and 159 pa-
tients and the combined endpoint occurred in 24 
(57%), 14 (14%) and 0 patients (0%), respectively. 
In 22 patients (7%), myocardial perfusion scintig-
raphy was performed instead of exercise testing 
due to the inability to perform an exercise test. A 
positive, nondiagnostic and negative exercise test 
result was found in 37, 76 and 191 patients, and 
the combined endpoint occurred in 11 (30%), 15 
(20%) and 12 patients (6%), respectively. Receiver-
operator characteristics curves showed that the 
area under the curve of 0.89 (95% CI: 0.85–0.93) 
for CAC was superior to 0.69 (95% CI: 0.61–0.78) 
for exercise testing (p < 0.0001). The authors con-
cluded that measurement of CAC is an appropri-
ate initial screening test in a well-defi ned low-risk 
population with suspected CAD.

4.6.17.2 

The Value of Zero Calcium Score in 

Patients Presenting with Acute Chest Pain to 

the Emergency Department

The use of CAC assessment was briefl y discussed in 
a recent consensus paper on the use of MDCT for 
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acute chest pain (Stillman et al. 2007a,b). The use 
of CAC screening has been described in patients 
with angina-like symptoms and negative cardiac 
enzymes presenting to the emergency department 
(ED). Laudon et al. (1999) performed CAC scor-
ing in the emergency department in 104 patients, 
and noted a negative predictive value for CAD of 
100% for a CAC score of zero. McLaughlin et al. 
(1999) reported a negative predictive value of 98% 
in 134 patients in a similar ED setting. Georgiou 
et al. (2001) followed 198 patients presenting to 
the ED with chest pain and normal ECG and car-
diac enzymes and found that the presence of any 
CAC is a strong predictor for future cardiac events. 
Conversely, patients without CAC may safely be 
discharged from the ED given the extremely low 
rate of future events (~ 0.1%/year). Nonetheless, 
after reviewing the available evidence, Andrews 
(2000) concluded that currently existing data do 
not suffi ciently support the widespread use of CAC 
CT in patients with acute chest pain syndromes. 
Even so, in patients at low pre-test likelihood of 
CAD presenting with angina-like symptoms to the 
ED, a negative CAC score can possibly be used to 
rule out an acute coronary syndrome. In conclu-
sion, the available single center studies based on a 
limited number of patients indicate that the nega-
tive predictive value of a zero CAC is high (>90%). 
However, the positive predictive value is somewhat 
lower, rendering CAC screening a highly sensitive, 
but poorly specifi c modality for the diagnosis of 
acute coronary syndromes.

 4.6.18 
Calcium Score Progression: Interpretation

Serial changes in CAC score may have important 
implications for monitoring the response of ath-
erosclerotic disease to the initiation of or changes 
in plaque-altering medical therapy as well as for 
identifying patients with more aggressive disease 
who are at high risk for incident CAD (Green-

land et al. 2007). In this section, we will discuss 
the methodological approaches to calculating CAC 
progression as well as provide a synopsis of the 
available literature on the utility of sequential CT 
imaging to evaluate atherosclerotic disease pro-
gression. 

 4.6.19 
Serial Testing Paradigm

Serial testing is based on the concept that changes in 
CAC are valid markers of varying atherosclerotic dis-
ease states (Villines and Taylor 2005). Furthermore, 
a change in CAC may serve as a surrogate for clinical 
outcomes or disease activity and, as such, provides 
clinically useful information to guide further patient 
management (Raggi et al. 2003, 2004c, 2005 a–c; 
 Taylor et al. 2005b). The paradigm of using imaging 
as a surrogate outcome has been advanced in the on-
cologic PET literature (Therasse et al. 2000). The Re-
sponse Evaluation Criteria In Solid Tumors (RECIST) 
provide defi nable criteria for partial or complete re-
sponse to therapies of target and non-target lesions.

Using this type of sequential monitoring, a posi-
tive change in CAC score above a given threshold 
signifi es progressive disease, minimal or no changes 
in CAC score identify patients with stable disease, 
while a reduction in CAC score beyond a given limit 
defi nes patients exhibiting regression in their un-
derlying disease. With regards to the latter, it is still 
very controversial whether CAC truly regresses. As 
such, this document will focus on defi ning rapidly 
and slowly progressive disease states.

 4.6.20 
Reproducibility of CAC CT and 
Its Determinants

A major consideration for interpretation of changes 
in CAC between serial CT examinations is the vari-
ability of repeat imaging. Inter-examination vari-
ability is affected by image artifacts including mo-
tion, noise, and partial volume averaging that are 
highly dependent on the specifi c imaging protocol 
as well as the extent of CAC burden. Optimal timing 
of ECG triggering can reduce variability of Agatston 
scores > 30% to < 15% with EBT (Budoff and Raggi 
2001; Lu et al. 2002; Mao et al. 2001). The correlation 
coeffi cients across CAC measurements, including 
Agatston score (AU), calcium volume score (CVS), 
or MS, are excellent (r 
�0.96, n = 161) (Horiguchi 
et al. 2004; Hoffmann et al. 2006). CVS’s improve 
reproducibility only marginally compared to Agat-
ston scores. The square root of the CVS has, however, 
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been suggested to reduce inter-examination vari-
ability (Hokanson et al. 2004).

Differences between types of CT systems are very 
small after adjustment for body mass index and CAC 
burden (Detrano et al. 2005). In the MESA study, 
mean relative differences between CT examina-
tions at different times were 20.1% for the Agatston 
score, and 18.3% for the interpolated CVS (p < 0.01) 
 (Detrano et al. 2005), which are in line with previ-
ous reports. Of note these data were obtained from 
CT performed at 80% of the RR-interval, which is 
associated with a lower reproducibility as compared 
to earlier triggering.

Data acquired with four-slice CT systems were 
reported to have higher rates of mis-registration 
compared with EBT (Detrano et al. 2005). Motion 
artifacts were also higher in these CT systems com-
pared to EBT machines, while image noise was lower 
(Detrano et al. 2005). The reproducibility of the 
calcium score has improved with the introduction of 
16-slice and more recently 64-slice MDCT systems. 
The variability is best with thinner slices, higher cal-
cium scores and with retrospective acquisition mode, 
although this is associated with a higher radiation 
dose for the patient. Currently, the reported variabil-
ity of the Agatston, volume and mass score on 16- to 
64-slice MDCT ranges between 8%–18% (lower end 
of the range with 64-slice MDCT) on sequential ex-
aminations performed within minutes of each other 
(Groen et al. 2007; Horiguchi et al. 2006, 2008). 
Given the radiation exposure, especially with MDCT 

systems, the benefi t-risk ratio and time intervals of 
repeat CT must be considered individually, especially 
when women and young men are examined.

4.6.20.1 

Clinical Thresholds of 

Coronary Artery Calcium Progression

Progression of CAC is generally calculated as a per-
cent or absolute change from the baseline score us-
ing either the Agatston score, CVS, or MS (Raggi 
et al. 2005a; Budoff and Raggi 2001; Becker et 
al. 2007b; Budoff et al. 2005a; Gopal et al. 2007; 
Hsia et al. 2004; Rasouli et al. 2005; Shemesh et 
al. 2001; Sutton-Tyrrell et al. 2001; Yoon et al. 
2002). Raggi et al. (2005a) defi ned a change >15% 
as true progression, while Hokanson et al. (2004) 
suggested a CAC progression ≥ 2.5 mm³ of the square 
root of the initial volume score as a useful threshold 
of progression.

The absolute change in CAC is expected to be 
greater in patients with a higher baseline score 
(Figs. 4.6.3 and 4.6.4) (Raggi et al. 2005a; Hsia et 
al. 2004; Rasouli et al. 2005), although the abso-
lute differences refl ect minor changes compared to 
baseline. Larger percent score changes are expected 
in patients with a low index CAC score (e.g., index 
CAC score of 10 to repeat score of 20 = progression 
of 100%) and do not necessarily refl ect a clinically 
relevant change.
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 4.6.21 
Clinical Interpretation of 
Changes in Coronary Artery Calcium

For most patients within the various risk groups 
in Figure  4.6.5, the error in score reproducibility 
would not affect their clinical management, unless 
scores are close to adjacent risk groups. Variability 
increases with CAC score and may be as much as 
200–380 units for scores of 400 or higher (Fig. 4.6.5) 
(Sevrukov et al. 2005). As scores of 100 or 400 may 
trigger more aggressive post-screening management 
or follow-up ischemia testing, clinicians should rely 
less on the absolute thresholds and more on a com-
bination of CAC score with the patient’s clinical 
presentation and cardiac risk factor profi le. Aggres-
sive management is indicated for scores of 1000 or 
higher (very high risk CAC) and it is unlikely that 

the expected variability about this point estimate 
will change clinical care (Raggi et al. 2003; Budoff 
and Raggi 2001; Becker et al. 2007b; Budoff et al. 
2005a; Gopal et al. 2007; Hsia et al. 2004; Rasouli 
et al. 2005; Shemesh et al. 2001; Sutton-Tyrrell 
et al. 2001; Yoon et al. 2002).

4.6.21.1 

Rates of Coronary Artery Calcium Progression 

and Its Determinants

In subjects at average Framingham risk the annual 
CAC progression rates typically range from 20% 
to 24% per year using either the Agatston or the 
CVS (Raggi et al. 2003; Budoff and Raggi 2001; 
Becker et al. 2007b; Budoff et al. 2005a; Gopal 
et al. 2007; Hsia et al. 2004; Rasouli et al. 2005; 
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Shemesh et al. 2001; Sutton-Tyrrell et al. 2001; 
Yoon et al. 2002). Factors that may signifi cantly 
modify rate of change include the patient’s baseline 
CAC score, gender, age, family history of premature 
CAD, ethnicity, diabetes and glycemic control, body 
mass index, hypertension, and renal insuffi ciency 
(Raggi et al. 2005a; Cassidy et al. 2005; Kawakubo 
et al. 2005;  Kronmal et al. 2007; Mehrotra et al. 
2004; Snell-Bergeon et al. 2003). Furthermore, the 
longer the interval from baseline to repeat CAC CT, 
the greater the expected change (Shemesh et al. 
2001). However, the absolute change will be greater 
but the relative change may be smaller. The score 
does not continue to grow exponentially and the 
rate of growth eventually tapers off. Most patients 
exhibit a positive change in CAC scores over time  
(Raggi et al. 2003; Becker et al. 2007b; Budoff et 
al. 2005a; Gopal et al. 2007; Rasouli et al. 2005; 
Sutton-Tyrrell et al. 2001), although some pa-
tients (29%–34%) exhibit no change if they are at 
low Framingham risk, including women, or have 

a baseline score of 0 (38%) (Gopal et al. 2007). In 
patients with an initial 0 score, a repeat CT < 5 years 
after the initial examination may not be useful for 
clinical purposes (Gopal et al. 2007).

4.6.21.2 

Results of Randomized Clinical Trials on Eff ect 

of Statin Therapy on Coronary Artery Calcium 

Progression

A number of observational studies (Table 4.6.3) and 
randomized clinical trials (Fig.  4.6.6) have evalu-
ated change in CAC following treatment with sta-
tin therapy. In four observational reports untreated 
patients had an average CAC score progression of 
36% (Raggi et al. 2005a; Budoff et al. 2000, 2005b; 
 Callister et al. 1998). By comparison, statin ther-
apy attenuated changes in CAC scores averaging 
13% (Table 4.6.3) (Raggi et al. 2005a; Budoff et al. 
2000, 2005;  Callister et al. 1998).

Table 4.6.3. Percent yearly progression from observational cohorts of consecutive patient series, with average Framingham 
risk, and evidence of coronary artery calcium (CAC) on Baseline CT

Author/year No. of 
patients

Entry criteria Score Testing period 
(in years)

Percent change CAC 
Score/yeara

Budoff 
et al. (2000)

299 Consecutive patients AU ≥1 33%

Shemesh 
et al. (2001)

116
Asymptomatic 
Hypertensive patients

AU 1, 2, 3
Year. 1: 18%
Year 2: 31%
Year 3: 41%

Sutton-Tyrrell 
et al. (2001)

80 Middle-aged women AU 1.5 11%

Yoon 
et al. (2002)

217 Consecutive subjects
AU
CVS

2.1
34%
29%

Raggi 
et al. (2003)

772 Consecutive patients CVS 2.2 26%

Hsia 
et al. (2004)

94
Healthy post-menopausal 
women CAC ≥10

AU 3.3 27%

Budoff 
et al. (2005)

177 Post-menopausal patients AU ≥1 15%–22%

Rasouli 
et al. (2005)

133 Asymptomatic patients AU 1.7 17%–22%

Gopal 
et al. (2007)

710 Consecutive patients. 
w/ CAC = 0

AU ≥1 Mean±SD: 1±3
Median (IQR): 0 (0–0.8)

Becker 
et al. (2007b)

277 Post-menopausal women CVS 3.3 18%

Summary Data 2875 AU
CVS

20%
24%

a Or mean±standard deviation (SD), median, interquartile range (IQR) in the Gopal series.
 CAC, coronary artery calcium; yr, year; AU, Agatston units; CVS, calcium volume score; SD, standard deviation.
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However, these promising observational data 
were contradicted by large randomized clinical 
trials showing similar changes in CAC scores fol-
lowing placebo and/or moderate-intensive statin 
therapy (Fig. 4.6.6). Except for a preliminary pilot 
trial (Achenbach et al. 2002), all other random-
ized trials have failed to confi rm the preliminary 
observational fi ndings (Fig. 4.6.6). Comparison of 
intensive vs. moderate statin therapy showed no 
difference in CAC progression (Fig. 4.6.6) (Raggi et 
al. 2005b; Schmermund et al. 2006). The lack of an 
effect in these clinical trials suggests that a longer 
observational time period may be warranted and 
that statins may reduce cardiac events independent 
of an effect on calcifi ed plaque (Greenland et al. 
2007). Further, these trials often did not consider 
or plan the management of other CV risk factors 
that may confound the lack of therapeutic benefi t 
(Greenland et al. 2007). There are ongoing trials 
using CAC as a surrogate where additional evidence 
may be put forth on the benefi t in serial imaging 
(Harman et al. 2005; Kuller et al. 2007). Finally, 
other treatments have been tested as far as an effect 
on CAC progression. In the Women’s Health Initia-

tive (WHI), menopausal women between the ages of 
50–59 years were randomized to treatment with con-
jugated estrogens or placebo (Manson et al. 2007). 
In a sub-study of the WHI, 1064 women were sub-
mitted to CAC screening after 8.7 years from trial 
initiation. Women receiving estrogens showed a 
lower CAC score compared those receiving placebo 
(83.1 vs. 123.1, p = 0.02).

 4.6.22 
Cardiovascular Prognosis Related to 
Coronary Artery Calcium Progression

Despite the lack of an effect of statins on CAC pro-
gression, several reports have noted that a rapid 
change in CAC score is associated with worse clini-
cal outcomes including incident MI (Raggi et al. 
2003, 2004c). In one report of 495 patients, subjects 
who experienced an acute MI experienced greater 
degrees of CAC progression compared to event-free 
survivors (42% ± 23% vs. 17% ± 25%, p < 0.0001) [97]. 

RCTs of Statin Therapy vs. Placebo 

Baseline CAC Change/yr Rate Diff erence (95% CI)

Studies N CAC Control: Active Control: Active

ACHENBACH 

et al. 2002
66 CVS 155* 25:11 relative

ARAD 

et al. 2000
1,005 AU 563:527 240:192 abs

-1,0           -0,50 0.0            0.50             1.0

* Achenbach – Patients had a Treated and Untreated Time Period. Thus, there is no RCT of Statin vs. Placebo and no summary eff ect was 
clculated

Favors Rx Favors Control

p = 0.016

p = 0.39

RCTs of Moderate vs. Intensive Statin Therapy

Baseline CAC Change/yr Rate Diff erence (95% CI)

Studies N CAC Moderate: 
Intensive

Moderate: 
Intensive

RAGGI 

et al. 2005a
614 CVS 371:434 23:38 relative

SCHMERMUND

et al. 2006
366 CVS 267:205 31:28 relative

Summery Eff ect

-1,0           -0,50 0.0            0.50             1.0

Abbreciations: CAC=Coronary Artery Clcium, CVS=Calcium Volume Score, AU=Agatston Units, RCT=Randomized Clinical Trial, Yr=Year

Favors Intensive Rx Favors Moderate Rx

p = 0.36

p = 0.85

p = 0.40

Fig. 4.6.6. Summary meta-analysis of randomized control trials (RCT) on the effect of statin therapy (Rx) on CAC 
 progression
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Patients with and without >15%/year change in CAC 
score had 66% and 97% MI-free survival, respec-
tively, at 6 years (p < 0.0001). Patients who exhibited 
signifi cant progression from their index CT (≥ 15%/
year) and those with baseline CAC score ≥ 400 had 
a more rapid presentation to acute MI occurring at 
2–4 years post-testing as compared to those with 
CAC scores ≤ 100 with incident MI’s at over 5 years 
from baseline testing (p < 0.0001). Thus, the baseline 
CAC score provides an insight into not only the ex-
pected rate of progression but also the timeline of 
conversion to symptomatic CAD.

 4.6.23 
Summary

The evidence is inconclusive as to what is the most 
accurate method to defi ne CAC progression (per-
cent vs. absolute vs. square root change). Further 
research is indicated as to documenting meaning-
ful changes in the various scores. For the patient 
with an average Framingham risk score, the yearly 
increase in CAC score is approximately 15%–20%. 
Absolute changes are greater in patients whose 
baseline score exceeds 100. To date, published 
randomized trials have failed to demonstrate a 
benefi t of statin therapy to attenuate CAC progres-
sion. Despite this, rapidly increasing CAC scores 
may be used to defi ne higher risk patients. Further 
insight into the prognostic implications of serial 
CT examinations is warranted to further guide 
optimal patient management. This writing com-
mittee does not recommend the systematic per-
formance of serial CAC scoring in every patient 
that has undergone a baseline CT and is receiving 
treatment for factors related to atherosclerosis. An 
individualized approach to assess rate of progres-
sion in specifi c situations may be taken into con-
sideration.

 4.6.24 
Standardization of the Calcium Score 
Measured Using Diff erent CT Systems

The utilization of CAC scores for outcomes data, risk 
stratifi cation, and particularly, the serial assessment 

of patients over time demands accurate measure-
ments. Accurate measurement of MDCT derived 
CAC scores requires implementation of standard-
ized imaging and quantifi cation methods on many 
different types of commercially available MDCT 
systems. This formidable goal can be achieved by 
selecting CT parameters that fulfi ll minimum re-
quirements for temporal resolution, spatial resolu-
tion, and noise and by applying a physically-mean-
ingful, calibration-based calcium quantifi cation 
algorithm.

A standard for CAC quantifi cation was recently 
proposed by the Physics Task Group of the Inter-
national Consortium on Standardization in Car-
diac CT and is reviewed here (McCollough et al. 
2007). Standardized CT protocols were developed 
for six CT models from fi ve manufacturers (Aquil-
ion, Toshiba Medical Systems, Nasu, Japan; Ima-
tron, Imatron San Francisco, CA; LightSpeed Plus, 
General Electric Healthcare, Milwaukee, Wisconsin; 
MX8000, Philips Medical Systems, Best, The Neth-
erlands; Volume Zoom, Siemens Medical Solutions, 
Erlangen, Germany; Sensation 64, Siemens) using 
an anthropomorphic cardiac phantom containing 
water and calcium inserts and capable of simulat-
ing three patient sizes. Manufacturer recommended 
protocols met the minimum requirements for imag-
ing coronary calcium with MDCT: (1) acquisition of 
at least four slices per rotation, (2) rotation time less 
than or equal to 0.5 s, (3) ability to reference data 
acquisition or reconstruction to the ECG signal. 
Most protocols were, however, modifi ed to achieve a 
target noise level (20–23 HU) in the water insert for 
each phantom size. This primarily required deter-
mination of CT model- and size-specifi c values for 
the tube current (mA) or tube-current time product 
(mAs). Small, medium, and large anthropomorphic 
phantoms were then examined on a total of ten dif-
ferent CT machines using these standardized CT 
protocols.

