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Coronary artery disease (CAD) is one of the leading causes of death in de-
veloped countries, yet for many years the prediction of clinical events has been
reliant upon methods with substantial drawbacks. Non-invasive, indirect ex-
aminations such as Framingham risk factors, thorough clinical examination,
EKG and the treadmill test yield valid information but certainly do not pro-
vide a safe and complete assessment of the presence of CAD. Even nuclear
medicine techniques provide only indirect information on the presence of dis-
ease and are not always specific. On the other hand, direct imaging of the coro-
nary arteries using selective coronary angiography, possible since the 1960s,
is an invasive procedure that is not well tolerated by patients; this remains true
despite progress in catheter and guidewire design and the development of
stenting procedures that allow diagnosis and therapy within the same clinical
setting.

Coronary CT angiography has been proposed relatively recently as an al-
ternative to selective coronary angiography. Progress in equipment design has
transformed what was originally a research tool into a reliable, clinically ac-
cepted procedure that is easy to perform. The widely debated issue of X-ray
dose has now been partially solved as we have moved from an absolutely un-
acceptable dose of 25-30 mSv to a routine dose of 3-5 mSv or even 1 mSv.
Furthermore, a reduction in the acquisition time has permitted the contrast
medium dose to be consistently lowered from 120-150 ml to 40-50 ml. Ac-
ceptance of coronary CT angiography continues to grow, although there is still
no consensus on its role as a non-invasive diagnostic test in intermediate risk
patients.

Looking beyond coronary CT angiography, magnetic resonance angiog-
raphy (MRA) of the coronary arteries has been the subject of considerable
clinical research but has not yet entered general clinical practice despite ad-
vances on various fronts. A further significant advance is the use of techniques
that allow imaging of the coronary arterial walls during selective coronary an-
giography (intravascular ultrasound, IVUS, and optical coherence tomogra-
phy, OCT); this approach is improving our understanding of CAD and pro-
viding better evidence of the type of vascular wall involvement. 

This new edition of Imaging Coronary Arteries fully reflects the latest ad-
vances in coronary CT angiography and includes extensively revised or en-
tirely new chapters on IVUS, catheter angiography and OCT as well as dis-
cussion of the role of nuclear imaging and MRA. A further very significant
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new feature is the inclusion of 74 clinical cases that will serve to illustrate the
wide range of clinical cases encountered in daily practice and to demonstrate
the utmost importance of correlation of clinical and imaging findings. 

The editors would like to express their gratitude to all who have been in-
volved in the preparation of this edition, which will without doubt be of great
interest to radiologists, cardiologists, CT technologists and others. Special
thanks are due to Dr. Marco Rengo, Dr. Carlo Nicola De Cecco, Dr. Davide
Bellini, Dr. Damiano Caruso and Dr. Marco Maria Maceroni for their support
in the preparation of the updated chapters 2, 3, 4, 8 and 9.

November 2012 David A. Dowe
Massimo Fioranelli

Paolo Pavone



Coronary CT angiography (CTA) is rapidly changing the patient-care algo-

rithms used to detect coronary artery disease, as well as the approach we take

in risk-factor assessment and in the triage of patients. The rapid adoption of

coronary CTA into clinical practice has been fueled by significant yearly ad-

vances in CT technology, which have improved the spatial and temporal res-

olution of this technique while simultaneously decreasing radiation exposure. 

The growing utilization of coronary CTA has created a need for compre-

hensive didactic texts that explain the numerous applications of this new tech-

nology with respect to the pathophysiology of coronary artery disease, while

also providing information on the approach to patients who have undergone

previous bypass surgery or percutaneous coronary intervention. I believe this

book accomplishes both of these goals, and does so in a reader-friendly for-

mat. The image quality of the many figures that accompany each chapter is

excellent and reflects the use of state of the art technology. The techniques

described for plaque detection and characterization represent the current think-

ing pervasive in the coronary CTA community. The comprehensive reference

list at the end of the book offers the reader a wealth of resources for further

study. 

There is no doubt that this book will be popular with radiologists, cardi-

ologists, CT technologists and anyone else seeking to acquire a comprehen-

sive understanding of coronary artery disease and its depiction using coro-

nary CTA.

Galloway, October 2008 David A. Dowe, MD
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tricular (RV) branches, acute marginal (AM) branch,
and the atrioventricular node artery.

The left coronary artery (LCA) arises from the
left aortic sinus of Valsalva; the left main (LM)
branch of the LCA ends in a bifurcation, giving rise
to the left anterior descending artery (LAD) and
the left circumflex artery (LCx). Sometimes a third
ramus intermedius is present between these two
branches.

The LAD gives off septal (SP) and diagonal
(DIAG) branches and ends at the apex of the heart,
sometimes reaching the posterior interventricular
groove. The LCx has two or three obtuse marginal
branches (OM), before either terminating or, in the
case of left-dominant or balanced circulation, giving
off a posterolateral branch or ending in the posterior
atrioventricular groove.

1Clinical Anatomy of the Coronary 
Circulation

Massimo Fioranelli, Carlo Gonnella, Stefano Tonioni,
Fabrizio D’Errico and Mariantonietta Carbone

1

1.1 Introduction

The classification of the American Heart Associa-
tion, which divides the coronary arteries into 15–16
segments, is often used in the evaluation of the coro-
nary anatomy with multi-slice computed tomogra-
phy (Fig. 1.1) [1-5]. In this chapter, a more complex
classification is used, as it provides a more detailed
anatomic picture. We begin with a brief review of the
coronary anatomy.

The right coronary artery (RCA) takes origin
from the right aortic sinus of Valsalva and then di-
vides to form two terminal branches, the posterior
descending artery (PDA) and the posterolateral
(PLV) branches. Along its course, the RCA gives off
several branches: the sinus node artery, right ven-

Fig. 1.1 Classification of the
American Heart Association. 
RC right coronary artery, 
RV right ventricular branch, 
AM acute marginal branch, 
PLV posterolateral ventricular
branch, PDA posterior descending
artery, LCA left coronary artery,
LM left main artery, LAD left
anterior descending artery, 
DIAG 1 first diagonal branch,
DIAG 2 second diagonal branch,
LCx left circumflex artery, 
OM obtuse marginal branches

C. Gonnella (�)
Cardiology Department
“San Carlo di Nancy” Hospital, Rome, Italy
e-mail: carlo.gonnella@tiscali.it
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coronary ostium to the first RV branch; if the lat-
ter is not present, the segment is usually identi-
fied between the ostium and the acute margin of
the heart. The second segment (BARI 2) extends
from the first RV branch to the acute margin of
the heart, which usually coincides with the ori-
gin of the AM branch (BARI 10). This vessel is
the most constant branch of the RCA and it runs
on the surface of the free wall of the right ven-
tricle in the direction of the apex, at an angle pro-
portional to the proximity of its origin. The third
segment (BARI 3) begins at the acute margin of
the heart and courses to the origin of the PDA
(BARI 4), at the level of the crux cordis. At this
level, in right-dominant circulation (85% of
cases), the RCA divides into two terminal
branches, the PDA and PLV branches (BARI 5),

1.2 Angiographic Anatomy 
of the Coronary Circulation

The classification proposed in the Bypass Angio-
plasty Revascularization Investigation (BARI) trial
reported by Alderman and Stadius (1992) divides
the coronary arteries into 29 segments (Fig. 1.2).