All image sets were scored using a single software 
package because, although not explicitly evaluated 
by the Consortium, differences among scoring 
packages are assumed to be non-negligible (but low 
compared to other sources of error; see next sec-
tion). To address this issue, software manufacturers 
were asked to modify existing algorithms according 
to recommendations of the Consortium. Software 
packages will then be validated as they become 
available (at least three manufacturers have incor-
porated the Consortium recommendations into 
their software at this writing).
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To quantify CAC, voxels containing calcium were 
fi rst isolated from other tissue and image noise pri-
marily by applying a standard 130-HU attenuation 
threshold to the reconstructed images. Agatston, 
volume, and mass scores were then calculated using 
standard quantifi cation algorithms (McCollough 
et al. 2007). To obtain absolute values for calcium 
mass, a calibration measurement of a calcifi cation 
with known hydroxyapatite (HA) density was car-
ried out and a calibration factor determined. Be-
cause the CT number of all materials except water 
depends on the X-ray spectrum, a specifi c calibra-
tion factor exists for each machine and each CT pro-
tocol. Work by the Physics Group of the Consortium 
also showed that patient size changes the X-ray spec-
trum and impacts the value of the calibration factor 
signifi cantly. Therefore, a unique calibration factor 
was determined for each of three broad categories of 
patient sizes for each CT model and each CT proto-
col using the cardiac phantom’s water and calcium 
inserts.

The mass score (mij) was then computed as the 
product of the appropriate calibration factor (CHA), 
the number of voxels containing calcium (Nvoxel), the 
volume of one voxel (Vvoxel), and the mean CT num-
ber for each lesion (CTij):

mij = CHA • Nvoxel • Vvoxel • CTij

The total mass score is the sum of the mass of all 
individual lesions.

Analysis of the mean and standard deviation of 
the calcium scores measured under ideal conditions 
from EBCT and MDCT systems demonstrated a co-
effi cient of variation of 4.0% for Agatston scores, 
7.9% for volume scores, and 4.9% for mass scores. 
The accuracy, or exact correspondence between 
measured and true values, could not be assessed 
for Agatston scores because this score represents 
only a mathematical construct and as such cannot 
be compared to a physical reference standard. How-
ever, calcium volume and mass scores could be com-
pared to known values from the cardiac phantom. 
For the fi ve MDCT systems, the total calcium mass 
score was within ±5 mg of the total known mass of 
calcium HA within the phantom (168.2 mg). The ac-
curacy of EBT measurement was considerably worse 
(mean mass score equaled 182.7 mg). Therefore, the 
increased precision of the mass score as compared 
with the volume score and the ability to compare the 
measured mass score with a known physical stan-
dard motivated the Consortium to endorse the mass 

score approach as the preferred method of quantify-
ing CAC.

Additional data have been collected by the Phys-
ics Group towards optimization of the mass score. 
Specifi cally, the requirements for calculation of a 
calibration factor were examined. Variation in the 
measured calibration factor from three sizes of the 
anthropomorphic cardiac phantom was assessed 
across CT machines, time, and patient sizes. Assess-
ment across CT machines, revealed the coeffi cient of 
variation in the calibration factor was small for a spe-
cifi c CT manufacturer and CT model (0.13%–1.6%). 
Subsequent data analysis from the same CT systems 
over time has shown slightly higher variation for 
measurements made quarterly over a 4-year pe-
riod from a single 16-slice CT machine (2.8%–3.2%) 
and over a 2-year period from a single 64-slice CT 
machine (2.5%–3.1%). The change in phantom 
(i.e., patient size), however, caused a much larger 
change in calibration factor both across CT systems 
(3.8%–5.1%) and over time (3.4%–5.0%). Therefore, 
determination of a calibration factor for a given CT 
machine and patient size from quarterly CT of an 
anthropomorphic phantom should be suffi ciently 
stable over time to permit 3% or less variation in the 
measurement. It has been suggested that inclusion 
of a calibration insert with each patient is neces-
sary for precise measurement of a calibration factor. 
However, this seems unnecessary based on the low 
variability in calibration estimation with quarterly 
anthropomorphic CT.

Because of the variation in calibration measure-
ments, particularly across patient sizes, the consor-
tium recommended identifying voxels containing 
calcium by applying a threshold based on a fi xed 
density or concentration of calcium HA (100 mg/
cc of calcium HA) rather than the traditional fi xed 
attenuation (130 HU) that may not provide a con-
sistent cutoff value for calcium across examina-
tions.

In summary, the Physics Group demonstrated 
that standardized protocols and algorithms can 
provide accurate and precise calcium mass scores 
in phantoms independent of MDCT model and 
phantom (patient) size through the use of appro-
priate calibration factors. Implementation of these 
protocols should move the fi eld of CAC scoring 
closer to the realization of meaningful quantita-
tive comparisons of CAC scores measured over 
time within a patient and across patients even 
when imaging is performed using different MDCT 
models. An obvious output of the implementation 
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of such standards should be reduced variability in 
CAC measurements although this remains a point 
of investigation.

The recommendations of the Consortium have 
largely been implemented by the CT manufactur-
ers making adherence to these standardization 
procedures in clinical CT straightforward. Ad-
ditional relatively tasks beyond current practice 
will, however, be required including measurement 
of lateral skin-to-skin width at mid-liver from an 
anteroposterior CT radiograph (“scout” image) to 
assess patient size, selection of appropriate patient-
size specifi c mA/mAs to achieve the noise target, 
and selection of appropriate patient-size specifi c 
calibration factor to determine a density-based at-
tenuation threshold and calculate absolute calcium 
mass.

The biggest obstacle to widespread use of the 
mass score is the paucity of data available for clini-
cal decision-making. The CAC score is most clini-
cally meaningful in the context of risk-stratifi ca-
tion which requires referencing a patient’s total 
CAC score to age- and sex-matched data. A patient 
is assigned to a percentile range of risk on the basis 
of his or her total CAC score; the percentile range 
is defi ned by fl exible thresholds that take into ac-
count the independent effects of age and sex on the 
amount of total CAC. Most currently available da-
tabases, particularly those with a signifi cant num-
ber of patients, contain only Agatston scores. An 
MDCT database founded upon standard protocols 
using the mass score is therefore necessary. 

Implementation of a standardization procedure 
for the acquisition and analysis of CAC images 
permits the accumulation of scores from various 
MDCT systems in a single database. A web-based 
database has been developed through the efforts of 
the Consortium to allow collection of standardized 
MDCT patient risk factor and CAC data (https://cli-
napps.bio.ri.ccf.org/cascore/). A suffi cient number 
of patients must be entered before assignment of 
a precise percentile ranking can be provided to an 
individual patient. Based on early data, it was de-
termined that a total registry size of 4000 would 
be suffi cient to estimate the percentile ranking of 
future patients in the age range of 45–70 years. To 
date, data from over 1000 patients have been col-
lected. The Writing Group supports this standard-
ization procedure and recommends that this regis-
try be supported.

 4.6.25 
Infl uence of Scoring Parameter Settings of 
Underlying Software Algorithms on 
Calcium Scoring 

All scoring methods used for the determination of 
CAC have a common denominator. This is the al-
gorithm used to determine which areas above the 
threshold HU value are calcifi ed lesions and which 
can be discarded as noise. To determine this very 
important distinction, common algorithms are used 
that are infl uenced by a number of different param-
eter settings which, as shown by van Ooijen et al. 
(2005) in 50 patients imaged with EBT, infl uence the 
resulting CAC score. The most common parameters 
are the HU threshold value, the connectivity, the 
lesion size threshold and the use of interpolation. 
Some commercially available software packages 
provide the user with the parameter settings and 
even allow changing these parameters. Others hide 
the default settings and determining the settings 
used can be very diffi cult. Mean variability can be 
up to 15–16 points for the Agatston score with the 
largest infl uence coming from changing the lesion 
size threshold between two and four pixels. For the 
CVS, mean variability can be up to 20–30 points 
largely due to the effect of changing the lesion size 
threshold between two and four pixels and from 
turning interpolation on and off. It could well be 
that the effect of interpolation will be less promi-
nent when using MDCT instead of EBT because of 
the use of slice overlap. There are no published data 
for the mass scoring method, but since this method 
also relies on algorithms to determine what regions 
are lesions and what regions are not, it is likely that 
similar results will be found.

In conclusion, when performing CAC scoring 
based on the volume or Agatston score, software pa-
rameter settings affect the outcome. Furthermore, 
the use of new software versions or other software 
packages and the use of data acquired in other insti-
tutes in the follow-up of patients could also affect the 
measured progression or regression of CAC because 
of different parameter settings. These data show, 
therefore, that not only standardization of CT proto-
cols is obligatory, but CAC scoring parameters also 
need to be standardized. Further research is required 
to determine whether using phantom data or test pa-
tient datasets can help standardizing settings across 
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software and help selecting the appropriate settings 
of a certain software package when they are unclear.

 4.6.26 
Radiation Exposure

A broad implementation of CAC screening may be 
limited by factors such as cost, patient access and 
demonstration of altered medical outcomes. In ad-
dition, risks associated with the use of ionizing 
radiation must be taken into account, especially 
for younger or female patients or when considering 
additional radiological tests such as CT and MPI. 
CAC screening delivers a relatively low radiation 
dose (effective dose of 0.7 mSv with EBT and 1.0–
4.1 mSv with MDCT) (Morin et al. 2003), while 
coronary CT angiography (outside of the scope of 
this writing) delivers somewhat increased levels 
of radiation dose (effective dose of 9.4–14.8 mSv) 
(Hausleiter et al. 2006). The dose to any one 
individual depends both on the imaging protocol 
used and the patient’s body habitus. The radiation 
exposure provided by CAC screening is substan-
tially lower than that of MPI studies (effective dose 
range of 13–16 mSv), especially those conducted 
using Thallium-201 or dual isotope techniques (ef-
fective dose of 27.3 mSv) (Thompson and Cullom 
2006) or invasive diagnostic coronary catheteriza-
tion (effective dose of 3–10 mSv) (Einstein et al. 
2007a).

Much of our knowledge on the carcinogenic ef-
fects of low doses of radiation (whole body expo-
sures of 5–150 mSv) derives from follow-up data 
on the survivors of the atomic bombings in Japan. 
Although quite small, there appears to be an in-
crease in incidence of cancer in subjects exposed 
to low doses of radiation, especially in children – 
because of the higher radiation sensitivity and the 
longer available time for cancer development after 
exposure. Using the linear non-threshold model 
of radiation induced risk and the organ specifi c 
risk from Biological Effects of Ionizing Radiation 
(BEIR VII) (National Research Council, US, 2006), 
the data presented by Einstein et al. (2007b) can be 
linearly scaled to predict the lifetime risk of cancer. 
Assuming a factor of 10 reduction of dose from a 
coronary CTA exam, the lifetime risk of cancer for 

a CAC CT in a 50-year-old individual is 0.04% for 
a man and 0.12% for a woman. To properly inter-
pret these data, the individual’s complete risk pro-
fi le must be considered, including the background 
risk of cancer incidence in the general population 
and any individual-specifi c risks such as diabetes, 
high blood pressure or a family history of cancer 
or heart disease. According to statistics from the 
American Cancer Society, the lifetime risk of can-
cer at any site is 45% for men and 38% for women; 
the respective death rates are 23% and 20% (Jemal 
et al. 2007). Thus, taking into account the patient’s 
specifi c medical risks, particularly of coronary ar-
tery disease, and the background population risks, 
the additive cancer risk from a CAC exam is neg-
ligible, provided that some benefi t may be gained 
from the examination. Thus, this committee of 
experts does not support the application of CAC 
screening to individuals at low risk of coronary ar-
tery disease, where medical benefi t is not expected. 
For individuals at intermediate risk of coronary 
artery disease, the small statistical risk of cancer 
induction and death is very low relative to the pa-
tient’s complete risk profi le. In these patients, the 
potential benefi t to the patient from knowledge ob-
tained in the CAC exam greatly exceeds the small 
potential risk of cancer and the use of CAC screen-
ing is recommended in several clinical scenarios.

Further, in contrast to alarming media reports 
regarding the risks associated with ionizing ra-
diation, the radiation biology and epidemiology 
community is divided as to the actual degree of 
risk at the low doses associated with medical im-
aging examinations. Considering the error bars 
associated with the data from the Japanese bomb 
survivors, the diffi cultly in transferring risk es-
timates between population cohorts and irradia-
tion dose rates and types (high vs. low dose rates, 
whole body vs. partial body exposures, etc.), and 
the confl icting reports from medically exposed 
populations that show no increase in risk at medi-
cal imaging dose levels, it is the offi cial position 
of the Health Physics Society that meaningful risk 
estimates are not possible below effective doses of 
100 mSv (Health Physics Society 2004). Thus, 
CAC exams, with effective doses of 1–4 mSv, may 
in fact be associated with no additional risk and 
hence should not be avoided when information im-
portant to the patient’s medical management may 
be obtained.
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 4.6.27 
Conclusions

The writing committee would like to summarize in 
a series of conceptual points the evidence discussed 
herein as follows.

We know and support the conclusion that:

CAC is a good predictor of events in Caucasians  �
and adds incremental prognostic value to risk fac-
tors in intermediate risk populations
There is signifi cant variability between ethnici- �
ties in the prevalence and extent of coronary cal-
cium.
Absence of CAC is associated with very low event  �
rates in most risk categories
Rapid CAC progression is associated with higher  �
risk of events
CAC is a strong predictor of events in end stage  �
renal disease
A zero calcium score is associated with a very low  �
prevalence of ischemia on functional stress testing 
and obstructive disease on angiography

We are beginning to understand that:

CAC may have good predictive value in the elderly,  �
in diabetic patients and in patients of different 
ethnic background
CAC scores can be used to predict presence of  �
obstructive CAD but despite a high sensitivity 
this tool demonstrates a low specifi city; hence 
the main utilization of CAC should be assessment 
of risk of cardiovascular events rather than the 
detection of severe CAD

We still need to prove that:

We can alter CAC progression with medical inter- �
ventions
Altering CAC progression with medical interven- �
tions impacts patients’ outcome
We may not need to treat patients with risk factors  �
in the absence of CAC

Finally, standardized procedures for both image 
acquisition and CAC scoring should be followed so 
that we might best advance our knowledge using 
MDCT.
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 5.1 
Introduction

Peter M.A. van Ooijen, Wisnu Kristanto, 

Gonda J. de Jonge, Caroline Kuehnel, 

Anja Hennemuth, Tobias Boskamp, 

and Jaap M. Groen

Contemporary medical imaging modalities such as 
magnetic resonance imaging (MRI), electron-beam 
computed tomography (EBCT), and multi-detector 
computed tomography (MDCT) provide the clini-
cian with a wealth of information. To be able to 
evaluate and diagnose the (projection and volumet-
ric) data from modern non-invasive and invasive 
imaging modalities, new visualization techniques 
are increasingly used. These techniques have been 
described frequently both for coronary artery im-
aging (Nakanishi et al. 1997; Chen and Carroll 
1998; van Ooijen et al. 1997, 2003a,b; Lawler et 
al 2005), as well as for other applications in medi-
cine (Rankin 1999; Kirchgeorg and Prokop 

1998;  Calhoun et al. 1999; Dalrymple et al. 2005; 

 Fishman et al. 2006).
Visualization involves the process of transform-

ing the acquired data to a format that enables data to 
be displayed on a computer screen or to be printed 
on fi lm or paper in a representation that is clinically 
relevant. This process basically consists of two steps: 
image processing and rendering. Image process-
ing involves the selection of the regions of interest 
in the database of voxels [or pixels in the case of a 
two-dimensional (2D) visualization], and rendering 
includes the conversion of this database representa-
tion into a (shaded) 2D image that can be displayed 
on a view surface (Watt 1993). After performing 
image processing and visualization, the following 
two steps are manipulation and analysis of the data 
(Udupa 1999).
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The data obtained from MRI, EBCT and MDCT 
basically consist of a three-dimensional (3D) ma-
trix. To perform 3D image rendering and pro-
cessing on such a dataset, the structure of inter-
est needs to have gray values that are distinctly 
different compared to surrounding tissues. For 
vessels this is typically achieved by injecting an 
intravenous contrast medium to increase the 
radio-opacity of blood in MDCT and EBCT, or 
by, for example, using blood enhancement and 
fat suppression sequences in MRI. After image 
acquisition, the volumetric (3D) dataset can be 
evaluated by a variety of visualization techniques 
(Höhne et al. 1990; Ney et al. 1990a,b; Udupa and 
Hung 1990; Fishman et al. 1991; Rubin et al. 1995; 
Elvins 1992).

Recent advances in imaging techniques enable 
the acquisition of multiple 3D datasets (in a time se-
quence) to obtain a four-dimensional (4D) represen-
tation. This allows functional analysis of the heart 
by observing its motion, as well as perfusion analy-
sis by observing the uptake and wash-out of contrast 
agent in the heart muscle tissue.

The quality of the acquired and reconstructed 
dataset is a very important issue for the 3D render-
ing of MRI, EBCT, or MDCT data, especially for cor-
onary artery imaging. The quality of the dataset can 
be diminished by different factors:

Incorrect timing of the intravenous contrast  �
medium administration
Incorrect scan start position (below the ostium of  �
the left main coronary artery)
Motion artifacts (due to inconsistent breath-hold- �
ing, arrhythmia, patient movement)
Overlapping veins that obscure the view on the  �
coronary arteries
Insuffi cient contrast to distinguish between the  �
coronary arteries and the surrounding tissue 
(heart muscle, pericardial fat, veins, etc.)
Blooming artifacts caused by strong calcifi cations,  �
stents, or other metal implants such as surgical 
clips, ICDs or defi brillators

In the case of MRI, the data quality also heav-
ily depends on the imaging protocol. When using 
MDCT or EBCT, raw data processing factors, such 
as the reconstruction phase and the reconstruction 
kernel, have a signifi cant infl uence. When 4D data 
are acquired, the above-mentioned diffi culties, as 
well as the requirements for a comprehensive visu-
alization will increase.

 5.2 
Visualization Techniques

Peter M.A. van Ooijen, Wisnu Kristanto, 

Gonda J. de Jonge, Caroline Kuehnel, 

Anja Hennemuth, Tobias Boskamp, and 

Jaap M. Groen

In general, the visualization process converts the vol-
umetric dataset into a 2D image that is suitable for 
display on a computer screen. Various visualization 
techniques are available with varying degrees of suit-
ability for imaging of the coronary artery tree (Fish-

man and Ney 1993, Murakami et al. 1993; Rubin et 
al. 1994; Heath et al. 1995; Meyers et al. 1995; Soyer 
et al. 1996; Hany et al. 1998; Rankin 1999; Rensing 
et al. 1999a; Udupa 1999; Lawler et al. 2005).

5.2.1 

Two-Dimensional Slice Viewing

Although we categorize multi-planar reformation 
(MPR) as a 3D technique, the resulting images are 
2D slices. For viewing purposes MPR techniques 
transform the data located on an arbitrary surface 
within the volumetric dataset onto a 2D plane. A 
variety of surfaces are used in medical imaging. 
Besides the “normal”, native MPR, oblique, double 
oblique, curved MPR and stretched MPR can be 
constructed.

5.2.1.1 

Native Multi-planar Reformation

With the standard MPR visualization, planes or-
thogonal to the original data slices are defi ned in 
the volumetric dataset and displayed adjacently. In 
the common case of original data slices acquired in 
axial orientation, the additional views are chosen in 
sagittal and coronal orientation (Fig. 5.1). A small ef-
fective slice thickness (close to isotropic) is a prereq-
uisite to obtain high quality orthogonal reformatted 
images. The use of MPR for evaluation of coronary 
artery disease in MDCT data with good sensitivity 
and specifi city has been reported (Nakanishi et al. 
1997; Ropers et al. 2003). Nakanishi et al. (1997) 
used cine loop viewing in order to avoid the delu-
sive visualization of non-existing stenoses because 
of incorrect placement of the planes.
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5.2.1.2 

Oblique Multi-planar Reformation

In oblique or double oblique MPR, one or two of the 
image planes are angulated in order to address a 
larger section of an artery in a single image (Fig. 5.2). 
The placement of the planes is critical for an ad-
equate display of the data.