The coronary trees have two principal compo-
nents: the subepicardial system consists of the ar-
teries and veins that course and ramify on the sur-
face of the heart; the intramyocardial system
comprises their perforating branches.

The subepicardial system is formed by the
right and left coronary arteries, arising from the
right and left aortic sinus of Valsalva, respec-
tively. The RCA is divided into three segments.
The first segment (BARI 1) extends from the

Fig. 1.2 Classification of the BARI Study Group: The coronary arteries are divided into 29 segments: 1 Prox-
imal segment of the right coronary artery (RCA), 2 middle segment of the RCA, 3 distal segment of the RCA,
4 posterior descending artery (PDA), 5 posterolateral branch of the RCA (PLV), 6 first posterolateral branch of
the RCA, 7 second posterolateral branch of the RCA, 8 third posterolateral branch of the RCA, 9 inferior sep-
tal branches, 10 acute marginal branches of the RCA, 11 left main of the left coronary artery (LM), 12 proxi-
mal segment of the left anterior descending artery (LAD), 13 middle segment of the LAD, 14 distal segment of
the LAD, 15 first diagonal branch (DIAG), 15a lateral first diagonal branch, 16 second diagonal branch, 16a
lateral second diagonal branch, 17 septal branches of the LAD (SP), 18 proximal segment of the left circum-
flex artery (LCx), 19 middle segment of the LCx, 19a distal segment of the LCx, 20 first obtuse marginal branch
(OM), 20a lateral first obtuse marginal branch, 21 second obtuse marginal branch, 21a lateral second obtuse
marginal branch, 22 third obtuse marginal branch, 22a lateral third obtuse marginal branch, 23 LCx continuing
as the left atrioventricular branch, 24 first left posterolateral branch, 25 second left posterolateral branch, 26
third left posterolateral branch, 27 left posterior descending artery (PD) (in left-dominant circulation), 28 ramus
intermedius, 28a lateral ramus intermedius, 29 third diagonal branch, 29a lateral third diagonal branch



perfusing the diaphragmatic wall of the left ven-
tricle. In the remaining 15% of cases, the cir-
culation may be left-dominant or balanced: in
left-dominant circulation, the PLV and PDA
originate from the LCx; in balanced circula-
tion, the PDA originates from the RCA, and the
PLV from the LCx.

The concept of dominance is defined by the re-
lationship between the RCA and LCx, according
to the origin of the PDA and in relation to the ar-
terial supply of the inferior wall of the left ven-
tricle, but independent of the extent of the circu-
latory system.

The PDA, also called the posterior interven-
tricular branch, with its septal branches (BARI 9),
is the most important branch of the RCA; it courses
in the homonymous groove without reaching the
apex of the heart, which is usually supplied by the
recurrent branch of the LAD. The PLV immediately
originates after the PDA, at the level of the crux
cordis. It courses along the posterior atrioventric-
ular sulcus, branching with its collateral vessels
(BARI 6–8) at the diaphragmatic and inferiopos-
terior walls of the left ventricle.

The RCA furnishes smaller branches such as
the conus artery, sinus node artery, RV branches,
and atrioventricular node artery (Fig. 1.3). The

conus artery is the first vessel originating from
the RCA. In 40% of the cases it directly origi-
nates from the right aortic sinus or from the
aorta. The sinus node artery arises from the RCA
(two-thirds of the cases); in 25% of cases, it may
originate from the LCx, while in 10% the two
vessels arise from both coronary arteries. The
RV branches originate in the second segment of
the RCA and run along the surface of the RV, an-
terior to the interventricular groove. The number
of these branches varies greatly and is inversely
proportional to the diameter of such vessels. In
nearly all of the cases of right-dominant circula-
tion and in 75% of the cases of balanced circu-
lation, the atrioventricular node artery arises at
the end of the third segment of the RCA. Its lo-
cation is important in the angiographic identifi-
cation of the crux cordis. In individuals with left-
dominant circulation, it originates from the distal
segment of the LCx. At the level of Koch’s trian-
gle is the subendocardial artery, situated between
the septal cuspid of the tricuspid valve and the
coronary sinus; it furnishes branches to the pos-
terior interventricular septum and the atrioven-
tricular node.

The LCA arises from the left aortic sinus, at a
higher level than the RCA, and is divided into

31 Clinical Anatomy of the Coronary Circulation

Fig. 1.3 Right coronary
artery in left anterior oblique
(LAO) view. RCA Right
coronary artery (segments 
1–3), AM acute marginal
branch, PLV posterolateral
branch, PDA posterior
descending artery



three segments (Fig. 1.4). The LM branch of the
LCA (BARI 11), also called the left main coronary
artery (LMCA), extends for a varying length (gen-
erally 2 cm, diameter 3–6 mm) from the ostium to
the bifurcation of the LAD and LCx. In 30–37%
of the cases, the LM artery gives off three
branches, one of which, the ramus intermedius
(BARI 28), runs toward the apex and supplies the
anterolateral wall of the left ventricle.

The LAD is the most constant, in origin and
distribution, among all the coronary vessels. It
originates from the LM artery and runs in the an-
terior interventricular groove to the apex of the
heart. In 70% of the cases, the LAD extends up to
the posterior interventricular groove such that it
furnishes branches for perfusion of the inferior in-
terventricular septum and the apex; otherwise,
these arise along the length of the PDA. The first
segment of the LAD (BARI 12) runs from the bi-
furcation of the LM artery to the origin of the first
septal branch (SP, BARI 17). The second segment
(BARI 13) extends from the origin of the first SP
to the origin of the third septal or second DIAG
branch. The third segment (BARI 14) ends at the
apex, surrounding and sometimes traveling up to
the posterior wall. When the third SP or second
DIAG branch is not identified, the end of the sec-
ond segment of the LAD is conventionally de-
fined as the half-length between the first SP and
the apex. The LAD furnishes branches for the an-
terior interventricular septum and the anterolateral
wall of the left ventricle. There are generally three

SP branches and they originate at right angles
from the LAD.

The first SP branch is constant in its origin
and course; thus, it is important to identify its
passage between the proximal and middle seg-
ments of the LAD. Some segments may run in-
tramyocardially but generally they develop cau-
dally, along the interventricular septum, and
supply the proximal two-thirds of the anterior
septum. The second and third SP branches are
more variable, with narrow diameters; they sup-
ply the distal third of the anterior septum. There
are usually three DIAG branches (BARI 15, 16–
29), each of which originates at an acute angle
from the LAD; their pathway is to the anterolat-
eral wall of the left ventricle. The diameter of
these vessels is inversely proportional to the num-
ber of branches.

The LCx develops from the LM artery and
runs in the posterior atrioventricular groove; after
a short tract under the left atrium, it continues in
the left posterior atrioventricular groove and con-
tacts the mitral annulus. The LCx splits into three
segments. The first (BARI 18) extends from the
origin to the first marginal branch (OM, BARI
20). If the first OM is absent or not clearly iden-
tifiable, the zone of transition among the first
and second segments is conventionally identified
by a point corresponding to the half-length be-
tween the origin of the LCx and the origin of the
second OM (BARI 21). The second segment
(BARI 19) runs from the origin of the first OM to

4 M. Fioranelli et al.

Fig. 1.4 Left coronary 
artery in caudal right anterior
oblique (RAO) view.
LM Left main artery, 
LAD left anterior descending
artery (segments 1–3), 
DIAG 1 first diagonal
branch, DIAG 2 second
diagonal branch, LCx left
circumflex artery (segments
1–3), OM 1 first obtuse
marginal branch, 
OM 2 second obtuse
marginal branch



the origin of the second OM. If the second mar-
ginal branch is absent, the zone of transition is de-
fined by the half-length between the origin of the
first OM and the point where the circumflex ar-
tery terminates. The third segment (BARI 19a), in
right-dominant circulation, extends from the ori-
gin of the second OM to the termination point of
the vessel; in left-dominant or balanced circula-
tion, to the point of origin of the left ventricular
branch or the posterolateral branch in the poste-
rior atrioventricular groove (BARI 23). In left-
dominant circulation, the LCx gives rise to the left
ventricular branch or PLV, with its side branches
(BARI 24–26) and to the PDA (BARI 27), with its
septal branches (BARI 9).

The LCx gives rise to the sinus node artery, left
atrial branch, and marginal branches. In 25% of
the cases, the sinus node artery arises from the
proximal segment of the LCx, near the ostium.
The atrial branch originates at the end of the prox-
imal segment and runs to the inferoposterior wall
of the left atrium. Of the three OM branches, the
first one is usually larger and constant; it termi-
nates on the posterolateral wall of the left ventri-
cle toward the apex. Its development is inversely
proportional both to the extent of the RCA on the
posterolateral surface of the left ventricle and to
the number and development of the diagonal
branches of the LAD.

1.3 Intramyocardial Vascularization
and the Venous Circulation

After oxygen and nutritional substrates have been
extracted by the myocardium, a portion of the de-
saturated blood is transported directly into the
ventricles through the Thebesian veins. Neverthe-
less, most of the blood, through the venules and
myocardial veins, goes to the epicardial veins,
which drain in the coronary sinus, located in the
inferoposterior region of the right atrium.

The epicardial arteries are muscular vessels with
a wall thickness of about 100 μm; they are made up
of three overlapping layers: intima, media, and ad-
ventitia. These arteries, which transport oxygenated
blood to the arteries, arterioles, and capillaries, tra-
verse the surface of the heart covered by epicardium
or sometimes by subepicardial adipose tissue. Mus-
cular bridges of variable length, in which the epi-
cardial vessels become intramyocardial, are present
in 5–22% of the cases at the anterior LAD and in
86% in the other coronary arteries (Fig. 1.5).

Normal embryological development of the
 coronary circulation involves the formation of col-
lateral vessels that link the different sections of the
arterial circulation. The collateral circulation consists
of four types of vessels: intramyocardial vessels
originating from the same vessel (intracoronary
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Fig. 1.5a, b Myocardial bridging of the left anterior descending artery reduces the arterial diameter

a b



 circulation), intramyocardial vessels originating from
two or more coronary arteries (intercoronary circu-
lation), atrial vessels connecting with the vasa va-
sorum of the aorta or other arteries (extracardiac cir-
culation), and intramyocardial vessels that directly
communicate with the ventricles (arteriolar luminal
circulation). In the normal adult myocardium, the
collateral circulation consists of small-caliber vessels
(< 50 m in diameter) that contribute only marginally
to coronary flow. In the presence of obstruction or
myocardial ischemia, the diameter of the collateral
vessels expands to 200–600 μm; the growth of a me-
dial layer allows a significant quantity of blood flow.
The development of collaterals results in the for-
mation of connections among proximal and distal
segments of a vessel crossing a stenosis.

1.4 Variability of the Coronary
Artery Circulation

The native coronary artery circulation is highly
variable. This is in contrast to other arterial vascu-
lar districts, which have a constant, readily identi-
fiable anatomy, such as the carotid or iliac-femoral
arteries, where, except for differences of caliber, the
morphology, origin, and anatomic course are the
same between individuals. Variations in the coro-
nary arteries include the type of dominance, dif-

ferences in caliber, and alternative branch mor-
phologies. This aspect of the coronary circulation
must be kept in mind during diagnostic evaluation
of the arteries, to avoid considering an artery that
is small and poorly developed as a stenosis.

The variability of the coronary circulation is
such that two patients rarely have the same coro-
nary vascular anatomy. In this context, the use of
terminology such as “strongly developed branch”
or “hypoplastic vessel” identifies the development
of the vessel but does not denote the presence or
absence of atherosclerotic lesions. For example, in
some patients, the course and caliber of the LCx
are highly developed, while in others the artery
may be small and perfuses only a small portion of
the myocardium. These differences are compen-
sated for by the development of other vessels,
which balance the perfusion of a myocardial re-
gion by a hypoplastic artery perfusion. The mor-
phology of an artery and the extent of the territory
it perfuses are very important considerations in
therapeutic planning. The larger the myocardial re-
gion perfused by an artery, the greater the justifi-
cation for a myocardial revascularization proce-
dure in the presence of a critical stenosis.