5.2.1.3 

Curved Multi-planar Reformation

In the case of a curved MPR, a path is drawn along 
the trajectory of the artery, along which a curved 
surface is reconstructed. This enables visualization 
of an entire artery in one single image (Fig. 5.3). 
This method even allows us to display the full right 
coronary artery (RCA) and left anterior descending 
artery (LAD) in one single image (Fig. 5.4). Curved 
MPR has been evaluated by Achenbach et al. (1998) 
for use in EBCT imaging of the coronary arteries 
yielding a sensitivity of 89% and a specifi city of 92% 
for the detection of signifi cant stenoses and occlu-
sions. An analysis by Ferencik et al. (2007) showed 
that 93% of the arteries could be evaluated and an 
accuracy of 81% for detecting stenosis using 16-slice 
MDCT. Scheffel et al. (2006) even showed a sensi-
tivity of 96.4 and a specifi city of 97.5 for evaluation of 

coronary artery disease using dual source computed 
tomography. 

5.2.1.4 

Stretched Multi-planar Reformation

Stretched MPR is very similar to curved MPR, but 
differs in the way it represents the artery as if it has 
been pulled straight. This view promotes simpler 
perception of a straight vessel, whereas a graph de-
picting one of the vessel’s characteristics, such as 
lumen area, can be placed parallel to it.

MPR has several advantages. First, it is an algo-
rithm with relatively low complexity and thus can 
be rendered quickly and accurately on most work-
stations. Second, distance measurements in MPR 
are accurate (with some restrictions in the case of 
curved and stretched MPR) and not subject to fore-
shortening due to projection. Third, different struc-
tures in MPR images do not overlap and 100% of the 
available data are incorporated in the images (no 
loss of voxel value information due to threshold-
ing). Finally, longer trajectories of a vessel can be 
displayed in a single image by angulating the planes 
along the course of the vessel.

In contrast, MPR does have its drawbacks, as 
the image quality of an MPR is highly dependent 
on the resolution and the dataset anisotropy. False-

Fig. 5.1. The bottom left image shows a three-dimensional image with the defi nition of the planes that are reconstructed 
to obtain the other three images. All images are orthogonal to each other and in each image, the location of the other two 
is given by a colored line
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Fig. 5.2. Here a single oblique multi-
planar reformation is shown with 
a rotation of the planes around the 
z-axis, resulting in a better depiction 
of the right coronary artery in the 
upper right frame

Fig. 5.3. A Curved multi-planar ref-
ormation (MPR) can be performed to 
obtain an even better depiction of the 
right coronary artery. If we compare 
the result in the upper right frame 
with the ones in the previous fi gures 
(Figs. 5.1 and 5.2) of the oblique 
MPR, a possible stenosis can be seen 
in the oblique MPR that proves to be 
false-positive in the thin slab oblique 
MPR and the curved MPR
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positive artery stenoses, introduced by inadequate 
breath-hold and other motion artifacts are more 
diffi cult to recognize in MPR compared to more 3D 
oriented visualization methods. However, the fi rst 
two drawbacks are less prominent when using mod-
ern scanners with high spatial resolution (e.g. 16- or 
64-detector CT). These scanners allow thin slice ac-
quisition with accurate ECG gating providing excel-
lent MPR images with reduced stair-step artifacts. 
A major additional drawback of MPR is, however, 
that the vessels have to be visualized selectively, one 
at a time, and side branches are not depicted un-
less a separate reconstruction is rendered for each 
side branch. Finally, an inaccurate defi nition of the 
reformation path for curved or stretched MPR can 

introduce false-positive stenoses if the curve devi-
ates from the vessel centerline (Fig. 5.5). Such inac-
curacies can arise if the reformation path is defi ned 
manually, or if non-optimal algorithms for the auto-
matic centerline detection are used. State-of-the-art 
skeletonization algorithms, on the other hand, are 
able to compute the centerline with accuracy in the 
order of the voxel precision, as could be verifi ed in 
phantom studies (Boskamp et al. 2005).

Recently developed and commercially available 
routines allow the automatic selection of a vessel or 
even of a branching vascular tree and visualization 
of this tree in a single reconstruction image (Selle 
et al. 2002). Applying these algorithms the user ei-
ther selects only a small amount of points indicating 

Fig. 5.4. Using a curved 
multi-planar reforma-
tion the depiction of 
right coronary artery, 
left main, and left ante-
rior descending artery is 
possible

Fig. 5.5. Possible introduction of false positive stenoses using multi-planar reformation because of misplacement of control points
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the vessel and the branches to be segmented or the 
algorithm detects the aorta and segments the aor-
tic root and coronary arteries fully automatically. 
One implementation is the medial axis reformation 
(MAR) proposed by He et al. (2001). This technique 
is based on a fi rst coarse manual segmentation of the 
region of interest (ROI), from which the medial axis 
of a vessel tree is automatically extracted, generates 
curved sections along this axis and fi nally maps 
them on a 2D image plane. Other software methods 
are also available resulting in an automatic detection 
and reformation of a coronary artery tree (Fig. 5.6) 
(Hennemuth et al. 2005). Some of the drawbacks 
of the previous versions of the MPR algorithms are 
eliminated by these novel techniques.

In conclusion, MPR techniques provide fast, easy 
and user interactive means of visualization of the 
coronary artery tree. 

5.2.2 

Maximum Intensity Projection

As described earlier, vascular structures can be 
enhanced during data acquisition to attain higher 
contrast compared to surrounding voxels. The max-
imum intensity projection (MIP) technique uses this 
enhancement to select and display the vasculature 
from the volumetric data. MIP is a projection tech-
nique in which imaginary rays are cast through 
the 3D data volume from the viewpoint of the user 
(Fig. 5.7), and only the highest intensity voxels en-
countered by each ray are used to reconstruct the 2D 
projection image, comparable to a standard X-ray 
image (Fig. 5.8).

Advantages of MIP vascular imaging are the rela-
tively short reconstruction time of the images and 
the generally excellent differentiation between vas-

Fig. 5.6. New methods allow auto-
matic reconstruction of a curved 
multi-planar reformation based on 
a starting point defi ned by the user. 
The reconstructed right coronary 
artery is shown in 3D view and at 
several points on the centerline 2D 
reconstructions are shown perpen-
dicular to the centerline. In addition 
a view parallel to the centerline is 
also shown in two views that are 90° 
apart from each other.

Fig. 5.7. Rays are cast through the volume to obtain the values for the image plane. Here, row six is selected from the ex-
ample of Fig. 5.8 to demonstrate this. All voxels are traversed and the resulting pixel at the right of the image only shows 
the highest value encountered (100)
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cular and non-vascular structures. For EBCT it was 
shown by Lu et al. (2001) that this differentiation can 
be optimized when using an optimal window/level 
setting (level = 0.47 � coronary lumen attenuation 
– 47.70).

MIP used for vascular imaging introduces sev-
eral artifacts and has certain shortcomings, which 
are inherent to the algorithm (Anderson et al. 1990; 
Marks et al. 1993; Heath et al. 1995; Verdonck 
1996):

Low intensity of voxels at the edges of vessels com-
pared to the center will cause the edges to disappear. 
The difference in voxel intensity of these edges com-
pared to the background intensity is too small, which 
results in a (false) reduction of the apparent vessel 
diameter (Anderson et al. 1990). These low voxel 
intensities at the edges of vessels which decrease the 
total intensity of those vessels can be caused by so-
called partial volume effects. Additionally, in fl ow 
dependent MRI scanning techniques, such as phase 
contrast angiography, the intensities of the voxels 
near the vessel wall can decrease due to low fl ow ve-
locities. 

Furthermore, in MIP images, the contrast is heav-
ily dependent on the background noise. Anderson 
et al. (1990) states that the contrast will be excellent 
when the vessel intensity is two times larger than the 
standard deviation of the mean background noise. 
If more slices are selected for projection with ves-
sel intensity 0.5 times the standard deviation above 
the background, eventually the resulting image will 

have a background intensity that will be higher than 
the intensity of the vessel. 

MIP can also lead to striping or disappearance of 
vessel segments. Discontinuity is introduced, because 
the voxel intensities are adequately high for detection 
in one slice, but not in the next due to partial volume 
effects. This striping effect is most evident in smaller 
vessels. If the vessel is small enough, the voxel values 
will drop below the background intensity level and 
the vessel will disappear from the image (Fig. 5.9). 

Because of the projection nature of the MIP algo-
rithm, the resulting image will be three-dimension-
ally ambiguous when displayed without additional 
depth cues (Fig. 5.10). 

MIP images are unable to display superimposed 
structures (e.g. vessel crossings) and lack vessel 
“depth” information (Fig. 5.11). Conventional an-
giograms, on the other hand, contain some depth 
information because of the additive nature of these 
images. A vessel crossing will be depicted as a region 
with higher intensity because of the additive contri-
bution of both vessels to the resulting attenuation.

Despite its shortcomings MIP has played an im-
portant role in medical imaging (Anderson et al. 
1990; Napel et al. 1992; Marks et al. 1993). Although 
this technique is widely used, it is not very useful 
for coronary imaging unless a large amount of seg-
mentation is performed to obtain a dataset contain-
ing nothing but the coronary arteries (Achenbach 
et al. 2000). Further drawbacks of the method are 
the incapability of visualizing intra-luminal defects 
(Fig. 5.11) unless they coincide with the vessel wall, 
and the large infl uence of partial volume effects on 

Fig. 5.8. The maximum intensity projection image that 
would represent this structure is shown in the bar at the right 
side, the highest voxel values encountered for each row are 
displayed to the left of this bar

Fig. 5.9a–c. Due to partial volume effects several artefacts 
are introduced: a,b The vessel shows a staircase artefact; 
a vessels look smaller than they actually are; b vessels can 
have gaps or even disappear completely; c striping of ves-
sels occurs

a b

c
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Fig. 5.10. Maximum intensity projection of the heart. Coro-
nary calcifi cations, other calcifi ed plaques, bony structures 
and highly concentrated contrast medium in the superior 
vena cava are visualized, but no depth can be perceived from 
the image

Fig. 5.11. Maximum intensity projection (MIP) rendering 
procedure. The bar at the right depicts the resulting image 
after performing an MIP on the image. The image contains 
two vessels, one large one to the left and a small one with an 
internal structure to the right. Because of the use of only the 
highest intensity available, the MIP algorithm will only show 
the large vessel. The smaller vessel and the structure inside 
this vessel are not visible in the resulting image at all

the MIP rendering which makes it impossible to 
measure the width of a vessel or to diagnose a steno-
sis. This evaluation of the residual lumen of a vessel 
can especially be hampered by the presence of calci-
fi ed plaques (Leclerc et al. 1995; Marks et al. 1993), 
which often occurs in coronary artery imaging.

Summarized, the advantages of the MIP algo-
rithm are its speed, the – in general – good differ-
entiation between vascular and non-vascular struc-
tures, and the easy processing of the data. However, 

as described above, there are also some large disad-
vantages which are inherent to the algorithm.

5.2.3 

Thin Slab Maximum Intensity Projection

To overcome some of the drawbacks of the MIP al-
gorithm, two simple alternative ways of presenting 
MIP images can be used. Both use the standard MIP 
algorithm, but the data to be displayed are manipu-
lated either by rotation or by segmentation.

The fi rst way to compensate for some of the MIP 
specifi c drawbacks uses reconstruction MIP images 
from different angles. With these multi-angular 
MIP images, it is possible to target particular vessels 
without the need for additional acquisitions.

Superimposing structures in MIP can also be 
avoided by interactive sliding thin slab MIP (STS-
MIP) rendering (Napel et al. 1993). Instead of the 
entire volume, only a slab consisting of a small num-
ber of slices of the volume is MIP rendered. This slab 
can be moved through the volume, typically with a 
step size less than the slab thickness (e.g. a 5-mm slab 
thickness with a 2.5-mm step size) (Fig. 5.12). The re-
sult of this procedure can either be viewed as separate 
images, or as a cine-loop movie. The STS-MIP proce-
dure requires no pre-processing or user interaction. 
Because the thin slabs are more targeted, artifacts can 
be detected more easily than in full volume MIP. In 
particular, the artifacts introduced by using a large 
number of slices, which increase the background 
noise, are less prominent in the STS-MIP.

The STS-MIP is the preferred MIP algorithm for 
visualizing the coronary artery tree. Due to their dy-
namic nature, however, the multi-angular and STS-
MIP do require more powerful graphic worksta-
tions, which are not always available to the clinician. 
Furthermore, it is claimed that MIP should only be 
analyzed together with the original axial slices due 
to the MIP related artifacts (Anderson et al. 1990; 
Prokop et al. 1997).

5.2.4 

Surface Rendering

Surface rendering techniques are based upon geo-
metrically approximated representations of, for 
example, anatomical objects derived directly from 
the source image or from segmentation results 
( Lorensen and Cline 1987; Gibson 1998; Ohtake 
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et al. 2003; Schumann et al. 2007). These meth-
ods can be applied in cases where structure and 
parametric information are of main interest but not 
so much the exact voxel intensity information. The 
application to image data with relatively low reso-
lution and high slice distance produces smooth ap-
proximations which give a good visual impression of 
3D objects and their spatial relations. Furthermore, 
surface representations allow the visualization of 
parameters using color or opacity (Fig. 5.13).

In case of the visualization of vascular trees, model 
based methods are applied to generate artifact free, 
smooth representations of the interesting structures. 
These methods are based on a graph describing the 
tree’s branching structure combined with the informa-
tion on the segments’ lengths and diameters. One re-
alization of this approach assumes the segments to be 
cylinders (Gerig et al. 1993) or truncated cones (Hahn 
et al. 2001), while more complex approaches generate 
surface representations such as freeform surfaces (Eh-

ricke et al. 1994), subdivision surfaces (Felkel et al. 
2002), simplex meshes (Bornik et al. 2005) or convolu-
tion surfaces (Oeltze and Preim 2004). 

The resulting surfaces can additionally be an-
notated with different features of the presented ob-
jects by using color, transparency, or shininess. As 
an example, color coding can be used to represent 
the vessel hierarchy, the main coronary branches 
(Fig. 5.14) or the local diameter of a branch, as well 
as local measurements of the myocardium including 
wall thickening or perfusion parameters (Beliveau 
et al. 2007) (Fig. 5.13).

5.2.5 

Volume Rendering

Volume rendering (VR) has initially been applied to 
visualize pathology other than the coronary artery 
tree (Kuszyk et al. 1995; Johnson et al. 1997). Unlike 
other techniques, VR does not rely on surface infor-
mation but all voxels in the volume are rendered. 
Based on its value [e.g. CT attenuation expressed 
in Hounsfi eld units (HU) in the case of CT data], a 
specifi c color and opacity is assigned to each voxel 
(Fig. 5.15). The intensity of each pixel in the image 

Fig. 5.12. Sliding thin slab 
maximum intensity projection 
(MIP). A small slab is selected 
from the complete volume data 
(horizontal lines in the image 
to the left) and used to perform 
the rendering. The right image 
shows MIP of the selected slab. 
High density calcifi cations are 
clearly visible in the MIP image. 
After rendering, the slab can be 
moved to another level within 
the volume and a new image can 
be reconstructed

Fig. 5.13a,b. Surface representations. 
a The gray surface shows the segmented 
left ventricle. The transparency allows 
visualization of the location of a segmented 
infarction inside the ventricle. (Courtesy of 
Dr. M. Fenchel and Dr. A. Seeger, Depart-
ment of Diagnostic Radiology, University of 
Tuebingen, Germany). b The color coding 
of the surface shows the parametric results 
of the wall thickness analysis. (Courtesy 
of Prof. Dr. S. Achenbach, Department of 
Medicine 2, University Hospital Erlangen, 
Germany) a b
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plane is then calculated based on the opacities and 
values of the voxels encountered along the viewing 
ray (Figs. 5.16 and 5.17). As with surface rendering, 
the use of an external light source may improve 
the perceptibility of small variations in the surface 
orientation.

Several types of algorithms are available to per-
form VR. Partial rendering can, other than binary 
rendering, have voxels with more than one assigned 
tissue type (with a certain percentage for each tis-
sue type). Then, an object order (or compositing) 
projection method traverses all voxels from back to 
front and displays them on the screen while building 
the volume layer by layer. An image order (or ray-
casting) technique, however, will cast rays through 
a volume from front to back and only display the 
complete image when fi nished. Image order tech-
niques require more calculations than object order 
techniques. For a full description of this and other 
VR techniques, we refer to Drebin et al. (1988) and 
Zuiderveld (1995).

Fig. 5.14. Color coded surface visualization of the main 
coronary branches. (Courtesy of Prof. Dr. S. Achenbach, 
Department of Medicine 2, University Hospital Erlangen, 
Germany)

Fig. 5.15. Opacity assign-
ment for each voxel value. 
The x-axis gives the voxel 
values, the y-axis the 
opacity value. The curve 
thus defi nes an opacity 
value for each voxel value. 
The example is again 
based on the example of 
Fig. 5.8. This curve as-
signs a high opacity to the 
internal (dark) structure

Fig. 5.16. Computation of the pixel values based on the voxel value and the opacity assignment. To demonstrate this, row 
six is selected from the example of Fig. 5.8. The voxel value of each pixel is determined as well as the opacity percentage 
(Fig. 5.15). To compute the value of the voxel (C (sumn)), the following formula is used: C = A + B, where A = opacity × 
value and B = (1-opacity) × sumn-1. The pixel value is calculated while passing through the row from left to right, the fi nal 
value of C (approximately 78) is the value of the pixel in the resulting image. The corresponding gray level is shown in the 
square at the end of the arrow
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Fig. 5.17. The complete volume rendered example. It can be 
appreciated from the result (bar to the right) that, because of 
higher opacity of the lower intensity voxels in the center of 
the circle, they are still visible in the resulting image together 
with the outline of the complete circle´́

The greatest advantage of VR is the fact that it re-
tains all voxels from the original 3D data set, thereby 
preserving all detail. Furthermore, VR allows partial 
transparency of superimposing structures to reveal 
other more opaque structures behind it (Figs. 5.18 
and 5.19). Moreover, it produces three-dimension-
ally unambiguous images and it facilitates partial 
rendering and transparency, which in some cases 
makes segmentation obsolete.

Until recently, the main drawback of VR was 
the long computation time. However, with current 
(graphics) hardware and software, interactive 3D 
VR can be performed at acceptable speed. Adaptive 
refi nement, which involves displaying the volume at 
a lower resolution during interaction and only show-
ing it at full resolution in steady state, can produce 
VR with acceptable frame rates applicable to clinical 
practice. The frame rate is the number of images that 
can be displayed per second. For good interaction a 
minimal frame rate of 30 frames per second is re-
quired. Other drawbacks, which are harder to over-
come, are the diffi culty of obtaining the optimal set-
tings because of the large amount of user defi nable 

Fig. 5.18. Volume ren-
dering of the left ante-
rior descending artery. 
The left image shows a 
stenotic artery, the right 
image shows the cause 
of the stenosis, a large 
calcifi ed region

Fig. 5.19. Again, volume 
rendering of the coro-
nary arteries. Using the 
opacity settings, calci-
fi ed regions and surgical 
clips used for coronary 
artery bypass graft 
placement can be easily 
visualized
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settings. This dependency on the defi ned parameter 
settings can also negatively infl uence the accuracy 
of VR for the evaluation of arterial stenoses, as the 
selection of window width, window level, brightness 
and opacity differs with each observer (Ebert et al. 
1998) (Fig. 5.20).

Fig. 5.20. Four different window 
level settings resulting in four dif-
ferent images. Window/level settings 
was set to 325/270 (top left), 400/10 
(top right), 172/233 (bottom left) and 
467/191 (bottom right) to demon-
strate the possible effect on diagnosis 
of a left anterior descending artery of 
different settings

Fig. 5.21a,b. Volume 
rendered image of the 
heart

a b

VR is a very fl exible rendering method and by 
assigning the right opacity and colors to different 
tissues we can ensure virtual simulation of the real 
anatomy comparable to pictures in an anatomical 
atlas (Fig. 5.21) (Rensing et al. 1999b; van Geuns 
1999).
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 5.3 
Intra-coronary Visualization

Peter M. A. van Ooijen, Wisnu Kristanto, 

Gonda J. de Jonge, Caroline Kuehnel, 

Anja Hennemuth, Tobias Boskamp, and 

Jaap M. Groen

Intra-coronary ultrasound and angioscopy enable 
invasive intravascular visualization of the coro-
nary arteries. Advances both in data acquisition 
devices and visualization hard- and software allow 
us to visualize the interior of the coronary arteries 
non-invasively. This is achieved by means of vir-
tual fl y-through based non-invasive EBCT imaging 
(Nakanishi et al. 20000; van Ooijen et al. 2000a) 
or MDCT (Schroeder et al. 2002; van Ooijen et al. 
2002; Traversie and Tramarin 2003) applying the 
same techniques as used in other fl y-throughs of the 
human body (Terwisscha van Scheltinga 2001; 
Wiese and Rogalla 2001).

Coronary artery fl y-through is another way to 
provide a comprehensive delineation of the lumen 

and the impact of vessel wall disease on the lumen. 
To perform coronary artery fl y-through it is essen-
tial to have an EBCT or CT angiogram of the coro-
nary arteries of adequate quality.

A fl y-through (or intra-luminal visualization) 
can be looked upon as a virtual catheter mounted 
camera that is inserted into a vessel. Displaying im-
ages at consecutive positions along a certain path 
through the coronary creates the illusion of mov-
ing through this coronary. To perform a fl y-through 
presentation, the vessels fi rst have to be “hollowed 
out” by assigning voxels representing contrast me-
dia rich blood (usually voxel values of 100–250 HU) 
with zero opacity (= full transparency) (Fig. 5.22). 

Consequently, surrounding tissues such as the 
vessel wall (voxel values of 80–100 HU) and calcifi -
cations in the arteries (voxel values of >250 HU) will 
have high opacity.

Second, the viewpoint is moved inside the aorta 
or a coronary artery. Next, a number of viewpoints 
can be selected, using either manual of automated 
centerline detection methods, positioned along the 
fl ight path. This fl ight path is then utilized to recon-
struct a fl y-through movie.

Fig. 5.22. At the top 
right a normal opac-
ity curve is shown for 
the depiction of the 
coronary arteries using 
volume rendering, the 
resulting image is shown 
on the top left. The bot-
tom histogram shows 
an opacity curve that 
assigns 100% opacity to 
both low CT numbers 
and high CT numbers, 
but a zero opacity to 
a range in the middle. 
This range represents 
the contrast enhanced 
blood in the heart. This 
setting results in a hol-
low vessel with the calci-
fi ed plaques still opaque 
as shown in the bottom 
left image
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For the reconstruction of fl y-through movies, the 
image quality of the 3D datasets has to be very high. 
Special attention has to be paid to the inter-slice 
correlation quality, the lack of artifacts and the slice 
image quality. Even small irregularities may ham-
per a successful construction of a coronary artery 
fl y-through. There are several issues that may lead 
to these irregularities. First, problems with breath-
holding may reduce continuation of a coronary 
artery from one slice to another. Second, arrhyth-
mia, or even a single premature complex may lead 
to images that are triggered at a slightly different 
time during the heart cycle, resulting in a displace-
ment of 1–2 mm of a single slice with respect to the 
other slices. This phenomenon creates a discontinu-
ation of the coronary arteries in 3D reconstructions. 
Third, vessels with a diameter smaller than 1.75 mm 
(cross-section of approximately 5�5 pixels) will not 
provide a smooth coronary fl y-trough. Fourth, mo-
tion artifacts of the coronary arteries may hamper 
the construction of a fl y-through movie. 

Many of the difficulties stated here have been 
overcome in recent improvements in spatial and 
temporal resolution of the acquisition device and 
by improvements in visualization software. The 
recent introduction of dual source computed to-
mography (DSCT) (van Ooijen et al. 2007) en-

abled a 100% visualization of all major arteries, 
even at high heart rate, which is a major improve-
ment compared to the results found in previous 
studies with only 76% assessable for EBCT and 
84% assessable for four-MDCT (van Ooijen et al. 
2002).

Furthermore, the time required for post-process-
ing the data decreased from 6--13 min in 2002 to just 
2.5 min in 2007. Considering that the time recorded 
in 2002 was only preparation time and did not con-
clude the actual computation time only increases 
this difference since the 2.5 min in 2007 is real-time 
including visualization.

Fly-through movies of venous bypass grafts are 
relatively easy to create because the vessel diameter 
is relatively large and cardiac motion of these vessels 
is limited. However, surgical clips or sternal wires 
may sometimes degrade the images because of the 
blooming artifacts they cause. 

Calcifi cations of the vessel wall, having a very 
high voxel value, are retained in the fl y-throughs 
and are visible as white blobs fl oating around in the 
artery (Fig. 5.23). 

The preliminary fi ndings published so far dem-
onstrate the feasibility and potential of this method 
in coronary artery or bypass graft fl y-through mov-
ies (Nakanishi et al. 2000; van Ooijen et al. 2000a, 

Fig. 5.23a-e. Four frames of a fl y-through 
movie through the left anterior descend-
ing artery (LAD). The approximate loca-
tions of the frames are depicted by the 
 arrowheads in the three-dimensional 
view (a). The fi rst frame (b) shows the 
origin of the LAD (arrow) seen from the 
aorta. c Distant calcifi cations are shown 
as small white dots. d Heavy calcifi ca-
tions ( arrow). e Narrowing (arrow) im-
mediately after a large calcium deposit 
also shown in the three-dimensional 
view at the same location

a b c

ed
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2002, 2007; Schroeder et al. 2002; Traversie and 
Tramarin 2003). However, the technique of coro-
nary artery fl y-through cannot be considered as an 
alternative to traditional coronary angioscopy, since 
it does not provide us with any information about 
the color of the lumen wall or its contents such as 
plaque and thrombus. 

Schroeder et al. (2002) reported direct compari-
son of virtual coronary angioscopy (VCA) in 16 MDCT 
scans with intravascular ultrasound, showing that all 
severe lesions were detected with virtual coronary 
angioscopy. However, non-calcifi ed intermediate le-
sions could not be accurately distinguished from the 
vessel wall by VCA, but were recognized as vessel wall 
alterations without signifi cant lumen narrowing.

Despite its shortcomings, coronary artery fl y-
through is an alternative evaluation method of 
non-invasive coronary angiography with several 
advantages. First, it provides delineation of the 
“true” three dimensions of the vessel lumen, unlike 
diagnostic angiography (lumenography) which is 
limited by foreshortening and overlapping struc-
tures. Second, fl y-throughs may eliminate the time 
consuming segmentation of overlapping, obscuring 
anatomical structures (left atrium, coronary sinus) 
needed to visualize the coronary arteries from the 
outside. Third, fl y-throughs may provide a more 
comprehensive delineation of bifurcation lesions, or 
anastomoses of grafts on native vessels, which are 
sometimes diffi cult to assess even with routine di-
agnostic angiography. Finally, fl y-throughs may be 

helpful to assess the remaining coronary lumen in 
presence of a heavy calcifi ed coronary plaque or in 
case of stented segments that may be invisible with 
traditional 3D rendering techniques. 

Despite these advantages, conventional axial slices 
are still superior compared to VCA for the detection of 
coronary artery lesions, especially in non-signifi cant 
lesions without calcifi cations. VCA is a method of 
compressing a huge amount of image data into a form 
of presentation that can be viewed in a short time. 

 5.4 
Visualization of Four-Dimensional Data

Peter M. A. van Ooijen, Wisnu Kristanto, 

Gonda J. de Jonge, Caroline Kuehnel, 

Anja  Hennemuth, Tobias Boskamp, and 

Jaap M. Groen

To visualize dynamic 4D data, all methods described 
above can be used to generate a time sequence of 2D 
or 3D visualizations. This allows an observation of 
dynamic processes in the so-called cine mode.

For a comprehensive visualization in 2D, infor-
mation has to be derived from the 4D sequences. 
Thus, curves describing the dynamic changes of, for 
example, intensity values, wall thickness or fl ow ve-
locity are computed (Fig. 5.24). These curves form 

Fig. 5.24a,b. Flow visualization. The color coded overlay in (a) indicates the mean fl ow velocities per voxel. 
The diagram in (b) shows the maximum, minimum and averaged velocities for ascending (yellow) and 
descending (red) aorta covering the whole time sequence. The blue line in the diagram indicates the time 
point corresponding to the image in (a). (Courtesy of PD Dr. J. Lotz, Department of Diagnostic Radiology, 
Hannover Medical School, Germany)

a b
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the basis for the computation of diagnostically rel-
evant parameters, which are often visualized in the 
spatial context, as in parameter maps of perfusion 
or color coded surfaces in case of wall thickness 
analysis (Fig. 5.24).

 5.5 
Clinical Applications

Peter M.A. van Ooijen, Wisnu Kristanto, 

Gonda J. de Jonge, Caroline Kuehnel, 

Anja Hennemuth, Tobias Boskamp, and 

Jaap M. Groen

A 3D dataset acquired using CT or MRI to visual-
ize the heart and coronary arteries will not only 
include those regions of interest, but the full thorax 
of the patient. Therefore, elaborate manual, semi-
automatic, or automatic segmentation or selection is 
required to obtain a suitable visualization. However, 
the segmentation or selection effort is somewhat de-
pendent on the visualization technique used (van 

Ooijen et al. 2003a).
Therefore, each clinical application, both for 

coronary evaluation and for left ventricle analysis, 
requires a different approach. When a user wants to 
address a certain clinical question, a careful deci-
sion has to be made about which software to use, 
which visualization technique to apply, and which 
protocol to follow. This requires insight in all those 
different subjects and understanding of the possi-
bilities of the different techniques. In this section, 
several clinical applications are described together 
with the visualization and post-processing tech-
niques available. 

5.5.1 

Coronary Calcifi cation

Growing interest in coronary calcifi cation screening 
has led to the introduction of software packages 
for the assessment of coronary calcifi cation in non-
contrast scans of the coronary arteries. In an axial 
view of the coronary arteries the software high-
lights pixels with a CT density above the calcium 
scoring threshold (usually 130 HU). Subsequently, 
the user selects regions in which calcifi cations are 
present. Using the marked calcifi cations a calcium 

score is calculated by the software. These software 
packages use fairly simple scoring techniques. The 
fi rst uniform scoring method for coronary calcium 
was devised by Agatston et al. (1990) based on 
EBCT data and is called the Agatston score. It de-
pends on the area of the calcifi cation and the maxi-
mum Hounsfi eld value within that area per slice 
( Agatston et al. 1990). For each plaque, the size 
and maximum attenuation are determined in each 
slice. Based on the maximum attenuation, the size 
of the plaque is multiplied with a weight factor. The 
total score of a plaque is the summation over all 
slices. A second scoring method, known as the Vol-
ume Score, was proposed by Callister et al. (1998). 
The method showed better reproducibility than the 
traditional score and depends on the volume of 
the calcifi cations only. The total score represents 
the overall volume of the calcifi cations present in 
the coronary arteries. A third measure of coronary 
calcifi cation is the determination of the equivalent 
mass. This method depends on the volume and the 
average Hounsfi eld value of the calcifi cation per 
plaque and shows better reproducibility than the 
two other scores (Hoffmann et al. 2006). Here, the 
total score represents the summarized amount of 
coronary calcium mass in the coronary arteries. 
However, clinical data about risk of coronary ar-
tery disease in relation to coronary calcium is based 
prominently on the Agatston score, therefore this 
method is still most frequently used in practice.

Recent developments in computer aided diag-
nosis (CAD) have enabled the automatic segmenta-
tion of coronary calcifi cations enabling automatic 
risk assessment of coronary artery disease. First 
studies performed on the non-contrast enhanced, 
ECG-gated cardiac CT scans comprising a small 
group of patients show promising results (Isgum 
et al. 2007).

5.5.2 

Coronary Anatomy

Although catheter coronary angiography is still con-
sidered to be the gold standard for the analysis of 
coronary artery anatomy, it has two major disad-
vantages. 

First, there is a small, but not negligible, risk of 
major complications (mortality and morbidity). 
Second, only a 2D projection view of the coronary 
artery tree is provided. Thus evaluation of 3D course 
of the arteries is diffi cult even for experienced an-
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giographers, especially with coronary anomalies 
(Klessen et al. 2000).

Normal coronary artery anatomy is clearly de-
picted using the new non-invasive techniques. For 
proper coronary evaluation, segmentation of the 
heart is required. With modern workstation soft-
ware, in most cases this segmentation of overlap-
ping structures can be done automatically or with 
little user interaction. Subsequently, semi-automatic 
or automatic segmentation of the coronary arteries 
is feasible.

The same procedure of segmentation is used to 
visualize coronary anomalies. Although coronary 
anomalies are rare, identifi cation and defi nition of 
their exact anatomic course is crucial because they 
may cause myocardial ischemia and sudden car-
diac death without stenotic coronary artery disease. 
When using invasive coronary angiography, misin-
terpretation of up to 50% of coronary anomalies is 
reported (Schmid et al. 2006). This misinterpreta-
tion is due to the diffi cult evaluation of the exact 3D 
course in the projection image and to the failure of 
positioning the catheter in the anomalous artery. 
Therefore, a good 3D visualization using volume 
rendered MRA (Klessen et al. 2000) or CTA data 
(Funabashi et al. 2001a,b) largely improves the 
interpretation of coronary anatomy and especially 
coronary anomalies (van Ooijen et al. 2004). 

For the evaluation of the course of the anoma-
lous artery, surface rendering (SR) or VR are very 
suitable because both really show the 3D course of 
the coronary artery tree. In some cases, such as the 
anomalous RCA shown in Figure 5.25, visualization 
of the shape of the ostium of the artery can be valu-
able (Funabashi et al. 2001a). To achieve this, intra-
coronary visualization can be used.

5.5.3 

Coronary Stenosis and Atherosclerotic Plaque

Several image rendering techniques, such as MPR, 
SR, and VR, can be used for the visualization of 
coronary artery stenoses. High resolution data are 
required to allow correct grading of stenoses. If the 
length or width of a stenosis is below the resolu-
tion, the stenosis will become less visible because of 
partial volume effects, and thus will be underesti-
mated. Furthermore, when the width of the stenosis 
is below the resolution it will appear to be a full 
occlusion. These partial volume effects negatively 
infl uence all rendering techniques mentioned before 
( Takahashi et al. 1997).

One of the main disadvantages in the use of SSD 
for the evaluation of coronary artery stenosis is the 
inability to differentiate between calcifi ed plaque 
(200–700 HU) and contrast-enhanced lumen (90–
250 HU) (Magnusson et al. 1991). 

Because of the high attenuation of calcifi ed 
plaques, VR is capable of differentiation between 
the two by assigning different properties (e.g. color) 
to voxel with a very high voxel value (e.g. >450 HU) 
(Fig. 5.26). However, because of the dependency of 
settings such as window width, window level, bright-
ness and opacity (Figs. 5.27–5.30), measurement and 
grading of stenotic lesions are highly operator de-
pendent (Ebert et al. 1998; Liu et al. 2000). MPR or 
axial slices provide the best evaluation of stenotic le-
sions at the site of calcifi cations because the extent of 
the calcifi cations is more easily perceived (Fig. 5.31). 
Newer methods, like automatic reconstruction of 
curved MPR or stretched MPR, even enhance the 
possibilities by reducing user dependence to a large 
extend.

Fig. 5.25. Coronary anomaly in schematic representation (left) and three-dimensional volume rendering (right)
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Fig. 5.26. Conventional 
angiogram (left), volume 
rendering (middle), and 
maximum intensity pro-
jection (right) of coronary 
artery stenoses in the 
right coronary artery

Fig. 5.27. The images in 
this fi gure show the shad-
ing curve. The extent and 
position of the shading 
curve is defi ned by the 
window and level settings 
(two vertical lines in the 
histograms). Between 
the boundaries of the 
window/level setting, the 
shading curve is applied 
(see images to the left). 
The shading will go from 
black (0) to white (256) 
using a certain curve. The 
fi rst two settings apply 
a linear shading to the 
image, the other two a 
non-linear one
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Fig. 5.28. Image with 
contrast stretch at lev-
els –1024 and –240 HU, 
resulting in a window 
of 784 and a level of 
–632 with a linear 
shading curve. In the 
histogram, the peaks 
represent the number 
of voxels with the cor-
responding CT number 
(HU); the lines indicate 
the upper and lower 
levels for the stretch. 
With this setting, only 
air and lung tissue are 
highlighted

Fig. 5.29. The same data 
with contrast stretch at 
levels –32 and 752 HU, 
resulting in an image with 
window 784 and level 
360 with a linear shading 
curve. The lines in the 
histogram are now posi-
tioned before and after the 
second peak, resulting in 
an image with enhanced 
fat and soft tissue. The 
line graph represents the 
percentage of opacity for 
the CT numbers (y-axis 
from 0% to 100%), in this 
case defi ning an image 
with opaque soft tissue 
and fat and transparent 
air

Fig. 5.30. Image with 
transparent soft tissue 
and fat, the intra-arte-
rial calcifi cations in the 
left main and left ante-
rior descending arteries 
can now be appreci-
ated clearly. The line 
graph has been altered 
at the CT numbers of 
the second peak, giv-
ing these CT numbers a 
lower opacity resulting 
in partially transparent 
fat and soft tissue
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However, when using CT data the dependency of 
the grading of stenotic lesions on the settings can 
be eliminated by the use of standardized parameter 
settings. With proper parameter settings, VR pro-
vides a higher accuracy for the grading of vascular 
stenoses than axial viewing, MPR, MIP or SSD espe-
cially in smaller vessels (Addis et al. 2001). 

Quantitative measurement of stenoses can be 
performed with some software tools by fi rst deter-
mining the normal lumen area or diameter refer-
ence. Some tools provide manual depiction of such 
a reference point along the vessel length while other 
tools can automatically generate a reference for the 
whole vessel length. The latter, available in stretched 
MPR view, is derived from the linear approximation 
of the vessel areas graph along the vessel length. 

A common technique for supporting the diagnosis 
of atherosclerotic plaques in MDCT data is the color 
coding of Hounsfi eld values in cross-sections or 
curved/stretched MPR views of the affected branch. 
Different colors are assigned to density intervals as-
sociated with materials like fat, fi brous tissue or cal-
cium, thus visualizing the plaque composition. The 
density intervals are usually editable utilizing an in-
teractive histogram and, thus, enable the quantifi ca-
tion of the different plaque components (Fig. 5.32). 
This method is implemented in clinically available 
products such as the Aquarius Workstation, the 
Syngo Circulation software (Abdala et al. 2006) or 
the SUREPlaque application (Hein et al. 2006) of the 
Vitrea Workstation.

The ability to detect coronary calcifi ed plaque and 
to distinguish this plaque from the coronary lumen 
is one of the advantages of CT (Knez et al. 2002). 
However, when using contrast medium for depic-

tion of the coronary arteries, partial volume effects 
will cause the edges of the plaque to have a similar 
attenuation as the contrast enhanced blood, which 
can lead to misinterpretation of the size of the coro-
nary plaque and thus of the severity of a stenosis at 
that location (Takahashi et al. 1997). Therefore, to 
evaluate the calcifi ed plaque load in patients, scans 
are performed without contrast enhancement (see 
Sect. 5.5.1).

Besides the scoring of coronary calcifi cation, 
a more precise classifi cation of coronary plaques 
is gaining interest because of the enhanced imag-
ing possibilities using contrast-enhanced CT scan-
ning with high spatial and temporal resolution 
(Schroeder et al. 2001; Leber et al. 2003;  Hoffmann 
and Butler 2005; Reimann et al. 2007). A coronary 
plaque phantom study by Reimann et al. (2007) 
showed a signifi cant improvement of plaque image 
quality when comparing DSCT with 64-MDCT. The 
main reason for this improved plaque image quality 
was the increase in temporal resolution from 165 ms 
in 64-MDCT to 83 ms in DSCT. The proper way to 
analyze the plaque contents would be using MPR. 
A good visualization of plaque morphology can be 
obtained using the longitudinal and axial view of 
MPR. Moreover, the data are represented in its orig-
inal value so the plaque components can be distin-
guished based on their HU value ranges: soft plaque 
(14±26 HU), fi brous tissue (91±21 HU) and calcifi ed 
plaque (419±194 HU) (Schroeder et al. 2001).

There is an ongoing interest in the detection of 
vulnerable plaque, in particular lipid pool. Such a 
structure is hard to detect because of its small di-
mension and overlapping HU values with the sur-
rounding soft tissue. Leber et al. (2006) proposed 

Fig. 5.31. Normal coronary angiogram and volume rendering and slab maximum intensity projection
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Fig. 5.32. Visualiza-
tion and quantifi ca-
tion of plaque com-
position. (Courtesy 
of Prof. Dr. S. Achen-
bach, Department of 
Medicine 2, University 
Hospital Erlangen, 
Germany)

a way to detect the lipid pool by searching on MPR 
images for the area inside non-calcifi ed plaque for a 
structure with a minimal area of 2 mm2 and a value 
of at least 20 HU below its surrounding. Using this 
manual method, seven of ten lipid pools (70%) could 
be detected.