As shown in Figure 1.6, there are some cases in
which the LAD is more developed than the LCx,
but in other situations the LCx is more developed
and perfuses the largest part of the left ventricle.
The caliber of the branches originating from these
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Fig. 1.6 a Hypertrophic left circumflex artery (LCx). b Hypoplastic LCx. LAD Left anterior descending artery
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two arteries depends on the size of the artery from
which they derive; that is, the DIAG branches will
be of larger caliber than the OM branches when
the LAD is more developed than the LCx, while
the OM branches will be more developed if the
caliber of the LCx is larger.

If the RCA is highly developed, its distal
branches (PDA and PLV), in addition to vascular-

izing the right ventricle, will also perfuse the pos-
terior wall of the left ventricle. In other cases, in-
cluding right-dominant circulation, the PLV are
poorly developed and the great part of the left
ventricle is perfused by the LCx (Fig. 1.7).

Finally, the RCA can be hypoplastic, giving
rise only to the conus artery after a single AM
branch (Fig. 1.8).
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Fig. 1.7 a Right-dominant circulation. b Balanced circulation. RCA Right coronary artery, PLV posterolateral
branches, PDA posterior descending artery

a b

Fig. 1.8 a Left-dominant circulation. The left anterior descending and circumflex arteries are hypertrophic. b The
right coronary artery (arrow) is hypoplastic and branches derive from the acute marginal branch

a b



These anatomic variations are normal and are
not related to ischemic damage.

In the presence of atherosclerotic stenosis in a
small vessel, the ischemic portion of the my-
ocardium will be correspondingly small. How-
ever, when atherosclerosis develops in a main ves-
sel of greater caliber, especially in the proximal
segments, the clinical symptoms will be important
and the ischemic area large.

The classical definition of single-, double-, or
triple-vessel disease, referring to the number of
vessels with critical stenosis, is tightly correlated
with the prognosis and with therapeutic planning;
nevertheless, the presence of coronary stenosis
must be assessed in the context of the global
coronary anatomy. Two-vessel coronary disease is
similar to three-vessel disease if the third vessel
is a hypoplastic or small artery rather than ather-
osclerotic.

1.5 Anomalous Coronary Arteries

An anomalous coronary artery can be found in
0.64–5.60% of patients who undergo coronary
angiography (Fig. 1.9). Some of these variations
have no clinical relevance, while others may rep-
resent an important pathology.

Separate origins of the RCA and conus artery
occur in 40–50% of the cases and a separate ori-

gins of the LAD and LCx in 1%. The most im-
portant anomaly is a LM artery originating from
the right sinus of Valsalva or from the RCA. The
course between the pulmonary artery and the aorta
can be the cause of vessel compression, and there-
fore of ischemia and sudden death, during or fol-
lowing physical effort. The same is true when the
LAD originates from the RCA or from the right
aortic sinus. By contrast, a circumflex artery orig-
inating from the RCA has no clinical conse-
quences, because of its posterior course.

Some congenital cardiopathies are often asso-
ciated with anomalous coronary arteries.

For example, in the tetralogy of Fallot, an
anomalous coronary artery is present in 9% of the
cases. The most common variation is a great conus
artery, an anomalous LAD originating from the
RCA or right sinus of Valsalva.

In transposition of the great vessels (D-type),
the most frequent (60% of the cases) anomaly is a
RCA that originates from the posterior surface of
the right aortic sinus and a LAD originating from
the posterior surface of the left aortic sinus. In
20% of the cases, the circumflex artery arises
from the RCA. In 3–9% of the cases, the RCA
arises from the left aortic sinus and the LCA from
the right sinus or there is a single coronary artery
that takes off from the right or left sinus of Val-
salva; an intramyocardial course is frequent.

In the L-type transposition, the coronary arter-
ies can derive from the originating sinus or from
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Fig. 1.9 Anomalous origin of the left circumflex artery from the right coronary artery. a In 3D view, the anom-
alous vessel (arrow) runs between the aorta and the pulmonary artery. b In 2D view, the origin and anomalous
and tortuous course of the vessel are visible
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the perfused ventricle. In this case, the RCA per-
fuses the left ventricle on the right side and divides
into the LAD and LCx, and the LCA runs in the
interventricular groove similar to the RCA.

The anomaly of one or more coronary arteries
arising from the pulmonary artery is seen in 0.4%
of patients with congenital cardiopathies.

The most frequent anomalous coronary artery
is the LAD originating from the pulmonary artery
(Bland-White-Garland syndrome).

Further coronary anomalies are aneurysms and
fistulas. Aneurysm is an expansion of the coronary
diameter by at least 1.5-fold more than an adjacent
segment. Coronary fistulas are communications
between the coronary arteries and the cardiac cav-
ities or great vessels: these can be congenital or ac-
quired following thoracic traumas, electrocatheter
implantation, endomyocardial biopsies, etc. The
most frequent location is the RCA (55%), LCA
(35%), or both (5%); in 40% of these patients, the
fistula is in the right ventricle, in 26% in the right
atrium, and in 17% in the pulmonary artery.

1.6 Factors Determining
Coronary Artery Size

Numerous independent factors, including age, sex,
body surface area, physical activity, and some
pathologies, influence the caliber of the coronary
arteries.

For instance, with increasing age there is a re-
duction of the caliber of the coronary vessels,
whereas in patients with myocardial hypertrophy
the arteries are of increased caliber.

Generally, in females, the coronary arteries are
narrower than in males, probably due to the differ-
ence in body surface area. The reduction in the cal-
iber of the coronary arteries that occurs with age
has many explanations: firstly, there is a high
prevalence of concentric atherosclerosis (not visi-
ble with coronary angiography), which causes a ho-
mogeneous reduction of the arterial lumen. In most
elderly subjects there is also subendothelial and
medial hypertrophy. Angiographic examination of
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Fig. 1.10 Evaluation of the coronary anatomy with multi-slice computed tomography. RCA Right coronary ar-
tery, LAD left anterior descending artery, LCx left circumflex artery
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Fig. 1.11 Angiographic evaluation of the coronary circulation; anterior (ANT) view. The classification used by
the BARI Study Group Investigators is in parentheses. RCA Right coronary artery (1), RVB right ventricular
branches (10), AM acute marginal branches (10), PDA posterior descending artery (4), PLV posterolateral branch-
es (5), AVNA atrioventricular nodal artery, LCA left coronary artery, LM left main artery (11), LAD left anteri-
or descending: first segment (12), second segment (13), third segment (14), SP septal branches (17), DIAG di-
agonal branches (15, 16, 29), LCx left circumflex artery: first segment (18), second segment (19), third segment
(19a), OM obtuse marginal branches (20–22), Ao aorta, LV left ventricle, PT pulmonary trunk, RA right atrium,
RV right ventricle