5.5.4 

Coronary Stent Evaluation

Since their introduction by Sigwart et al. in 1987 
stents are commonly used to reduce restenosis rates 
in the coronary artery, to prevent myocardial in-
farction, and therefore to improve long-term prog-
nosis. Nevertheless, it has been reported that in-
stent restenosis occurs in about 10%–60% of the 
cases ( Hoffmann and Mintz 2000). As invasive 
techniques such as coronary angiography are less 
suited for frequent follow-up, a noninvasive diag-
nostic modality would be highly desired. 

Due to their metallic composition, stents cause 
blooming artefacts (scattering) that may obscure 
the Hounsfi eld units in the lumen, and therefore the 
detection of stenoses (Fig. 5.33).

To achieve a better understanding of how this 
scattering may affect the Hounsfi eld value, a Lekton 
stent was put in water and scanned on MDCT. An 

acquired slice is shown in Figure 5.34 where it can 
be clearly seen how artifi cial patterns are generated 
by the scattering effects of the stent. These patterns 
disturb the Hounsfi eld value of the surrounding tis-
sue which (in this case) should be zero.

Studies on various coronary artery stents of dif-
ferent material and design have been done, and can 
be found in (Maintz 2003, 2006) and the references 
therein.

Fig. 5.33. Artifacts in an MDCT image caused by high signal 
density (scattering effect) of a stent (arrow)
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For the evaluation of coronary artery stents the 
preferred evaluation method is the use of a curved 
MPR through the stent. After this curved MPR is de-
fi ned, planes perpendicular to the centerline of the 
curved MPR can be used to evaluate the lumen in 
more detail (Fig. 5.35). A curved MPR suffers least 
from scattering and the effects of the scattering can 
be easily recognized in the resulting images.

Although in-stent restenosis has developed into 
a signifi cant clinical as well as technical problem, 
consistent and reliable predictors and detectors are 
still not available.

This is because coronary artery stents, and espe-
cially those plated with gold or markers, cause se-
rious artifacts on MDCT scanning. These artifacts 
hinder any measurements based on the Hounsfi eld 
value surrounding the stents causing stenoses detec-
tion to be unreliable or even impossible. The use of 

a dedicated edge enhancing reconstruction kernel 
reduces the artifacts associated with stents signifi -
cantly ( Seifarth et al. 2005; Mahnken et al. 2004). 
Extensive studies are being carried out to compen-
sate for these artifacts by using post-processing al-
gorithms.

Besides the scattering effects the image quality of 
coronary stents is also hampered by motion artifacts 
due to cardiac motion. A low heart rate increases 
the visibility of the lumen of the stent (Groen 2006, 
2007).

Although the literature shows that four-MDCT 
was not suffi cient for adequate determination of in-
stent restenosis (Chabbert et al. 2007; Ligabue et 
al. 2007), recent publications claim that with 16- and 
64-MDCT scanners the assessment of stent patency 
is reliable (de Feyter and Krestin 2005; Kefer 
et al. 2007), clearly showing increasing capabilities 
with upgraded scanner generation. Furthermore, 
Sheth et al (2007) showed in 54 stents in 44 patients 
that the assessability of a stent is mainly determined 
by the stent size. According to their results, stents 
with nominal size of >3 mm are more consistently 
assessable than stents <3 mm. Current reports 
show up to 78% sensitivity and 100% specifi city in 
16-MDCT. However, the fact that the percentage of 
non-accessibility can be up to 40% in the same stud-
ies shows that the routine diagnostic evaluation of 
coronary stents using CT is still far away. For reli-
able diagnosis of coronary in-stent restenosis higher 
spatial and temporal resolution is required and 
dedicated fi ltering to reduce high-density blooming 
artifacts. Another solution is in the use of different 
stent types, such as biodegradable stents or stents 
of less radiopaque material, since previous studies 
show that stent confi guration and material infl uence 
the visibility of the lumen.

Fig. 5.34. A Lekton stent was put in water and scanned using 
MDCT. The four bright areas correspond to the four markers 
originated in the stent itself. Scatter effects are visible, and 
disturb the Hounsfi eld Units of water which should be zero

Fig. 5.35. Curved multi-planar reformation showing stent lumen (left) and the selected curve displayed within a three-
dimensional visualization (right)
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5.5.5 

Cardiac Function

The acquisition of the entire heart during complete 
heart cycle enables functional analysis of the heart 
chambers and muscle. Parameters such as end-sys-
tolic volume, end-diastolic volume, ejection fraction, 
stroke volume, cardiac output, stroke index, cardiac 
index, myocardial volume and mass can be easily 
obtained from the acquired dataset. Both MDCT 
and MRI can be used for functional analysis.

In most software systems the only user interac-
tion is the selection of end-systolic and end-dia-

stolic phases, after which the segmentation is semi-
automatic with minor user interaction (Fig. 5.36). 
Fine tuning of the segmentation can be performed 
manually by the user before the fi nal computations. 
Figure 5.37 shows an example of functional MRI in 
which a mesh is built and tracked automatically in 
a fraction of a minute. Software is used for divid-
ing the heart into segments in which a number of 
measurements such as regional strains, twist, mesh 
ejection fraction and wall thickening are computed. 
These quantitative results, evaluated according to 
the 17-segment model of the American Heart Asso-
ciation (AHA) (Cerqueria et al. 2002), are gener-

Fig. 5.36. Results of a functional 
analysis of a CT dataset showing 
screenshots of both ejection frac-
tion (top) and wall thickening (bot-
tom). (Image courtesy of TeraRe-
con, San Mateo, CA)
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ally visualized using bull’s eye plots (Fig. 5.38). Fur-
thermore, mapping the evaluated parameters on the 
above-mentioned left ventricular surface rendering 
is a suitable representation.

5.5.6 

Myocardial Perfusion and 

Late-Enhancement Analysis

Recent studies show that CT can be used for the 
detection and the analysis of hypoperfused and 
scarred tissue (George et al. 2006; Buecker et al. 
2005). However, a major drawback is its insuffi cient 
temporal resolution as well as the associated radia-
tion dose. For this reason, MR is considered the stan-
dard modality for cardiac perfusion studies. The 
MR perfusion images are usually acquired in short 
axis slices after the bolus injection of a gadolinium-
based contrast agent. The resulting image sequence 
shows the fi rst pass of the contrast agent and has a 
high temporal resolution of about 1 s. Due to the low 
spatial resolution, only three to six image slices with 
a thickness of 6–10 mm and a gap of about 6 mm 
are recorded. To analyze the myocardial perfusion, 
typical descriptive parameters, including time to 
peak, mean transit time or maximum up-slope, are 
computed for the enhancement curves of myocar-
dial segments (Breeuwer et al. 2003), as well as for 
single voxels (Nagel et al. 2003). 

Acute or chronically infarcted tissue exhibits an 
increased distribution volume for the contrast agent 
Gd-DTPA, and hence shows high signal intensities 
several minutes after the bolus injection. Accord-
ingly, so-called late enhancement image acquisition 
starts 10--30 min after bolus injection, again deliv-
ering short axis slices with about 8 mm thickness 
with or without spacing. For analysis purpose, the 
detection of the enhanced, scarred tissue requires 
the defi nition of a suitable threshold in order to 
distinguish between healthy and infarcted tissue. 
A clinically accepted method uses the histogram of 
a user defi ned, healthy myocardial region to deter-
mine a threshold at � + 2� (�, mean grey value; �, 
standard deviation) (Kim and Hillenbrand 2000; 
Kolipaka et al. 2005). 

For therapy planning, especially the distinction 
between normal, hypoperfused, and infarcted myo-
cardium is of high interest, which requires a com-
bination of the results from the fi rst pass perfusion 
and the late enhancement analysis. A common ap-
proach makes use of the AHA segment model and 
compares segment based perfusion parameters with 
the portion of infarction in the corresponding image 
region of the late enhancement image (Breeuwer et 
al. 2003) (Fig. 5.38). 

As the image regions and slice orientations in 
perfusion and late enhancement images differ, this 
method can only provide very coarse information. 
To achieve a more accurate comparison and to vi-

Fig. 5.37. A software where 
mesh can be easily built and 
tracked in a fraction of a min-
ute. It is used for segmenting 
the heart scanned using MRI 
into segments. (Courtesy of 
Diagnosoft Inc., Palo Alto, CA)
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Fig. 5.38a,b. Bulls-eye-plot 
visualizations. a Peak en-
hancement parameter values 
of perfusion curves (green 
indicates low values) b Late 
enhancement portions per seg-
ment in percent (red indicates 
a high LE portion). (Courtesy 
of Dr. M. Fenchel and Dr. A. 
Seeger, Department of Diag-
nostic Radiology, University of 
Tübingen, Germany)

sualize topological relations, a registration has to 
be performed (Hennemuth et al. 2007a). The mor-
phological information from the late enhancement 
analysis can then be combined with the perfusion 
parameter information (Fig. 5.39).

5.5.7 

Combined Analysis of Coronary Arteries and 

Myocardium

Especially in the diagnosis and therapy planning 
for coronary artery disease the knowledge of both 
cause and effect of perfusion defects is very impor-
tant. Only few software tools support a combined 
examination of the coronary arteries and the sup-

plied myocardium for data acquired with a single 
machine like a PET-CT, CT or an MR scanner, where 
data are represented in a single reference coordi-
nate system (Namdar et al. 2005; Hennemuth et 
al. 2007b; Kühnel et al. 2006).

Recent academic approaches combine results of 
different modalities, as, for example, MR and CT 
(Sturm et al. 2003). In particular, morphological in-
formation of the coronary tree is correlated with dy-
namic, functional information of the myocardium 
using the AHA segment model. Using this stan-
dardized scheme, a coarse estimation of the coro-
nary main branches’ supply territories is achieved, 
and thus myocardial segment based results from 
the analysis of cardiac function, perfusion or late 
enhancement can be inspected together with the 

ba

Fig. 5.39. Comparison of late enhancement segmentation with myocardial perfusion Left image: The slope parameter dis-
tribution of the whole myocardium (yellow) and the segmented late enhancement region (red). Middle image: Parameter 
image showing the up-slope of the enhancement curves, the white overlay shows the segmented late enhancement region. 
The lower curve shows the enhancement curve corresponding to the overlay region while the upper curve represents the 
enhancement curve of the segmented myocardium. Right image: 3D surface representation of the segmentation results from 
the late enhancement image combined with a texture representation of the transformed parameter image slice. (Courtesy 
of Dr. A. Seeger, Department of Diagnostic Radiology, University of Tübingen, Germany)



322 P. M.A. van Ooijen et al.

associated coronary branches (Oeltze et al. 2006) 
(Fig. 5.40). This standardization of supply areas is 
restricted in terms of the variety of individual ana-
tomical structure (Beliveau et al. 2007) and makes 
direct image fusion inevitable. Therefore, dedicated 
registration methods are necessary that allow com-
bined 2D and 3D visualizations of the coronary 
tree in conjunction with the measured parameters 
mapped on the left ventricular surface.

Fig. 5.40a,b. Combined visualizations of coronary arteries 
and myocardial examination results. a CT: Coronary tree 
segmentation combined with the results of the wall thick-
ness analysis mapped on the ventricle surface. (Courtesy of 
Prof. Dr. S. Achenbach, Department of Medicine 2, Univer-
sity Hospital Erlangen, Germany). b MR: Coronary tree seg-
mentation combined with late enhancement segmentation 
and perfusion parameter map. (Courtesy of Dr. A. Seeger, 
Department of Diagnostic Radiology, University of Tübin-
gen, Germany)

a

b
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In general, an artifact can be defined as a dis-
tortion or error in an image that is not related 
to the structure being imaged (de Feyter and 
Krestin 2005). The use of new and advanced visu-
alization software tools for medical imaging also 
introduces a large number of artifacts and pit-
falls (Nakanishi et al. 2005). These artifacts and 
pitfalls can either be related to the properties of 
the techniques used to perform the visualization 
or to the user interaction. Artifacts and pitfalls 
can be caused by the acquisition technique, the 
visualization technique, or the (semi)automatic 
post-processing technique (including computer 
aided diagnosis).

5.6.1 

Technique-Related Problems

The technical aspects of the acquisition techniques 
such as misregistration, motion artifacts, beam 
hardening, noise, etc., are covered in a different 
chapter. Furthermore, the disadvantages of the 
different post-processing techniques have already 
been described in the previous sections; therefore, 
the focus will now be on bad performance of ad-
vanced (semi-) automatic software routines used 
for segmentation and selection of areas of inter-
est.

Automatic and semi-automatic software is de-
veloped for different stages in the evaluation of 
the heart. The previous paragraphs have discussed 
many of these techniques to perform segmentation 
or selection, and different problems have been ad-
dressed. Current commercially available software 
systems provide the following semi-automatic and 
automatic procedures: segmentation of the heart, 
segmentation of the coronary artery tree, auto-
matic determination of vessel lumen boundaries, 
and determination of the lumen and mass of the left 
ventricle. Although these techniques work in a con-
siderably robust manner, automatic approaches in 
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particular are still limited due to the varying char-
acter of the data.

With the automatic segmentation of the coro-
nary arteries, for example, problems may occur 
due to the small size of the arteries and the pres-
ence of high density structures such as calcified 
plaques. One example is the incorrect classifica-

tion as a calcified lesion being part of the ves-
sel lumen leading to a missed coronary stenosis 
(Figs. 5.41 and 5.42).

Severe calcifi cations can also mislead automatic 
segmentation of the coronary artery lumen com-
pletely and hamper evaluation of the coronary arter-
ies (Fig. 5.43).

Fig. 5.41. Automatic seg-
mentation of the right cor-
onary artery showing the 
location of a severe calcifi -
cation that was incorrectly 
added to the lumen of the 
artery (purple outline in 
the top left panel)

Fig. 5.42. Another example of a severe calcifi cation that is included in 
the vessel lumen segmentation (purple outline) and thus results in a false 
negative evaluation. Severe calcifi cations can also mislead the automatic 
segmentation of the coronary artery lumen completely and hamper the 
evaluation of the coronary arteries (Fig. 5.43)
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Fig. 5.43. Automatic vessel detec-
tion is unable to accurately deter-
mine the remaining lumen in a 
severely calcifi ed coronary artery. 
The longitudinal views in particu-
lar provide very confusing images. 
An example in left ventricular 
function analysis is the incorrect 
determination of the contour of 
myocardium for left ventricular 
analysis (Figs. 5.44 and 5.45). Even 
a complete failure to select the left 
ventricle in a left ventricular func-
tion analysis can occur (Fig. 5.46).

Fig. 5.44. Incorrect determination 
of the outlines of the left ventricu-
lar mass and lumen in the short 
axis view (top left) although the 
long axis view shows acceptable 
segmentation (top right)

An example in left ventricular function analysis is 
the incorrect determination of the contour of myocar-
dium for left ventricular analysis (Figs. 5.44 and 5.45). 
Even complete failure to select the left ventricle in a left 
ventricular function analysis can occur (Fig. 5.46).

The software failures demonstrated here clearly 
emphasize the requirement for interactive review of 
the images before making any diagnosis ( Nakanishi 
et al. 2005) and that one should never rely on the 
computer generated results without checking.
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Fig. 5.46. Erroneous selection of 
the right instead of the left ventricle 
using automatic segmentation

Fig. 5.45. Same patient as in 
Fig. 5.44, but with the short axis 
view at a different level. Again, 
incorrect determination of the 
outlines of the left ventricular mass 
and lumen in the short axis view 
(top left) although the long axis 
view shows acceptable segmenta-
tion (top right)
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5.6.2 

User-Related Problems

5.6.2.1 

Missegmentation

Segmentation can be done at many different levels. 
With user related, manual, segmentation techniques 
mistakes are easily made. When using MIP imaging 
the selection of the slab thickness is very important 
for the correct visualization of the area of inter-
est. With more advanced segmentation mistakes are 
made even more often. Misplacement of manually 
drawn lines, incorrect placement of selection points 
are just two very obvious examples. 

5.6.2.2 

Improper Choice of Techniques

The availability of many different workstations and 
many different rendering and post-processing soft-
ware tools introduces problems that are caused by 
the improper selection of those workstations and 
tools for a certain task. 

One example is the choice of the thickness of a 
slab. In case of the coronary arteries, choosing slab 
thickness too small or too large will cause apparent 
stenoses or missing vessels.

Another example is the application of settings 
to volume rendering that obscure or erase certain 
structures, where the volume rendering settings 
obscure the existence of heavily stenotic lesions 
with severe calcifi cations. Another problem due to 
improper settings is the visualization of high den-
sity, intra-vascular structures, such as, for example, 
stents.

5.6.6.3 

Misplacement of Selection Tools

In some cases user interaction is required to se-
lect certain structures of interest. For example, for 
manually creating a curved or stretched MPR of a 
vessel, multiple points have to be selected along the 
vessel path. Artifi cial stenotic lesions can be easily 
introduced by only a very small error of the operator. 
Many authors have commented on the occurrence 
of operator dependent artifacts in manually created 
curved planar reformations. The presence of these 

artifacts is unavoidable in normal clinical practice, 
not only because of human errors but also because 
of the limitations of manual pointing devices. In ad-
dition, only few points are used to defi ne a manually 
created curved planar reformation. Linear or higher 
order interpolation is used to defi ne the centerline 
between manually selected points, which may lead 
to artifacts if the interpolated line passes nearby or 
intersects the vessel wall (Rankin 1998; Rubin et 
al. 1995; Ochi et al. 1999; Achenbach et al. 1998; 
Rubin 1994).

 5.7 
Conclusion

Peter M.A. van Ooijen, Wisnu Kristanto, 

Gonda J. de Jonge, Caroline Kuehnel, 

Anja Hennemuth, Tobias Boskamp, and 

Jaap M. Groen

3D and 4D Imaging is slowly but increasingly being 
implemented in clinical medicine. In general, clini-
cians, including radiologists, are unfamiliar with 
volumetric representation of medical scans and of-
ten struggle with the interpretation of the 3D images. 
Another obstacle in the way of clinical acceptance of 
3D rendering in medicine is the dependence on the 
numerous rendering properties that greatly affect 
the quality of the rendered images.

We believe that the application of three- and more 
dimensional imaging in medicine will increase, 
powered by the current developments in hard- and 
software. Therefore, clinicians need to be acquainted 
with these techniques, which is a pre-requisite for 
proper interpretation of the images acquired with 
volumetric scanners like CT and MRI (Nakanishi 
et al. 2005). Furthermore, automated segmentation 
and computer aided diagnosis are fi nding their way 
into the fi eld of cardiac evaluation which facilitates 
an easy evaluation requiring less training of the 
user.

In order to avoid the pitfalls arising with modern 
visualization methods, an adequate standardization 
of analysis techniques and standardized procedures 
for their evaluation and validation have to be con-
sidered.
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 5.8 
Digital Storage and Distribution

Peter M. A. van Ooijen and A. Broekema

To be able to perform 2D and 3D image processing, 
standardization and archiving of these data are 
essential. The standardization of the image data is 
realized by the world standard DICOM (digital im-
age communication in medicine), which is adapted 
by the medical hardware and software industry 
and also specially tailored for use in catheteriza-
tion laboratories. Digital archiving is performed 
on a so-called PACS (picture archiving and com-
munication system). The PACS is responsible for 
the storage and retrieval of the image data and 
facilitates easy post-processing of the data. Driven 
by this digital standardization and archiving, the 
storage of acquired data in cardiologic examina-
tions has moved from analog to digital. A major 
advantage of digital storage compared to analog 
storage is that there is no deterioration of the stored 
data, not even when making copies. Every digital 
copy is exactly identical to the original (Thomas 
and Nissen 1996).

 5.9 
History of Cardiac X-Ray Management

Peter M. A. van Ooijen and A. Broekema

Image management of cardiac X-ray images gradu-
ally evolved from analog storage on cine-fi lm and 
VHS tape to the modern digital DICOM 3.0 storage 
on a PACS or portable media such as CD-R (Bittl 
and Levin 1997; Goedhart and Reiber 1998; 
Schmidt 1999).

For a long time the medium of choice for record-
ing and storage of coronary arteriograms was 35-mm 
cine-fi lm (Fig. 5.47). The big advantage of cine-fi lm 
was that it was a universal standard. Independent of 
from which hospital or vendor the cine-fi lm came, 
every cardiologist could view it on his own system. 
Also, as long as quality control in cine-fi lm develop-
ment is adequate, spatial resolution (fi ve line pairs/
mm) and dynamic contrast range are very high. Fur-
thermore, at that time, digital storage of the amount 
of data produced by digitalization of the cine-fi lm 
(500--700 MB per study with a 512�512 matrix) was 
simply not possible or extremely expensive, and thus 
cine-fi lm was the only option. 

Fig. 5.47. Storage of conventional 
coronary angiograms has moved 
from 35-mm cine fi lm to VHS video 
tape to CDs over the past decades
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There were, however, some major disadvantages 
of cine-fi lm. First, it was very expensive. Second, the 
sequential nature of the fi lm required reeling to fi nd 
the images of interest which could be quite time-
consuming. Furthermore, cine-fi lm quality was 
hampered by fogged, torn and improperly processed 
fi lm. Because of the high cost, duplication was also 
expensive and inconvenient. This led to the situa-
tion where each cine-fi lm was a unique copy which 
could easily become lost or even destroyed. Finally, a 
large storage space is required to retain all the cine-
fi lms.

In the 1980s alternatives to cine-fi lm were mar-
keted using super-VHS video tapes for the exchange 
of data. Although these video tapes were cheap com-
pared to cine-fi lm, their quality was also less opti-
mal, and thus less suitable for clinical decision mak-
ing, because of the poor signal to noise ratio and the 
limited bandwidth of a video tape. 

Furthermore, no universal standard existed. An-
other alternative that gave rise at the same time was 
the use of (analog) optical discs reducing per patient 
media cost because multiple patients could be stored 
on one disc. Another advantage was the reduction 
in required storage space when using optical discs. 
Although all images were stored on optical discs, 
this storage was analog and all data was stored after 
edge-enhancement. To review the data on a view-
ing station, it had to be converted to digital again. 
Because of the edge-enhancement it was, however, 
impossible to go back to the raw data, thus ruling 
out quantitative analysis of the data.

By the early 1990s, the benefits of digital car-
diac X-ray systems were well accepted by the car-
diology community. Advantages of these digital 
systems could be found in the direct availability 
of the digital image data, allowing on-line data 
quantification and more accurate catheterization 
because of digitally enhanced f luoroscopic im-
ages. However, a large majority of the catheter-
ization laboratories still used cine-film or optical 
disc to store their data. Additionally, the digital 
solutions offered by different vendors were not 
standardized at that time. It became clear that 
digitalization of the cath lab was only possible 
when standards would emerge for the digital im-
age management of cardiac X-ray data. Initiatives 
to standardize file formats in medical imaging 
already started in the 1980s with the ACR-NEMA 
standard, but it was not until 1995 that the stan-
dardization for the cath lab was established using 
DICOM 3.0 and CD-R.

 5.10 
Standardized File Formats

Peter M. A. van Ooijen and A. Broekema

In 1983 the ACR (American College of Radiology) 
and the NEMA (National Electrical Manufacturers 
Association) defi ned a standard for the intercon-
nection of medical imaging devices, known as ACR-
NEMA Version 1.0. The standard included a list of 
required data elements and a specifi cation of the 
physical hardware for connecting the devices. This 
fi rst version was released at the RSNA in 1985, fol-
lowed by Version 2.0 at the RSNA in 1988. Up to 
then only point-to-point networking was specifi ed. 
However, in 1990 work was started to add a network 
standard. This resulted in a combination of these 
network standards and the ACR-NEMA Version 2.0 
to lay the foundation of the current DICOM standard 
(Version 3.0) (Hindel 1994). 

The three main goals of the DICOM standard are 
defi ned as (Pelanek 1997):

Establishing a standard for communication in a 1. 
networked environment
Setting minimum requirements for claiming per-2. 
formance to the standard
Allowing interoperability, not just interconnec-3. 
tion, between multiple vendors’ equipment.

To meet these main goals, DICOM is defi ned in 
accordance with layer 7 (application level) of the OSI 
(Open System Interconnect) reference model. 

5.10.1 

DICOM Extensions for Cardiology Data

When including angiographic data into the DICOM 
standard, the main difference from other types of 
acquisition data within DICOM was the requirement 
of storing cine loops. In 1992, cooperation between 
ACR-NEMA and the American College of Cardiol-
ogy (ACC) was started to develop the standards re-
quired for cardiac X-ray image management. Not 
until 1995 was an international agreement conform-
ing to the DICOM 3 standard (with participation of 
the ACC and the European Society of Cardiology, 
ESC) established to include angiographic data into 
the DICOM 3 standard. 

The use of CD-Recordable (CD-R) as a storage 
medium with a defi ned data structure was chosen to 
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replace the cine-fi lm. This also required the replace-
ment of the traditional mechanical cine-projector by 
digital viewers. These digital viewers should mini-
mally satisfy the same requirements as the conven-
tional cine-fi lm projectors, which involved display-
ing an enormous amount of data on the computer 
screen at high frame rates (12.5–30 frames per sec-
ond). Also, display of the images at the maximum 
resolution without loss of information is required. 
Advantages of using digital displays are the ability 
to manipulate the images (contrast, brightness, re-
gion-of-interest zoom, thumbnail overview of runs, 
and quantitative measurements). CD-R met the 
functionality requirement and provided additional 
benefi ts and was accepted as a standard medium 
for digital viewing. With this introduction of CD-R, 
a long-term archiving capability (of raw data) was 
obtained that satisfi ed the legal requirements and 
allowed long-term storage without any data loss or 
deterioration with age. Other benefi ts were the de-
crease in storage space requirement, the elimination 
of chemical processing, the possibility of random 
access, and low cost per patient study. 

However, storing the CD-R discs off-line still 
maintains some of the disadvantages of traditional 
cine-fi lm. It is still possible that CD-R discs are mis-
placed in the archive, the storage takes up a lot of 
space, only one cardiologist can review a patient at 
the same time, and retrieving the data from the ar-
chive can take some time.

The DICOM standard defi nes four different ways 
of storing the images of an angiographic examina-
tion.

Original1. . Raw data without any image processing 
performed on it.

Derived2. . Image data derived from the original data 
by performing image processing techniques like 
zoom, pan, edge enhancement, window/level set-
ting.
Primary3. . Identifi cation of an image as the actual 
exam data, produced at the time of the actual 
angiographic procedure.
Secondary4. . Image produced after the actual angio-
graphic procedure, e.g. overlays or annotations 
added to the image.

In 1998, additions to the standard were accepted 
in order to facilitate the exchange of angiographic 
and cardio-angiographic data on digital networks. 
Through these additional defi nitions within the DI-
COM protocol, manufacturers were able to meet the 
clinical demands about the management of large 
amounts of data in a satisfactory and cost-effective 
way. The demands on the network bandwidth are 
enormous. Typically, diagnostic examinations of 
about 2000 images have to be displayed at up to 30 
frames per second. This involves a network trans-
fer of approximately 250 MB of lossless compressed 
data at 4 MB/s. Current networks are capable of han-
dling such data traffi c at acceptable prices.

5.10.2 

Image Compression

In the digitalization of cine-fi lm the image quality 
is a crucial factor which is dictated by the storage 
capacity and the transfer capacity. One cine-fi lm will 
show 2000 images per patient exam in the majority of 
examinations (Fig. 5.48) at a frame rate of 30 images 

Fig. 5.48. Distribution of the num-
ber of frames per examination. The 
horizontal axis shows the number of 
frames, the vertical axis shows the per-
centage of studies with that particular 
number of frames
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per second with a spatial resolution of four line pairs 
per millimeter (Brennecke and Kerensky 1997). 
To approach this with digital images we would need 
images with a resolution of 1024�1024 pixels (1 MB 
of data with 256 gray levels) displayed at 30 images 
per second (thus 30 MB/s). A complete patient exam 
would exist of 2000 MB of data. This would require 
three or four CD-R discs (depending on the use of 
650 MB or 700 MB CD-R disks) per patient and a 
reading speed of 200� (max 52� commercially avail-
able, 1� equals a data transfer rate of 150 Kbyte per 
second) (Brennecke and Kerensky 1997). 

The conclusion from this example is that for prac-
tical use of digital images, data size has to be reduced 
using data compression. Data compression can be ei-
ther lossless or lossy. In most cases medical images 
used for evaluation and diagnosis of patients are com-
pressed using a lossless compression that decreases 
the data size (at maximum a reduction by a factor of 
about 2 to 4 can be achieved) without decreasing the 
image information and quality. In the case of lossy 
compression, much higher reduction factors can be 
achieved, but some information of the data will be 
lost and data quality will possibly be reduced. 

This kind of compression is frequently used, but 
careful evaluation of the trade-off between com-
pressed data size and quality has to be made to ob-
tain images that are suitable for clinical use.

5.10.3 

Matrix Size Reduction

Digital cameras in a cath lab are typically capable of 
acquiring data in a 1024�1024 matrix. However, in 
practice these digital coronary angiograms are re-
corded using a 512�512 matrix. This already provides 
a different situation with only 0.25 MB of data per 
image, resulting in a total of 500 MB of data displayed 
with 7.5 MB/s. Such a study will easily fi t on a single 
CD-R disc and only requires a reading speed of 50�. 

Although this type of data reduction is per defi ni-
tion lossy, because three quarters of the data is sim-
ply thrown away (i.e. a compression ratio of 4:1), it 
was widely accepted because earlier versions of the 
DICOM standard only described storage of images 
of 512�512 matrix with 8-bit depth (Brennecke 
and Kerensky 1997). On the other hand, modern 
data compression methods are able to obtain signifi -
cantly higher compression ratios while maintaining 
the original image size and introducing only a neg-
ligible reduction in image quality.

5.10.4 

Data Size Reduction

Lossless compression can be performed on all data 
and is defi ned in the DICOM standard. For most 
images, this type of compression is able to reduce 
the data size by a factor of about 2 to nearly 4, by 
using a two-step lossless compression process con-
sisting of predictive encoding followed by statistical 
encoding. With predictive encoding only the change 
in pixel value of one pixel compared to its neighbor, 
which is typically rather small, is stored. This results 
in a data reduction of close to a factor of 2 because 
for about 80% of the pixels only 4 bits are required 
(sign bit plus 3 data bits).

Statistical encoding involves the coding of data 
elements in which data elements that occur fre-
quently are assigned a shorter code than data ele-
ments that are only used occasionally (e.g. one-bit 
code compared to a four-bit code). Statistical encod-
ing is especially useful when predictive encoding 
was performed previously.

If higher data size reduction factors are required, 
this can only be achieved by lossy compression 
methods. By removing irrelevant information from 
an image, such as noise and small scale image de-
tails, reduction factors of 15:1 or more can easily be 
realized. In general, lossy compression methods al-
low adjusting the compression ratio or the amount 
of information reduction. To decide which lossy 
compression method and which compression factor 
is optimal, one has to consider the type of data to 
be compressed, the goal for which they will be used 
(diagnostic or communicative quality), and the low-
est data quality clinically acceptable. 

Within DICOM, lossy JPEG (Joint Photographic 
Experts Group) compression has been defi ned as the 
standard compression technique. This compression 
is based on two main steps: transform encoding and 
subsequent quantization. 

Transform encoding will separate image informa-
tion based on the variation in brightness. Regions 
with lower variation are separated from regions with 
a high variation. In the quantization step, the infor-
mation on low variation regions is transferred virtu-
ally lossless while the information on high variation 
regions is reduced and transferred lossy. As with 
lossless compression, statistical encoding is used to 
encode the resulting quantized information.

The JPEG compression is primarily performed 
on blocks of 8×8 pixels. Higher compression fac-
tors (more blocks are transferred lossy), give rise to 
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artifacts at the edges of those blocks, the so-called 
blocking artifacts.

 5.11 
PACS Development

Peter M. A. van Ooijen and A. Broekema

Most cardiology departments and cath labs are us-
ing very small PACS systems (mini PACS) or even 
none at all for their permanent storage. This is not 
the case in radiology where large PACS installations 
have been installed over the past years. These large 
PACS installations are crucial for the acquisition, 
storage and processing of the enormous amounts of 
data produced by MRI and CT systems for evalua-
tion of cardiovascular disease and function. There-
fore PACS installations also become more and more 
important for cardiology, not only to store their own 
data, but also to be able to retrieve the data acquired 
and processed at the radiology department.

In order to be able to handle cardiac studies other 
than the X-ray studies performed in the cath lab, a 
PACS will have to be capable of storing a lot of differ-
ent data. Not only the data from the digital modali-
ties like MRI and CT have to be stored in the PACS, 
but also images from other modalities such as the 
coronary angiography (CAG) and IVUS. Preferably, 
the ECG and the triggering moments on this ECG 
should also be stored. As mentioned before, not only 
the wide variety of data is important in cardiac im-
aging, but also the amount of data that is produced 
during the acquisition. The amount of data stored 
ranges from a couple of Megabytes for a typical 

IVUS investigation to hundreds of Megabytes for a 
full angiographic investigation or a MDCT investi-
gation (see Table 5.1).

In order to be able to store all this data and to 
retrieve it, large storage capacity is necessary. More-
over, fast retrieval of the stored data is obligatory. 
The only way to achieve data retrieval at a suffi -
ciently high speed is by organizing the PACS in such 
a way that all data is always on-line. This is not only 
the case when using cardiac imaging data, but it also 
holds for the radiology department in general (van 

Ooijen 2000b).
With the digitalization of a radiology department, 

four prerequisites can be defi ned that are partly 
based on the requirements mentioned before. First 
the system has to be extremely easy to use. Second, 
easy access to external resources should be possible 
at the user level. Third, the archived images must be 
on-screen extremely fast and in the case of cardiac 
data it should be also possible to display the images 
in cine loop with a frame-rate of up to 30 frames per 
second. Finally, this fast access should not only be 
implemented for recent studies, but also for old ones 
to be able to perform comparative diagnosis. 

The fi rst prerequisite about ease of use implies 
the demands on the user interface of the diagnostic 
viewing station. Easy interaction with the worksta-
tion providing only the required capabilities is es-
sential. 

A large number of viewing stations are available 
on the market nowadays, but judging the test results 
published in literature, the optimal workstation has 
yet to be developed (Bazak et al. 2000; Honea et 
al. 1998; Pollak et al. 2000). Two of those publica-
tions together show rated comparisons of eight dif-
ferent workstations (Bazak et al. 2000; Pollak et 
al. 2000). 

Table 5.1. Storage required for typical examinations of the coronary arteries using different acquisition techniques

Acquisition device Matrix size Bytes per pixel MB per slice No. of slices Total storage needed

CAG 512 1 0.250 2000 500.0

IVUS 256 1 0.063 150 9.4

MRA 256 2 0.125 800 100.0

EBT 512 2 0.500 60 30.0

MDCT 512 2 0.500 500 25.0

CAG, coronary angiography; IVUS, intravenous ultrasound; MRA, magnetic resonance angiography; EBT, electron-beam 
tomography; MDCT, multi-detector computed tomography.
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The basic features of a PACS workstation are pa-
tient selection and some basic viewing possibilities. 
Several search criteria can be selected to fi nd the re-
quired patient, and after the patient study selection, 
the retrieved images are displayed using a standard 
viewing protocol. A simple user interface is obliga-
tory for the acceptance of the PACS by the users. An-
other important aspect for the acceptance is the speed 
of the PACS, which allows every requested image to 
be available and on-screen within seconds. A view-
ing workstation fi t for cardiovascular studies does 
not just need the standard radiological possibilities 
used for displaying axial data, but also additional 
features that are needed for cardiac evaluation. The 
fi rst requirement is the possibility to display cardio 
DICOM coronary angiography data, which involves 
the ability to read the data, to display it in cine mode 
and to perform the common processing algorithms 
on the data (e.g. edge enhancement). Other require-
ments involve the possibility for comparison of cath-
eter angiographic data with other data and to be able 
to compare old and new studies in a fast way.

To retrieve all additional information besides 
the images in the PACS (such as patient reports and 
medication), either multiple workstations have to 
be used, or the administration has to perform extra 
work to retrieve the information. However, a more 
desirable solution is to integrate all resources in one 
workstation. The HIS/RIS can be inquired within a 
window and other resources like an anatomical atlas 
and access to other information sources can also be 
made available (Fig. 5.49). 

An implementation that meets all prerequisites 
mentioned before is the Everything On-Line (EOL) 
PACS developed in the late 1990s. The basic idea of 
the EOL principle is that all data should be always 
available within seconds after the request on any 
workstation. To be able to conform to this idea, the 
architecture of the whole PACS system is adapted.

A PACS based on the EOL principle consists of a 
very large on-line archive that contains all the infor-
mation acquired over several years. The number of 
years on-line (preferably 5–10 years) has to be cho-
sen such that only a small portion of the data not 
on-line is still requested for evaluation. This system 
makes all this data directly accessible to the radi-
ologist and assures that it will be on-screen within 
seconds (Fig. 5.50). This on-line archive is based on 
a multi-terabyte storage system (storage area net-
work, SAN). The capacity of the on-line archive can 
be easily expanded by expanding the storage capac-
ity of the SAN. The ever decreasing costs of hard 
disk space with simultaneous increase in capacity 
per disk allows for large, multi-teraByte storage sys-
tems. This assures that the storage capacity of the 
PACS can grow based on the data production of the 
radiology department.

From the basics of the EOL archive the so-called 
MASS archive was developed by Rogan Medical Sys-
tems in 2001. This MASS concept takes the advan-
tages of the EOL principle as described before and 
adds fl exibility, scalability and redundancy. In addi-
tion, it increases data handling power and retrieval 
speed dramatically (Langenhuysen and Philipse 

Fig. 5.49. Example of a diag-
nostic setup. To the left the 
two-screen setup of a diagnostic 
workstation. The left screen is 
used for the diagnostic images, 
the right screen is used to ac-
cess other sources. To the right 
screen captures are shown. The 
top image shows an example of 
a cardiac ECG, while the bottom 
image shows the image data (CT, 
3D reconstructions, and thorax 
X-ray)
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2001). This MASS archive consists of a scalable 
 DICOM server cluster using ‘off the shelf’ hardware 
and software. All servers in this cluster act as one 
virtual DICOM node. This recent development has 
enabled the realization of a large-scale PACS system 
that can easily be adapted to the growing needs us-
ing minor investments.

 5.12 
Conclusion

Peter M. A. van Ooijen and A. Broekema

Although most cardiology departments still use 
CD-R for long-term storage of their data, a gradual 
shift towards PACS storage will become visible in 
the next few years. The large amounts of data can 
be stored on-line and very short access times are 
feasible. Furthermore, full quality data is preserved 
indefi nitely enabling quantifi cation and evaluation 
at any time. One of the main questions will not be 
whether to archive X-ray coronary angiography or 
not, but whether to archive this in a separate PACS 
at the cardiology department or to include this data 
in the radiology PACS where MRI and CT studies 
are also stored.