Fig. 1.12 Angiographic evaluation of the coronary circulation; right anterior view (RAO). RCA Right coronary
artery, RV right ventricular branches, AM acute marginal branches, PDA posterior descending artery, PLV pos-
terolateral branches, LM left main artery, LAD left anterior descending artery, DIAG diagonal branches, LCx left
circumflex artery, OM obtuse marginal branches, Ao aorta, Dao descending aorta, LV left ventricle, PT pul-
monary trunk, RA right atrium, RPA right pulmonary artery, RVOT right ventricular outflow tract, SVC superior
vena cava



the diameter of the coronary arteries often requires
the use of nitrates to resolve vasospasm; however,
with increasing patient age there is a reduction of
the effects of nitrates. Furthermore, reduced phys-
ical activity and a prevalence of connective tissue
in the myocardium are associated with a reduction
in the caliber of the coronary arteries.

Physical exercise is a strong stimulus for in-
creasing the caliber of the vessels and it potentiates
the effects of nitroglycerin or endothelial-derived
relaxing factor.

Cardiac pathologies that increase work by the
heart or produce an increase in coronary flow in-
crease the caliber of the coronary arteries. Thus, in
the evaluation of the coronary anatomy it is useful
to obtain anamnestic information from the patient.

Figures 1.10–1.13 provide examples of the coro-
nary anatomy, as visualized by computed tomog-
raphy (Fig. 1.10) or with traditional angiographic
projections (Figs. 1.11–1.13), including the cardiac
regions perfused by the larger coronary branches.
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Fig. 1.13 Angiographic evaluation of the coronary circulation; left anterior oblique (LAO) view. RCA Right
coronary artery, RV right ventricular branches, PDA posterior descending artery, LCA left coronary artery, LM
left main artery, LAD left anterior descending artery, DIAG diagonal branches, LCx left circumflex artery, OM
obtuse marginal branches, Ao aorta, LA left atrium, LV left ventricle, PT pulmonary trunk, RV right ventricle
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apparatuses developed thus far are based on a sim-
ple principle: an X-ray tube (the same as employed
elsewhere in radiology) rotates around the patient,
who lies on a radio-transparent bed. A thin, colli-
mated X-ray beam is sent towards the patient from
one side while sensors (detectors) are located on
the other. The amount of X-ray radiation absorbed
by the patient at the anatomic level examined is
then computed. Thus, from a simple perspective,
CT consists (Fig. 2.1) of a large box, the gantry,
which contains a circular track that allows fast ro-
tation of the X-ray tube. On the other side of the
tube, positioned along the same track, are the de-
tectors, which rotate synchronously with the X-ray
tube. The detectors transform the received signal
(i.e., the X-ray beam after it has passed through the
patient’s body) into a weak but consistent electri-
cal signal that is proportional to the amount of X-
rays detected. Accordingly, the greater the absorp-
tion of the X-ray beam by the patient, the smaller
the number of X-rays that hit the detector, and the
weaker the electrical signal transformed and trans-
mitted by the detector. Therefore, the electrical
signal created by the detector is a direct measure of
X-ray beam absorption. If the beam crosses an
area containing bone (e.g., the vertebrae), X-ray ab-
sorption will be consistent and a weak signal will
be produced by the detector (Fig. 2.2). If an
anatomic area containing air (e.g., the lungs) is
evaluated, X-ray absorption will be less and a
strong, consistent signal will result as very little of
the radiation is absorbed by the lungs.

At the same time that information on X-ray ab-
sorption is collected by the CT detectors during ro-
tation of the tube around the patient’s body, the de-

2Basic Techniques in the Acquisition 
of Cardiac Images with CT

Paolo Pavone
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2.1 Introduction

Computed tomography angiography (CTA) of the
coronary arteries is a very fast and the most ad-
vanced imaging technique currently available for
clinical use. Based on a multi-slice imaging ap-
proach together with specialized and dedicated soft-
ware, CTA “freezes” cardiac movement, thereby ac-
quiring static images of the rapidly moving heart. In
addition, the same approach produces contrast-
 enhanced images of the coronary arteries, by employ -
ing a three-dimensional technique with high spatial
and temporal resolution. This chapter informs the
non-experienced reader about the CTA modalities
that allow these images to be acquired. Specifically,
the following topics are discussed: (a) the basic con-
cepts of the equipment employed, (b) the technical
procedures needed to image the coronary arteries, (c)
the modalities for proper reconstruction of the three-
dimensional images, and (d) the procedures allowing
diagnostic analysis and image reproduction.

2.2 Technical Principles 
in the Acquisition of Cardiac
Images by CT

“Freezing” moving organs has been one of the
main goals of CT since its introduction. All of the
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tists who have been able to resolve the numerous
technical problems such that CT image quality has
constantly improved. Of interest is that the “in-
ventor” of CT, Sir Hounsfield, succeeded in his ef-
forts thanks in part to the Beatles, since EMI
Records financed CT research and the construction
of the first “commercial” CT unit. The volumetric
(spiral) revolution was a product of the work of
Willi A. Kalender. Due to these results and those of
related scientific activities, today, CT is used al-
most as easily as digital photography. Indeed, the
acquisition principles are the same: in CT, X-rays

tectors are also continuously and rapidly sending
electrical signals to a computer. In the process,
these weak but significant electrical signals are
immediately transformed into digital data that can
be analyzed by the appropriate software. Complex
reconstruction algorithms ultimately produce a se-
ries of diagnostic images, which are displayed on
the console monitor and are thus readily accessible
by the clinician.

As simple clinical users, it is not necessary to
understand the mechanics of these analyses. It is
important, however, to acknowledge those scien-

Fig. 2.1 Computed
tomography (CT)
equipment: basic principles.
(Reproduced from Brenner
and Hall, 2007. 2008
Massachusetts Medical
Society, with permission)

Fig. 2.2 X-ray absorption
and signal detection. X-ray
absorption is higher or lower
depending on the anatomic
area crossed by the X-rays.
For example, when X-rays
pass through the strongly
absorbing vertebrae, the
detector receives a weak
signal. When they pass
through the lungs, there is
less absorption and the
detector receives a much
stronger signal



are absorbed by the anatomic region of interest; in
digital photography, the brightness of the object is
assessed by a kind of detector, the CCD (charge-
coupled device), such that the light signal is trans-
formed into numerical (digital) information.