A couple of years ago, developments tended to-
wards dedicated cardio PACS with dedicated clini-
cal viewing software (van der Putten et al. 1997; 
Bruski and Cutler 2003). The current trend, how-
ever, is leaning towards the integration of these 
cardio dedicated features into the general hospital-
wide PACS to obtain a cost-effective solution that 
allows easy integration into the electronic patient 
record (Brandon et al. 2005) with full integration 

of all cardiology modalities into the radiology PACS 
and different workstations based on the application 
(Meinhardt 2006).
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Subject Index

A

ACAPA, see anomalous origin of a coronary artery from 
the pulmonary artery

acoustic impedance    71
ACR-NEMA    328
ACS, see acute coronary syndrome
activated macrophages   209
active appearance model (AAM)   42
acute
– aortic syndrome   194–196, 200
– chest pain   122, 124, 165, 170, 191, 195, 201, 281
– – risk stratifi cation   168
– coronary syndrome (ACS)   81, 140, 165, 191, 193, 195, 

199, 201, 207, 235
– – low-risk patients   193
– myocardial infarction   201
adenosine   111, 140
adiposity   250
Agatston score   168, 169, 215, 223–225, 228, 257, 269, 281
ALARA principle   157
ALCAPA, see anomalous origin of the left coronary 

artery from the pulmonary artery
Amplatz catheter   27
analog-to-digital converter   43, 62
aneurysm   47
angina pectoris   47, 120, 207
angina-like syndrome   197
angiographic stenosis   213
angiography   26, 219
angioplasty   32, 36, 177
angioscopy   309
ankle-arm index   270
anomalous origin
– of a coronary artery from the pulmonary artery 

(ACAPA)   19
– of the left coronary artery from the pulmonary artery 

(ALCAPA)   19
– of the right coronary artery from the pulmonary artery 

(ARCAPA)   20
anthropomorphic phantom   286, 287
antiplatelet therapy   36
aortic
– aneurysm   124
– atherosclerosis   249
– disease   195
– dissection   124, 194, 196, 198, 201

– pulse wave velocity   257
arbitrary scoring algorithm   214
ARCAPA, see anomalous origin of the right coronary 

artery from the pulmonary artery
area detector   110
arrhythmia   104, 108, 113, 121, 142, 310
arterial
– remodeling   236
– spin labeling (ASL)   143
– wall thickness   205
artifacts   322
ascending aorta   3, 22
ASL, see arterial spin labeling
aspirin   36, 240, 279
atherogenesis   253
atheroma   157
atheromatous plaque   175, 183
atherosclerosis/atherosclerotic   42, 47, 96, 122, 206, 249, 

256
– disease   218
– plaque   20, 47, 100, 109, 122, 208, 219
– progression   238
atherothrombosis   207
atomic bomb survivor   289
atorvastatin   240
atrioventricular node   2
atrium   2
attenuation slope mapping   81
automated contour detection   44
automatic software   322
axial
– image   9
– scanning, 316
– – ECG-triggered   104
– slice   2

B

back scatter analysis   81
balanced steady-state free precession   137
balloon angioplasty   32, 84
Behcet’s disease   195
beta-blocker   30, 36, 116, 117, 121, 150, 155, 196, 231
beta-receptor antagonist   153
bifurcation
– analysis   56, 62
– lesion   176, 183, 184
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biomarker assay   168
biplane angiography   62, 97
Bland-White-Garland syndrome   19
blood
– enhancement   298
– pressure   249
– speckle   71
blooming artifact   115, 317
blurring artifact   150
body mass index   250
bolus
– enhancement   124
– tracking   118, 151
brachial artery distensibility   257
brachytherapy   43, 44, 51
bull’s eye plot   320, 321
bundle of His   2
bypass
– grafting   199
– surgery   30, 155

C

CABG, see coronary artery bypass grafting
CAC burden   271
calcifi c lesion   207
calcifi cation measurement   215
calcifi ed plaque   73, 76, 168, 198, 219, 223, 235, 313
calcium
– blooming   114
– channel blocker   150
– density   224
– granules   207
– quantifi cation   213
– score/scoring   101, 116, 169, 196, 197, 214, 215, 223, 254
– – algorithms   223, 225
– – EBT-based   225, 230
– – in vitro   226
– – in vivo   224
– – nomogram   247
– – race   273
– – reproducibility   215, 282
– – software algorithm   288
– volume score   281
calibration   46, 58
– factor   224, 287
– measurement   287
– phantom   215
cardiac
– biomarker   193
– catheterization   199
– – development   25
– cycle   123, 136, 158
– enzyme   166, 168
– function assessment   123
– index   319

– motion   228
– output   118, 319
– perfusion   320
– stress testing   193
– X-ray image   327
cardio-thoracic
– examination   124
– vessel   124
cardiovascular
– CT angiography (CCTA)   191
– disease   252
– prognosis   285
– risk   241, 252
– – stratisfi cation in the elderly   274
C-arm orientation   181
carotid atherosclerosis   257
Cartesian trajectory   137
cataract formation   28
catheter
– angiography   122
– calibration, guidelines   57
– coronary angiography   1, 8
– ventriculography   123
catheterization laboratory   27, 61
– C-arm   182
charge-couple device (CCD)-based camera   43
chest
– pain   32, 122, 124, 167, 170, 236, 242, 272, 279
– X-ray   193
cholesterol level   249
cholesterol-lowering medication   279
chronic
– kidney disease   276
– total occlusion   181
cine
– gradient-echo imaging technique   136
– mode   311
cine-fi lm   327
– projectors   329
circumfl ex artery   7
clopidogrel   36
complex vessel morphology   49
computed tomography (CT)
– angiography   169
– area detector   110
– ECG-synchronized scanning   150
– single source   113
congenital heart disease   18, 30
constant pullback   92
contour-detection procedure   45, 50
– algorithm   95
contrast
– bolus   151
– injection   28
– medium/agent
– – FDA-approved   143
– – iodinated   135, 178
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contrast-enhanced gradient-echo imaging   143
contrast-induced nephropathy   135, 136
convolution surface   305
coronary
– abnormalities in infancy and children   30
– anatomy   1, 8
– angiography (CAG)   60, 194
– – non-invasive   149
– – quantifi cation   28
– – risks   31
– – selection of patients   31
– angioplasty   29
– artery   1, 223
– – anatomy   29, 312
– – anomalies   18, 30
– – bypass grafting (CABG)   152, 155
– – bypass surgery   38
– – calcifi cation   116, 238
– – calcium measurement   218
– – calcium progression   282
– – CT angiography   116
– – disease   99, 124, 141, 149, 211
– – fi stula   18
– – fl y-through   309, 310
– – moving phantom   113
– – opacifi cation   28
– – revascularization   194
– – segments   198
– – stenosis   120–122
– – stent   155
– atherosclerosis   41, 76, 84, 117, 197, 253
– atherosclerotic plaque disease   235
– bifurcation stenting   62
– calcifi cation   122, 211, 214, 312
– – computed tomography   213
– – progression   258
– – quantifi cation   217
– – regression   258
– calcium   171, 197, 225
– – progression   238, 241
– – quantifi cation   168
– – score   169, 236
– circulation   1
– CT angiography (CTA)   100
– – protocol   178
– dissection   135
– fi stula   30
– heart disease   149, 236, 248, 256, 259, 274
– ischemia   135
– obstruction   212
– ostia   5, 182
– plaque   73, 116, 126, 235
– revascularisation   32
– segment
– – 3D segmentation   62
– – analysis   46, 52
– sinus   29, 30

– stenosis   29, 126, 175, 313
– stent   30
– evaluation   317
– lumen   144
– wall imaging   140
CPR, see curved planar reformation
C-reactive protein (CRP)   248, 252, 256
culprit
– artery   209
– lesion   166, 169, 236
curved multi-planar reformation   200, 299, 316, 318

D

data
– compression   330
– measurement system (DMS)   104
– size reduction   330
D-dimer test   194
densitometry   50
DES, see drug-eluting stent
detector collimation   158
diabetes   206, 250, 256, 259, 275
diagnostic
– angiography   84
– coronary catheterization   289
diameter
– function   48
– stenosis   47, 62
diastasis   214
diastole/diastolic   3, 114
– blood pressure   249
DICOM (digital imaging and communication in medi-

cine)   27, 43, 44, 61, 327, 328, 329
diffuse index (DI)   47
digital
– camera   330
– substraction fl uoroscopy   212, 213
DMS, see data measurement system
dose modulation, ECG-controlled   108, 119, 124, 158
double z-sampling   100, 108
drug-eluting stent (DES)   43, 44, 51, 52
– edge segment   53, 54
– implantation   82
DSCT, see dual source computed tomography
dual
– energy fl uoroscopy   213
– isotope technique   289
– source computed tomography (DSCT)   101, 112, 156, 

229, 310
dual-syringe injection system   151
dynamic four-dimensional data   311
dyspnea   31, 150

E

EBCT, see electron beam computed tomography
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ECG, see electrocardiogram
ECG-gated pullback   92
echocardiography   123, 153
echorefl ective plaque   73
edge
– detection   95
– enhancement   332
edge-detection process   46
EEM, see elastic external membrane
effective patient dose   118
ejection fraction   108, 123, 319
elastic external membrane (EEM)   73, 93
– contour detection   94
electrocardiogram (ECG)   4, 99, 193
– gating   104, 143, 170, 231
– pulsing   108, 114, 158, 198
– stress testing   153, 280
– triggering   104, 108, 217, 281
electron beam computed tomography (EBCT)   1, 99, 101, 

149, 168, 197, 209, 214, 223, 236, 247, 268, 270, 276, 297
end-diastolic
– relaxation   150
– volume   108, 123, 319
endoprosthesis   183
endothelial
– activation   206
– cell   206
– dysfunction   206
endothelium   206
end-systolic
– relaxation   150
– volume   108, 123, 319
epicardial fat   138, 143
equivalent mass   224
equivocal stress test   122
estimated glomerular fi ltration rate (eGFR)   276
estrogen   259
exercise stress testing   121, 211, 212, 236, 270, 280
extracoronary atherosclerosis   257
extravascular landmark   69

F

fast imaging technique   142
fat suppression   138, 143, 298
fatigue   31
fatty streak   207, 253
FDA-approved contrast media   143
fi brinogen   248, 252
fi broatheroma   157
fi brocalcifi c lesion   207
fi brofatty streak   207
fi brous
– cap
– – atheroma   122
– – rupture   209
– plaque   73, 74

FIESTA technique   137
fl agging procedure   48
fl at panel system   43
fl uoroscopic test   212
fl ying focal spot   118
Fourier technique   137
Framingham risk score   237, 241, 253, 254, 259, 269, 274, 

284
freeform surface   305
French gauge   26
full width at half maximum (FWHM)   109
functional test   272

G

gadolinium chelate   136, 144
gadolinium-based macromolecular chelate   138
global assessment protocol   199
glycoprotein   36, 167
gradient-echo
– image   219
– pulse sequence   137
gradient-fi eld transform (GFT)   50
guiding catheter   67

H

half-scan
– reconstruction   104
– sinogram   112
HDL-cholesterol   249
heart
– cross-section   3
– double pump function   2
– failure   31
– physiology   2
– rate   107
– – control   9
hemodialysis   276, 278
hemorrhage   135
heparinisation   36
homocysteine   248, 252
Hounsfi eld units
– densities   157
– threshold value   288, 317
hydroxyapatite   287
hypercholesterolemia   206, 249, 260
hyperhomocysteinemia   252
hyperphosphatemia   276
hyperpolarized C13   144
hypertension   206, 249, 259
hypertrophic cardiomyopathy   18

I

iceberg image   183
ICUS, see intracoronary ultrasound
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image
– compression   329
– misregistration   137
– post-processing technique   151
– processing   297
– rendering   297
infarcted tissue   320
in-plane spatial resolution   108
in-stent
– restenosis   37, 47, 82, 156
– thrombosis   82
insulin resistance   250
inter-examination variability   281, 282
intermediate lesion   83
intern elastic lamina   205
inter-scan variability   218
interventricular septum   151
intima   205
intima-media thickness   270
intracoronary
– thrombus formation   80
– ultrasound (ICUS)   42, 91, 309
– – catheter   67, 91
– – console   92
– – contour detection   94
– – coronary atherosclerosis   73
– – development   94
– – limitations   96
– – non-gated   93
– – semi-automated contour tracing   94
– – soft- and hardware packages   96
intra-luminal
– attenuation   157
– visualization   309
intravascular ultrasound (IVUS)   27, 42, 62, 67, 157, 169, 

175, 201, 218
– devices   68
– imaging of the normal coronary artery   71
– in-stent restenosis   82
– intermediate lesion   83
– limitations   84
– three-layered appearance   73
– transplant coronary artery disease   84
– vulnerable plaque   80
intravenous injection   27
iodinated contrast medium/agent   135, 178
iodine fl ux   151
ionizing radiation   135
ischemia   68
– testing   283
ischemic heart disease   236
isotropic
– spatial resolution   137
– voxel   178
IVUS, see intravascular ultrasound

J

JPEG compression   331
Judkins catheter   26

K

k-space trajectory   137

L

LAD, see left anterior descending artery
Larmor frequency   138
late enhancement image acquisition   320
LCA, see left coronary artery
LCX, see left circumfl ex artery
LDL-cholesterol   206, 207, 240, 249, 250, 260
left anterior descending artery (LAD)   5, 6
left circumfl ex artery (LCX)   5
left coronary artery (LCA)   5, 6
left ventricular
– function analysis   324
– stroke volume   123
left-to-right shunt   19
Lekton stent   317
lipid pool   316
lipid-lowering therapy   240, 249, 259, 260
lipoprotein-associated pospholipase   250
low-density
– calcifi cation   229
– plaque   167
lumen
– narrowing   120
– stenosis   166, 207, 208
luminography   42, 175, 177, 311
L-view   91, 93, 95
– on-line non-ECG-gated   96

M

macromolecular chelate   138
macrophages   209
magnetic resonance
– angiography (MRA)   42, 135
– imaging (MRI)   42, 219, 297
magnetohydrodynamic effect   143
major adverse cardiac event (MACE)   47
malpractice ligitation   191
Marfan’s syndrome   194
marker catheter   58
mAs defi nition   119
MASS archive   333
mass score   224, 226, 227, 287
matrix
– protein   209
– size reduction   330
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maximum intensity projection (MIP)   125, 179, 200, 302
– rendering   304
MCA, see minimum cost algorithm
MDCT, see multi-detector computed tomography
medial axis reformation (MAR)   302
MESA study   249
metabolic syndrome   250, 275
metoprolol   196
metoprololtartrat   117
microcalcifi cation   219
micro-infarction   167
mineral metabolism   276
minimum cost algorithm (MCA)   44, 45, 49, 50
MIP, see maximum intensity projection
misplacement of selection tool   326
missegmentation   326
motion artifact   9, 112, 171, 199, 211, 282
MPR, see multiplanar reconstruction
MRA, see magnetic resonance angiography
MRI, see magnetic resonance imaging
MSCT, see multi-slice computed tomography
multi-detector computed tomography (MDCT)   1, 8, 135, 

217, 223, 259, 268, 270, 297
– contrast-enhanced   9
– coronary anatomy   8
– dual-source 64-slice   191
– ECG-gated   99
– third-generation systems   102
multiplanar reconstruction (MPR)   110, 112, 125, 200, 

298
– curved   299
– native   298
– oblique   299
– stretched   299
multi-segment reconstruction   100, 150
multi-slice
– computed tomography (MSCT)   42, 276
– data segment   105
– spiral
– – ECG-gating   105
– – interpolation   105
multi-teraByte storage system   332
muscle bridge   29
myocardium/myocardial   2, 29, 143
– blood fl ow   21
– bridging   20
– infarction   20, 31, 47, 165, 170, 191, 208, 237
– – markers   166
– ischemia   18, 19, 120, 167, 201, 236
– necrosis   165, 167
– perfusion   155, 320
– segment   321
– volume   319
myofi broblasts   207

N

native multi-planar reformation   298
navigator gating   141
nephrogenic systemic fi brosis   136
nitrate   36
nitroglycerin   84, 150, 197
non-calcifi ed coronary artery plaque (NCAP)   260, 279
non-obstructive
– plaque   122
– stenosis   167
non-ST elevation myocardial ischemia (NSTEMI)   38, 

165, 193
non-uniform rotational distortion (NURD)   84, 86
normogram of calcium score distribution   241
NSTEMI, see non-ST elevation myocardial ischemia
nuclear stress testing   272, 280
NURD, see non-uniform rotational distortion

O

oblique multi-planar reformation   299
obstruction
– diameter   49, 50
– symmetry   49
– stenosis   167
OCT, see optical coherent tomography
onion-skin pattern   73
optical coherent tomography (OCT)   42, 62, 175
OPTICUS trial   82
optimum scan speed   102
OSI (Open System Interconnect)   328
ostial
– analysis   54, 55
– diameter function   55
– lesion   176
out-of-plane magnifi cation   46

P

PACS (picture archiving and communication system)   
43, 61, 327

– installation   331
– workstation   332
palpography   42
parallel imaging   142
paramagnetic contrast agent   138
partial volume effect (PVE)   226
PCI, see percutaneous coronary intervention
PDA, see posterior descending artery
pencil beam   137
percutaneous
– coronary intervention (PCI)   175
– revascularisation   32
perivascular landmark   69
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PET, see positron emission tomography
phagocytic macrophage   140
phantom calcifi cation   227
pharmacological stress   140
phase-contrast
– angiography   303
– cine imaging technique   140
phased array coil   142, 143
phase-encoding step   136
pincushion distortion   46
pitfall   322
plaque   192
– assessment   169
– burden   127
– calcifi ed   73, 76, 207
– composition   205
– density   169
– detection   157
– echorefl ective   73
– erosion   236
– evaluation tool   127
– formation   205
– infl ammation   140
– – biomarker   140
– instability   252
– lipid deposition   73
– low-density   167
– non-calcifi ed   242, 260
– non-obstructive   122
– rupture   81, 166, 209
– shifting   183
– visualization   176
plasma fi brinogen concentration   252
Plexiglass
– phantom   59
– plug   60
pneumonia   171, 198
point spread function (PSF)   226
positive arterial remodeling   207
positron emission tomography (PET)   155
posterior descending artery (PDA)   7, 8
post-processing   125, 151, 178, 201
– software   181, 326
– workstation   200
pravastatin   240
pre-test probability   152, 153
progestin   259
projection angle   105
prospective ECG-triggering   108
provocative stress testing   193
pseudo-gating   91
pullback
– ECG-gated   92
– non-ECG-gated   95
pulmonary
– aneurysm   124
– artery   2, 9

– embolism   124, 171, 194–196, 198–201
– trunk   6
– vasculature   199
pulse gating   143
Purkinje fi bres   2

Q

Qangio XA analytical package   59
quantitative coronary arteriography (QCA)   42, 43
– acquisition procedure, guidelines   58
– analysis   51
– medium-term investigations   60
– off-line   61
– on-line   61
– QCA-approved catheter   57
– short-term investigations   60
– validation   59
quantitative coronary ultrasound, see intracoronary 

ultrasound
quarter-scan sinogram   112
Q-wave   4

R

radiation
– biology   289
– dose   27, 111, 119, 158
– exposure   28, 108, 118, 157, 289
radiofrequency, frequency-selective saturation pulse   

138
RAID system   43
ramus intermedius branch   6
Raskind balloon septostomy   32
RCA, see right coronary artery
receiver-operating characteristic (ROC) curve   237
reference diameter function   56
refl ex tachycardia   150
rendering software   326
restenosis   37, 144, 317
resternotomy   155
retrograde collateral fl ow   142
retrospective ECG-gating   105, 217
revascularization   167, 176, 254
right coronary artery (RCA)   5, 7
right ventricular outfl ow tract (RVOT)   6, 7
ring-down artefact   87
risk stratisfi cation algorithm   269
road mapping   181
rotate/rotate geometry   102
rotation time   104
rotational angiography   62
ruptured plaque   81
RVOT, see right ventricular outfl ow tract
R-wave   4, 104, 108
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S

saline
– bolus chaser   124, 151
– fl ush   118
scan fi eld of view (SFOV)   102
– temporal resolution   109
scanline   50
scanner concept
– resolution concept   100
– volume concept   100
scattering effect   318
scout image   288
segmentation   313, 322
– semi-automated techniques   63
semi-automatic software   322
serial testing   281
serum homocysteine level   252
Sevelamer   276, 277
SFOV, see scan fi eld of view
simplex mesh   305
single-positron emission computed tomography (SPECT)   

155, 280
single-slice partial scan sub-segment   105
sinoatrial node   2
sinus
– bradycardia   150
– of Valsalva   5, 18, 22
– rhythm   119
skeletonization algorithm   301
slab thickness   326
sliding thin slab MIP (STS-MIP)   304
smooth muscle cell   207, 209, 252
SnapShot Pulse acquisition   178
soft plaque   74, 166
software failure   324
spatial resolution   109, 121, 141, 196, 230, 286
SPECT, see single-positron emission computed tomog-

raphy
spin-echo (SE) method   136
– pulse sequence, MR involved ECG-gated   136
spiral
– acquisition image
– – ECG-gated   108
– coronary CTA
– – ECG-gated   119
stable angina pectoris   153, 166
stair-step artifact   110, 301
statin treatment   239
ST-elevated myocardial infarction (STEMI)   165, 167, 193
STEMI, see ST-elevated myocardial infarction
stenosis   29, 67, 169, 192, 194, 269, 279, 318
– non-obstructive   167
– obstructive   167
stenotic fl ow reserve (SFR)   49
stent
– occlusion   156