2.3 From Conventional to Spiral CT

The speed of data acquisition in CT depends on
two different factors: how fast the tube rotates
around the patient and the amount of information
that can be analyzed at the same time. Early CT
machines needed 18–20 s for a single rotation;
thus, the waiting time, in which the tube returned
to its initial position ready to begin a new rotation,
was as long as 1 min. A revolution in CT imaging
of the abdomen occurred in the early 1980s, with
a tube able to rotate around the body in 2 s, thereby
minimizing all artifacts arising from motions of
the abdominal organs. As a result, excellent static
images of the liver, pancreas, and adjacent vessels
could be obtained.

The next step was the introduction of spiral
systems, in which the tube is able to move freely
in the track contained in the gantry and does not
return to its initial position after each rotation. In
these machines, introduced in the early 1990s, the
electrical power that supplies the X-ray tube is
transmitted along the same rotational track, thus
avoiding both the need for long cables and a return
to the start position after each rotation. “Spiral”
refers to the fact that, once a continuous rotation
of the tube around the patient is started, movement
of the bed along the longitudinal axis creates a spi-
ral acquisition of images along the human body
(Fig. 2.1) instead of the axial images acquired in
conventional CT. There is dramatic improvement
of image quality with spiral CT in terms of speed
of data acquisition and the consistency of the di-
agnostic information. This is due to the fact that
images are not acquired on a single imaging plane
(axial); rather, data representative of an entire vol-
ume are reconstructed on the axial, coronal, sagit-
tal, and curved planes of the target organ. The in-
formation provided by these three-dimensional
images facilitates diagnostic evaluation of the in-

ternal organs of the human body. Moreover, the de-
velopment of spiral CT allowed the development
of other techniques, such as virtual endoscopy
and CTA, which have become routine tools in
clinical practice.

2.4 From Spiral to Multi-slice CT

Despite the advances made with the introduction of
spiral CT, the acquisition times were still too long to
allow cardiac imaging. The rotation time of the tube
was about 1 s, not short enough to “freeze” cardiac
movement. Moreover, the need remained to acquire
more data within the same time frame, in order to in-
clude the anatomic area surrounding the heart. With
multi-slice CT (MSCT) (Fig. 2.3), which became
commercially available at the beginning of this cen-
tury, an increase in the speed of data acquisition was
achieved. The principle of MSCT is simple: in con-
ventional CT, a collimated X-ray beam is emitted
and data are collected by a row of detectors located
on the other side of the patient, after attenuation of
the beam through his or her body. In MSCT, there is
a large data-acquisition system, composed of an ar-
ray of detectors arranged in multiple parallel rows
along the longitudinal axis. The larger collimation of
the X-ray beam is such that all of the detectors are
“hit” at the same time, allowing simultaneous eval-
uation of a larger anatomic area.

The first systems used in cardiac imaging had
four rows of detectors, but the real clinical revolu-
tion in cardiac imaging came with the development
of machines with 16 detector rows, as they were
able to generate images of the coronary arteries
with limited artifacts and improved resolution.

Currently, the most widely employed systems
have arrays of 64 detector rows, although newer
systems with 128, 256, and 320 detectors have
since become available. It is easy to understand
why the speed of acquisition is proportional to the
number of detectors. Coverage of an anatomic
volume such as the heart requires a certain num-
ber of rotations of the tube around the patient.
Clearly, the larger the anatomic area covered by the
detector rows, the fewer the number of rotations
needed (Fig. 2.4).
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Fig. 2.3 Single slice 
and multi-slice (multi-row)
detector CT

Fig. 2.4 Anatomic area
evaluated in a single rotation
of the X-ray tube. In MSCT,
the higher the number 
of detectors, the wider 
the anatomic area evaluated
during each rotation 
of the X-ray tube



2.5 Detector Number 
and Cardiac Imaging

It is worth emphasizing once more that the num-
ber of detectors used in MSCT corresponds to an
array of defined width. The volume simultane-
ously evaluated by the X-ray beam equals the
width of the detector array. In a 64-detector-row
machine, the detector width and the anatomic
area to be explored in a single rotation is in each
case 4 cm. Thus, to fully cover the anatomic area
of the heart (15–20 cm), four to five rotations are
needed during each phase of the cardiac cycle
(using cardiosynchronization, as discussed be-
low). With 128 detectors, the number of rotations
is reduced by one half, while with 320 detector
rows it may be possible to evaluate the entire
heart in a single rotation. It should be noted that
with 320 detector rows the width of the volume
acquired in one rotation corresponds to 16, not
20 cm, due to corrections needed for the so-
called cone beam artifact. One rotation, carried
out in the telediastolic phase of the cardiac cycle,
allows for the simultaneous acquisition of data
covering the entire heart. However, multi-cycle
images of the heart can also be acquired in a sin-
gle rotation, with the data reconstructed in the
different cardiac phases.

2.6 Temporal Resolution 
in Cardiac Imaging

Together with progress achieved by MSCT re-
garding the simultaneous acquisition of more data,
efforts have been made to reduce the rotation time
of the X-ray tube. This technical parameter is of ut-
most importance, as it represents the real tempo-
ral resolution of cardiac CT. In fact, even with the
largest detector array (i.e., 320), it would not be
possible to “freeze” images of the heart if the ro-
tation time of the X-ray tube was slow (e.g., 1 s, as
was the case with the first generation of spiral
scanners). In other words, it is not enough to si-
multaneously obtain as much data as possible;
rather, data acquisition must be very fast if the goal
is to generate consistent cardiac images.

The rotation time of early MSCT equipment,
0.5 s, was too slow to completely “freeze” cardiac
movement. Since the temporal resolution is equal
to half of the rotation time, with 250 ms significant
artifacts in the diagnostic images were produced
and the images were of poor quality.

The rotation time of the X-ray tube has con-
tinuously improved in more recent equipment
and currently ranges from 0.4–0.35 s to 0.3–
0.27 s (temporal resolution < 150 ms). As would
be expected, the faster rotation times have
yielded cardiac images of much higher quality,
greater reliability, and improved accuracy, as
confirmed by world-wide clinical experience.
The reason for this improvement lies in the fact
that the width of the imaging “window” (Fig. 2.5)
in the telediastolic phase (during which the heart
is almost completely still) is limited; therefore,
the faster the data are acquired, the fewer the
movement artifacts.

Another approach to improve temporal resolu-
tion is the use of two perpendicular X-ray tubes.
In dual-source technology, two different X-ray
tubes are installed 90° to each other on the same
rotational track, with two perpendicular detector
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Fig. 2.5 Rotation time of the X-ray tube: during cardiac-
gated image acquisition. The width of the red area in
telediastole represents the imaging window (time) for
data acquisition: the shorter the acquisition time, the
fewer the motion artifacts



arrays (Fig. 2.6). During X-ray emission and data
acquisition, the two tubes and detector arrays op-
erate independently and data are collected indi-
vidually. The computer merges the information
produced by the two tubes into a single data pack-
age, as if obtained by a single system. The end re-
sult is that data from the volume being evaluated
are actually obtained in half the time and with a
temporal resolution of 83 ms. Only this system
generates images of the heart without significant
artifacts, even in patients with faster heart rates,
and without the need for bradycardic drugs.

2.7 Types of Equipment 
and Their Clinical Uses 
in Cardiac Imaging

Soon after the development of equipment with
four detectors rows and a rotation time of 0.5 s,
CTA of the coronary arteries was proposed. How-
ever, because of the long rotation time of the X-ray
tube, the data were not satisfactory. Significant ar-
tifacts were present in almost all of the resulting

images, which were of poor quality and exhibited
limited anatomic definition of the coronary circu-
lation. Nonetheless, this technology did find ap-
plication in the evaluation of cardiac bypass grafts
(CABG), since the reduced motion of the extrac-
ardiac vascular structures yielded fewer artifacts.

With 16 detectors rows and a rotation time of
0.4 s or less, the situation changed drastically.
Clinical experience confirmed the improved ac-
curacy of CT, while CTA of the coronary arteries
became an established examination with a high de-
gree of reliability, producing images of great clin-
ical interest. This clearly defined the role of CTA
in the assessment of patients with suspected ath-
erosclerotic disease of the coronary arteries.

As noted above, the most widely diffused CT
systems for imaging of the coronary arteries are
those with 64 rows; however, there has not been the
same degree of improvement as that achieved in
moving from 4 to 16 slices. In a recent review of
papers published in the international literature, the
use of 16 and 64 detector rows has corresponded to
an improvement in sensitivity (average from 83 to
93%) while there has been little change in the
specificity (96%). The newer equipment does
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Fig. 2.6 In dual-source CT,
the tubes are mounted
perpendicular to each other
and the data are obtained by
two different detector arrays.
The acquisition time for
each rotation is therefore
reduced by one half



 feature an improved spatial resolution, with better
evaluation of stents (see chapter on this topic).

Newer equipment (128, 256, and 320 detector
rows) provides improved spatial resolution and
faster data acquisition, with complete coverage
of the anatomic area containing the heart within 5–
0.5 s. With an anatomic coverage of 16 cm, it is
usually possible to capture the heart in a single ro-
tation of the X-ray tube.

The current goal of CT research is the “imag-
ing plate,” that is, a device with 512 detectors. This
would provide even more extended anatomic cov-
erage and a definitive improvement in the image
quality achieved with CTA. The major problem of
imaging research is the cone beam artifact, i.e.,
conical divergence of the X-ray beam, which
causes distortion in image reconstruction.

CT equipment with two X-ray tubes (dual-
source technology) does not improve spatial res-
olution, because the acquisition technology is the
same as that of machines with 64 detector rows.
However, these systems do offer dramatic and
unique improvement in temporal resolution, down
to a value of 83 ms. The imaging window in tele-
diastole is very short and for this reason, as dis-
cussed elsewhere in this volume, there is no need
to administer beta-blockers to patients to induce
bradycardia. The use of these systems is therefore
recommended mostly in cardiology units with
high patient turnover. They are also advantageous
in the ICU, where patients must be quickly
screened for coronary artery disease in cases of
acute chest pain (so-called triple rule out) and
there is no time, or opportunity, to wait for the
bradycardic effect of beta-blockers.

A second generation of CT scanners, with two
X-ray tubes, has been introduced into clinical
practice. This dual-source CT scan can be used
with a new ECG-triggered high-pitch protocol
known as “flash spiral,” which has been developed
to acquire high-quality images with low radiation
doses. This new technology can scan the entire car-
diac volume in a single heartbeat. However in this
setting the patient’s heart rate should be decreased
as much as possible, because the slower the heart
beats the longer the duration of the R-R interval,
thus allowing motion-free images to be acquired.
Since this technology can acquire images with

retrospective or prospective gating, and the rota-
tion time has been accelerated to up to 280 ms, the
actual temporal resolution reaches 70 ms.

With the fastest scanning speed in CT (i.e., 43
cm/s) and a temporal resolution of 70 ms, flash
spiral enables, for example, complete scans of the
entire chest region in just 0.6 s. Moreover, it op-
erates at an extremely reduced radiation dose,
such that a spiral heart scan can be performed
with < 1 millisievert (mSv), whereas the average
effective dose required for this purpose usually
ranges from 8 to 20 mSv.

2.8 Other Factors That Improve
the Image Quality 
of CT Technology

So far, our discussion has focused on the two
most evident technical parameters of CT tech-
nology: the number of detectors in the array (64–
320) and the rotation time of the X-ray tube (from
< 0.4 to 0.3–0.27 s.). However, there are other
ways to improve image quality, an important one
being the speed of information capture. Detectors
receive information (X-ray absorption through
the patient’s body) and then send it as an electri-
cal signal to the computer. Since the tube rotates
rapidly, the detectors must respond quickly
enough to receive and process this information.
This speed of data acquisition by the detectors in-
fluences an important parameter in spiral CT, the
so-called pitch, i.e., the speed at which the patient
can be advanced in the gantry, allowing all rele-
vant data to be collected. A 256-detector system
may have a slower pitch such that acquisition of
the anatomic area containing the heart is achieved
in 6 s, while a 128-detector system with faster de-
tectors allows a more rapid pitch, with complete
acquisition of the cardiac images in 4 s. Thus, the
number of detectors is not the only parameter
that determines the speed of data acquisition in
CTA of the coronary arteries.