– thrombosis   36
step-and-shoot technique   104, 119, 158
storage
– capacity   329
– medium   328
– system   332
streak artifact   117, 151
stress
– echocardiography   272
– imaging test   153
– nuclear imaging   170, 242
– perfusion testing   111
– testing   122, 192, 194
stretched multi-planar reformation   299, 316
stroke
– index   319
– volume   127, 319
stunned myocardium   194
subdivision surface   305
subtraction fl uoroscopy   273
surface rendering   304, 313
surrogate endpoints   260
sweet spot   107
systemic disease   31
systole/systolic   3, 114
– blood pressure   150
– wall thickening   123

T

tachycardia   150
tagging pulse   144
target lesion revascularization   47
temporal resolution   9, 107, 109, 112, 158, 196, 230, 286
test bolus   118, 151
tetralogy of Fallot   18, 30
thallium-201   289
thin slab
– 3D acquisition   137
– maximum intensity projection   304
thoracic aorta   170
thrombolysis   193
thrombolytic therapy   38
thrombosis   122, 157, 166, 250
– in myocardial infarction (TIMI)   193
– – risk score   167
thrombotic occlusion   208
through-plane resolution   99, 100, 102, 107
time sensitivity profi le (TSP)   109
TIMI, see thrombosis in myocardial infarction
transducer
– acoustic size   85
– ring-down artifact   85, 87
transfer capacity   329
transform encoding   330
transluminal angioplasty   182
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transplant coronary artery disease   84
transseptal puncture   26
treadmill   272
– stress test (TMST)   280
triglyceride   249
triple rule out protocol   170, 171, 196, 198, 199
troponin   169, 280
trueFISP technique   137
trunk stenosis   186
tube current   286
– reduction   119
turbo spin-echo pulse sequence   137
T-wave   143

U

unstable angina pectoris   38, 165, 167, 170, 192, 236, 252

V

vaccuum pump   3
Valsalva maneuver   198
valvular disease   153
vasa vasorum   205
vascular
– brachytherapy (VBT)   51
– stenosis   32
VCA, see virtual coronary angioscopy
vein graft   32
velocity of sound   72
venous thromboembolism (VTE)   194, 199
ventricle   2
ventriculography   28, 42, 123
vessel
– coronary segment analysis   52
– injured-not stented (I-nS) segment   54
– non-diseased   53
– normal portion   47
– segmentation   48, 126, 127, 303
– wall
– – imaging   42
– – remodeling   76
video
– camera   43
– tape   328

virtual
– coronary angioscopy (VCA)   311
– histology   42
visualization   298
vitamin supplementation   240
volume
– rendering technique (VTR)   110, 305, 313
– score   224–226, 312
volumetric data   302
voxel
– calcium-containing   287
– intensity   303, 305
– value   306
VTR, see volume rendering technique
vulnerable plaque   80, 145, 166

W

wavefront propagation principle   45
wavepath approach   45
Well’s clinical decision rule   194, 196
white compression   44
wind tunnel test   49
windmill structure   102

X

X-ray   25, 331
– absorption   43
– angiography   62
– arteriography   42, 50
– attenuation coeffi cient   115
– focal spot   102
– image intensifi er   28
– spectrum   287

Z

z-axis resolution   99
z-coverage   110
z-direction   118
zero calcium score   268, 272, 277, 280
z-fl ying focal spot   102, 103, 108, 112
z-resolution phantom  108
z-sampling technique  100, 103, 112
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123

Medical Radiology  Diagnostic Imaging and Radiation Oncology
   Titles in the series already published


	Title Page
	Copyright Page
	Foreword
	Preface
	Table of contents
	1 Coronary Anatomy
	1.1 Introduction
	1.2 Physiological and Anatomical Bases
	1.3 Normal Coronary Anatomy
	1.3.1 Left Coronary Anatomy
	1.3.1.1 Left Main Coronary Artery
	1.3.1.2 Left Anterior Descending Coronary Artery
	1.3.1.3 The Circumflex Artery

	1.3.2 Right Coronary Anatomy
	1.3.2.1 Right Coronary Artery
	1.3.2.2 Determination of Dominance


	1.4 Visualization of the Normal Coronary Artery Tree 
	1.4.1 Anatomy on Catheter Coronary Angiography
	1.4.2 Anatomy on Multi-detector CT

	1.5 Anomalies of the Coronary Artery Tree
	1.5.1.1  Coronary Artery Fistula
	1.5.1.2 Anomalous Origin of a Coronary Artery from the  Pulmonary Trunk  
	1.5.1.3 Myocardial Bridging

	1.5.2 Vessels Originating from the Contralateral Side, With an Interarterial Course
	1.5.2.1 Right-Sided Left Coronary Artery
	1.5.2.2 Left-Sided Right Coronary Artery
	1.5.2.3 Congenital Coronary Anomalies Not Causing Myocardial Ischemia

	References

	2 Invasive Coronary Imaging
	2.1 Conventional Catheterisation
	2.1.1 The Development of Cardiac Catheterisation
	2.1.1.1 Cardiac and Coronary Catheters
	2.1.1.2 Cardiac Catheterisation Laboratories
	2.1.1.3 Radiation Safety and Exposure
	2.1.1.4 Coronary Contrast Injection
	2.1.1.5 Views for Coronary Angiography
	2.1.1.6 Quantifi cation of Coronary Angiography

	2.1.2 Normal Coronary Anatomy
	2.1.3 Arterial Dominance
	2.1.3.1 Normal Variants
	2.1.3.2 Muscle Bridge
	2.1.3.3 Coronary Artery Anomalies Presenting in the Adult

	2.1.4 Coronary Abnormalities Presenting in Infancy and Childhood
	2.1.4.1 Coronary Fistulae

	2.1.5 Risks of Coronary Angiography
	2.1.5.1 Selection of Patients for Coronary Angiography
	2.1.5.2 Development of Coronary Revascularisation

	2.1.6 Percutaneous Coronary Intervention
	2.1.6.1 Concomitant Pharmacological Therapy
	2.1.6.2 Long-Term Outcome
	2.1.6.3 Comparison with Bypass Surgery
	2.1.6.4 Percutaneous Coronary Intervention Versus Conservative Therapy

	2.1.7 Alternative Strategies to the First Line Use of Coronary Angiography
	References

	2.2 Quantitative Coronary Arteriography
	2.2.1 Introduction
	2.2.2 Analog or Digital Image Acquisition and Analysis
	2.2.3 Brief History of Quantitative Coronary Arteriography
	2.2.4 Basic Principles of Quantitative Coronary Arteriography
	2.2.4.1 Basic Principles of  Automated Contour Detection
	2.2.4.2 Calibration Procedure
	2.2.4.3 Coronary Segment Analysis
	2.2.4.4 The Flagging Procedure
	2.2.4.5 Complex Vessel Morphology
	2.2.4.6 Densitometry
	2.2.4.7 Standardized QCA Methodology for Assessing Brachytherapy Trials
	2.2.4.8 Standardized QCA Methodology for Drug-Eluting Stent Analyses
	2.2.4.8.1 Definition and Assessment of the Segments Based on Markers or Physical Landmarks 
	2.2.4.8.2 Definition and Assessment of the Segments Based on Biologically Relevant Landmarks 
	2.2.4.8.3 Definition and Assessment of the “Normal” Segment 
	2.2.4.8.4 Definition and Assessment of the Related Parts 
	2.2.4.8.5 Data Collection and Reporting for Drug-Eluting Stent Trials

	2.2.4.9 Ostial Analysis
	2.2.4.10 Bifurcation Analysis

	2.2.5 Guidelines
	2.2.5.1 Guidelines for Catheter Calibration
	2.2.5.2 Guidelines for QCA Acquisition Procedures

	2.2.6 QCA Validation
	2.2.6.1 Plexiglass Phantom Studies
	2.2.6.2 In Vivo Plexiglass Plugs
	2.2.6.3 Inter- and Intra-observer and Short- and Medium-term Variabilities
	2.2.6.4 Inter-laboratory Variability

	2.2.7 Applications of QCA: Off -Line and On-Line
	2.2.8 Future QCA Directions
	2.2.9 In Conclusion
	References

	2.3 Clinical Intracoronary Ultrasound
	2.3.1 Introduction
	2.3.2 Intracoronary Ultrasound Catheters
	2.3.3 Intracoronary Imaging of the Normal Coronary Artery 
	2.3.4 Intracoronary Ultrasound of Coronary Atherosclerosis
	2.3.5 IVUS and Vulnerable Plaque
	2.3.6 IVUS for In-Stent Restenosis
	2.3.7 IVUS for Intermediate Lesions
	2.3.8 IVUS and Transplant Coronary Artery Disease 
	2.3.9 Limitations of Intracoronary Ultrasound
	2.3.10 Conclusion
	References

	2.4 Quantitative Coronary Ultrasound (QCU)
	2.4.1 Introduction
	2.4.2 ICUS Image Acquisition
	2.4.2.1 Interventional Laboratory “Hardware” Set-Up
	2.4.2.2 Image Acquisition

	2.4.3 Quantitative Analysis
	2.4.3.1 QCU Developments

	2.4.4 Limitations
	2.4.5 Future Developments
	2.4.6 Conclusion
	References

	3 Non-Invasive Coronary Imaging
	3.1 Multi-Detector Row Computed Tomography – Technical Principles, New System Concepts, and Clinical Applications
	3.1.1 Introduction
	3.1.2 Technical Principles of ECG-Synchronized Cardiac Scanning with MDCT
	3.1.2.1 Technology Overview
	3.1.2.2 ECG-Triggered Sequential MDCT Scanning and Image Reconstruction
	3.1.2.3 ECG-Gated Spiral MDCT Scanning and Image Reconstruction
	3.1.2.4 Evaluation of Spatial Resolution
	3.1.2.5 Evaluation of Temporal Resolution

	3.1.3 New System Concepts
	3.1.3.1 CT Systems with Area Detectors
	3.1.3.2 Dual Source CT (DSCT)

	3.1.4 Clinical Applications
	3.1.4.1 Quantification of Coronary Artery Calcification 
	3.1.4.2 CT Angiography of the Coronary Arteries
	3.1.4.3 Detection of Coronary Artery Stenosis
	3.1.4.4 Evaluation of Atherosclerotic Plaque
	3.1.4.5 Evaluation of Cardiac Function
	3.1.4.6 Cardio-thoracic Examinations

	3.1.5 Advanced Image Post-Processing
	References

	3.2 Developments in MR Coronary Angiography
	3.2.1 Technical Development
	3.2.2 Pulse Sequences and K-space Trajectories
	3.2.3 Image Contrast
	3.2.4 Flow Quantification
	3.2.4.1 Coronary Wall Imaging

	3.2.6 Clinical Results
	3.2.7 Future Developments
	References

	3.3 Clinical Implementation of Coronary Imaging
	3.3.1 Introduction
	3.3.2 Patient Preparation for Non-invasive Coronary Angiography with CT
	3.3.3 Contrast Media Administration
	3.3.4 Image Post-Processing Technique
	3.3.5 Diagnosis of Coronary Artery Disease
	3.3.6 Indications for CT Coronary Angiography
	3.3.7 Coronary Morphology and Myocardial Function
	3.3.8 Evaluation of Coronary Artery Bypass Grafts
	3.3.9 Evaluation of Coronary Artery Stents
	3.3.10 Plaque Detection
	3.3.11 Radiation Dose
	3.3.12 Conclusion
	References

	3.4 MDCT in Acute Coronary Syndrome
	3.4.1 Introduction
	3.4.2 Pathogenesis
	3.4.3 Risk Stratification
	3.4.4 Calcium Scoring in Patients with ACS
	3.4.5 CTA for the Diagnosis of ACS
	3.4.6 CTA for the Differential Diagnosis in ACS
	3.4.7 Current Recommendations and Guidelines
	3.4.8 Conclusion
	References

	3.5 Coronary CT Angiography Guidance for Percutaneous Transluminal Angioplasty
	3.5.1 General Principles
	3.5.2 CTA Protocol for PCI Guidance of Complex CA Lesions
	3.5.2.1Coronary Angiography
	3.5.2.2 Protocol of Coronary CTA
	3.5.2.3 Post Processing
	3.5.2.4 Integration of CAG and CT Data in the Cath Lab

	3.5.3 CT Guidance of Chronic Total Occlusion
	3.5.4 CT Guidance of Coronary Ostia
	3.5.5 CT Guidance of Bifurcation Lesions
	3.5.5.1 The Limits of Coronary Angiography
	3.5.5.2 Example of a Lesion on the Main Branch and the LAD/LCX Bifurcation
	3.5.5.2.1 CAG and CTA Assessment Prior to the Procedure
	3.5.5.2.2 Performance of the Procedure
	3.5.5.2.3 Results


	3.5.6 Conclusion
	References

	3.6 Use of Multidetector Computed Tomography for the Assessment of Acute Chest Pain: Guidelines of the North American Society of Cardiac Imaging and the European Society of Cardiac Radiology
	3.6.1 Preamble
	3.6.2 How to Manage Chest Pain: The Emergency Department Perspective
	3.6.2.1 Acute Coronary Syndrome
	3.6.2.2 Pulmonary Embolism
	3.6.2.3 Acute Aortic Syndromes
	3.6.2.4 Alternative Diagnoses

	3.6.3 Triple Rule-Out
	3.6.4 CT Protocol
	3.6.4.1 Scanner Technology
	3.6.4.2 Preparation for the CT Scan
	3.6.4.3 Calcium Scoring
	3.6.4.4 CTA Protocol
	3.6.4.5 Dedicated CTA
	3.6.4.6 Global Assessment (Triple Rule-Out)

	3.6.5 Imaging Evaluation and Post Processing
	3.6.6 Physician Requirements
	3.6.7 Future Directions
	3.6.8 Summary
	References

	4 Non-Invasive Measurement of Coronary Atherosclerosis
	4.1 Pathophysiology of Coronary Atherosclerosis and Calcification
	4.1.1 Normal Artery Histology and Cell Function
	4.1.2 Endothelial Dysfunction and the Pathogenesis of Atherosclerotic Plaques
	4.1.3 Calcification of Plaques
	4.1.4 Calcification and Plaque Rupture
	References

	4.2 Detection and Quantification of Coronary Calcification
	4.2.1 Introduction
	4.2.2 Fluoroscopy
	4.2.3 Conventional Computed Tomography
	4.2.4 Electron-Beam Computed Tomography
	4.2.5 Multidetector Computed Tomography
	4.2.6 Intravascular Ultrasound
	4.2.7 Magnetic Resonance Imaging
	References

	4.3 Measuring Coronary Calcium
	4.3.1 Introduction
	4.3.2 Scoring Algorithms
	4.3.3 Calcium Scoring In Vivo
	4.3.4 Calcium Scoring In Vitro
	4.3.5 Combining In Vivo and In Vitro
	4.3.6 Implications
	4.3.7 Conclusion
	References

	4.4 Coronary Calcium as an Indicator of Coronary Artery Disease
	4.4.1 Coronary Calcium as an Indicator of Atherosclerosis
	4.4.2 Coronary Calcium – Prediction of Coronary Heart Disease Events
	4.4.3 Progression of Coronary Calcium
	4.4.4 Guidelines for and Practical Use of Coronary Calcium Assessment
	References

	4.5 Epidemiology of Coronary Calcification
	4.5.1 The Prevalence of Coronary Calcification
	4.5.2 Cardiovascular Risk Factors and Coronary Calcification
	4.5.3 Ethnic Diff erences in Coronary Calcification 
	4.5.4 Coronary Calcification and Risk of Manifest Atherosclerotic Disease
	4.5.5 Coronary Calcification and Measures of Extracoronary Atherosclerosis 
	4.5.6 Progression and Regression of Coronary Calcification
	References

	4.6 Coronary Artery Calcium Screening: Current Status and Recommendations from the European Society of Cardiac Radiology and North American Society for Cardiovascular Imaging
	4.6.1 Introduction
	4.6.2 Coronary Artery Calcium as a Predictor of Cardiac Events
	4.6.3 CAC as an Indicator of Coronary Artery Luminal Stenosis
	4.6.4 Clinical Comparison of MDCT and EBT for Coronary Artery Calcium Score Measurement
	4.6.5 Review of Current Guidelines on Coronary Artery Calcification
	4.6.5.1 Risk Assessment in Asymptomatic Persons
	4.6.5.2 The Focus of Current Guidelines on CAC Scoring

	4.6.6 Indications for CAC Scoring in Asymptomatic Individuals
	4.6.7 Atherosclerotic Disease Quantification in Patients with Chest Pain 
	4.6.7.1 Implications for Therapy
	4.6.7.2 Limitations
	4.6.7.3 Summary

	4.6.8 Race and Calcium Score
	4.6.9 The Value of Coronary Artery Calcium in the Elderly Population
	4.6.10 Summary
	4.6.11 Diabetes Mellitus and Coronary Artery Calcium
	4.6.12 Summary
	4.6.13 Renal Failure and Coronary Artery Calcium
	4.6.14 Summary
	4.6.15 The Value of the ZERO Calcium Score – Asymptomatic Patients
	4.6.16 The Value of ZERO Calcium Score – Symptomatic Patients
	4.6.16.1 Calcium Score and Prediction of Obstructive Coronary Artery Disease on Angiography

	4.6.17 Summary
	4.6.17.1 The Value of Zero Calcium Score to Rule Out CAD in Symptomatic Patients: Comparison to Treadmill Stress Testing and Nuclear Stress Tests
	4.6.17.2 The Value of Zero Calcium Score inPatients Presenting with Acute Chest Pain to the Emergency Department

	4.6.18 Calcium Score Progression: Interpretation
	4.6.19 Serial Testing Paradigm
	4.6.20 Reproducibility of CAC CT and Its Determinants 
	4.6.20.1 Clinical Thresholds of Coronary Artery Calcium Progression

	4.6.21 Clinical Interpretation of Changes in Coronary Artery Calcium
	4.6.21.1 Rates of Coronary Artery Calcium Progression and Its Determinants
	4.6.21.2 Results of Randomized Clinical Trials on Effect of Statin Therapy on Coronary Artery Calcium Progression 

	4.6.22 Cardiovascular Prognosis Related to Coronary Artery Calcium Progression
	4.6.23 Summary
	4.6.24 Standardization of the Calcium Score Measured Using Different CT Systems 
	4.6.25 Infl uence of Scoring Parameter Settings of Underlying Software Algorithms on Calcium Scoring
	4.6.26 Radiation Exposure
	4.6.27 Conclusions
	References

	5 Multi-Dimensional Computed Cardiac Visualization
	5.1 Introduction
	5.2 Visualization Techniques
	5.2.1 Two-Dimensional Slice Viewing
	5.2.1.1 Native Multi-planar Reformation
	5.2.1.2 Oblique Multi-planar Reformation
	5.2.1.3 Curved Multi-planar Reformation
	5.2.1.4 Stretched Multi-planar Reformation

	5.2.2 Maximum Intensity Projection
	5.2.3 Thin Slab Maximum Intensity Projection
	5.2.4 Surface Rendering
	5.2.5 Volume Rendering

	5.3 Intra-coronary Visualization
	5.4 Visualization of Four-Dimensional Data
	5.5 Clinical Applications
	5.5.1 Coronary Calcification
	5.5.2 Coronary Anatomy
	5.5.3 Coronary Stenosis and Atherosclerotic Plaque
	5.5.4 Coronary Stent Evaluation
	5.5.5 Cardiac Function
	5.5.6 Myocardial Perfusion and Late-Enhancement Analysis
	5.5.7 Combined Analysis of Coronary Arteries and Myocardium

	5.6 Artifacts and Pitfalls
	5.6.1 Technique-Related Problems
	5.6.2 User-Related Problems
	5.6.2.1 Missegmentation
	5.6.2.2 Improper Choice of Techniques
	5.6.6.3 Misplacement of Selection Tools


	5.7 Conclusion
	5.8 Digital Storage and Distribution
	5.9 History of Cardiac X-Ray Management
	5.10 Standardized File Formats
	5.10.1 DICOM Extensions for Cardiology Data
	5.10.2 Image Compression
	5.10.3 Matrix Size Reduction
	5.10.4 Data Size Reduction

	5.11 PACS Development
	5.12 Conclusion
	References

	Subject Index
	List of Contributors