Another parameter currently targeted by CT
manufacturers is spatial resolution. With more ac-
curate and sensitive detectors along with proper
and calibrated emission of the X-ray beam, spatial
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resolution has improved from the 0.6–0.5 mm of
64-detector technology to the 0.25–0.33 mm of to-
day’s technology. This improvement enables better
evaluation of smaller, distal coronary arteries.
Consequently, the results achieved with CTA of
the coronary arteries may soon be on a par with the
spatial resolution of catheter coronary angiogra-
phy, i.e., < 0.2 mm.
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chapter). Second, during the dynamic rapid acqui-
sition of cardiac images there must be a high con-
centration of contrast agent in the coronary tree.
Only the high density provided by the presence of
contrast agent in the vessels allows for a proper
evaluation of the coronary arteries and their walls.
Third, to reduce imaging artifacts, the patient must
be properly prepared for the imaging procedure;
therefore, good patient cooperation is needed. In
addition, in most cases (except with dual-source
technology) the patient will be administered beta-
blockers to reduce cardiac frequency, allowing a
wider imaging window in telediastole.

In coronary CTA, images of a moving organ are
rapidly acquired during the passage of contrast
agent at high concentration (bolus). It is therefore
crucial to define the procedures, including patient
preparation, that will be performed prior to diag-
nostic CT examination of the coronary arteries.

3.2 Patient Preparation

3.2.1 Informed Consent

Although CTA of the coronary vessels is a non-in-
vasive procedure (no catheterization or other inva-
sive modality is required), proper information must
be obtained from the patient prior to the examina-
tion. The patient should not only fill out the in-
formed consent documents (similar to those of any
CT procedure using contrast agent), but should
also be informed personally about the procedure,
i.e., the cardiologist and radiologist must provide

3CT Examination of the Coronary 
Arteries
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This chapter reviews the techniques needed to obtain
high-quality diagnostic images of the coronary ar-
teries by means of computed tomography angiog-
raphy (CTA). The choice of imaging equipment,
discussed in the previous chapter, involves the radi-
ologist only once, at the moment that the CT equip-
ment is purchased. By contrast, the choice of the op-
timal procedure for imaging of the coronary arteries
involves the radiologist or technician in each exam,
as the utmost care must be taken to always obtain im-
ages of optimal quality. It should be pointed out that
this goal is unique for the coronary arteries, since in
CT evaluation of the chest, abdomen, muscu-
loskeletal system, or other static organs, suboptimal
image quality may nonetheless allow a clinical di-
agnosis whereas for the coronary arteries the pres-
ence of movement artifacts may completely invali-
date the diagnostic value of the examination.

3.1 Achieving Excellent Image
Quality in CT of the Coronary
Arteries

In performing CT of the coronary arteries, certain
goals must be reached. First of all, the images
must be obtained as fast as possible, using specific
imaging protocols (which differ according to the
type of equipment, as discussed in the previous
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the appropriate information in person, clearly
 explaining the type of examination being per-
formed, the indications for this procedure, whether
it is aimed at ruling out a known clinical problem
or serves as a screening procedure, as may be the
case in mildly or non-symptomatic at-risk patients.

The informed consent documents contain
generic information regarding, for example, the
possibility that contrast agent may be the cause of
allergic reactions; however, this information is very
general and often not well-explained. Thus, the
clinician must specify that, with the iodinated non-
ionic contrast agent currently in use, such allergic
reactions are extremely rare, as opposed to the sit-
uation 15–20 years ago, when ionic agents were
employed. Furthermore, since patients are often
alarmed by the prospect of iodine injection, the ra-
diologist must reassure him or her that the iodine
is encapsulated in a closed molecule of the contrast
agent and therefore does not react with the human
body, i.e., it does not affect iodine metabolism in
the thyroid gland. For this reason, there are no
contraindications for patients with thyroid gland
disease; the contrast agent and its iodine compo-
nent are rapidly eliminated through the kidneys
after i.v. injection. Those allergic reactions that do
occur are not related to iodine but to the molecule
itself, and, as noted above, there has been a dra-
matic decrease in the incidence of allergic reactions
following the switch from ionic to non-ionic, i.e.,
less reactive, molecules, despite the fact that both
formulas contain three atoms of iodine per mole-
cule. There is also no absolute contraindication to
the use of contrast agent in patients with known al-
lergic problems or in patients with previous aller-
gic reactions to contrast agent. In these cases, how-
ever, pre-medication 3 days before the examination
is indicated (usually corticosteroids per os).

In informing the patient, the clinician must
also state that the examination is performed using
ionizing radiation. Patient should be advised that
X-ray exposure, mostly if repeated a short time af-
ter previous exposures, carries some risk. This
topic is discussed elsewhere in this volume.

As for any other procedure involving contrast
agent, patients undergoing CTA of the coronary ar-
teries must fast for at least 5 h prior to the examina-
tion. Furthermore, the radiologists (or the anesthe-

siologist, who may be present during the examina-
tion) will review blood-test data (mostly referring to
renal function) and evaluate the patient’s ECG. The
only real contraindications to CTA of the coronary
arteries are severe renal dysfunction, which  precludes
the use of contrast agent, and not pharmaceutically
controlled arrhythmia, which prevents “freezing” of
cardiac movement during the examination.

3.2.2 Bradycardia

As the heart is a fast-moving organ, CT evaluation
can be performed only by “freezing” cardiac mo-
tion, using software and protocols allowing rapid
image acquisition. The temporal resolution of cur-
rently available equipment (150 ms) does not guar-
antee static images of the heart in three dimensions.
Instead, to obtain dynamic images of the coronary
arteries, pharmacologically controlled bradycar-
dia, with an optimal cardiac frequency of 55–65
bpm, is required. Only by inducing bradycardia can
an adequate temporal window in telediastole, dur-
ing which the heart is practically completely still,
be achieved (Fig. 3.1). In the absence of bradycar-
dia, image quality will be impaired and, as noted
above, a proper diagnosis will not be possible. In
Fig. 3.2a, a bi-dimensional image of the anterior
descending coronary artery is displayed on the
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Fig. 3.1 Time imaging window in ECG gating proce-
dures. The lower the heart rate, the larger the time im-
aging window, leading to a reduction of motion artifacts



left, with data acquired at 72 bpm. This image
does not provide the diagnosis nor can the vessel
contours or the presence of parietal pathology be
defined. The image on the right was obtained after
bradycardia was pharmacologically induced; there
is clear definition of the vessel wall, with identifi-
cation of the lumen and evidence of parietal thick-
ening due to atherosclerotic involvement.

Pharmacological bradycardia is required if the
cardiac frequency is > 65 bpm. While oral or i.v.
administration of beta-blocker is possible, we pre-
fer oral administration of a generic beta-blocker
formula (e.g., metoprolol 100 mg) in tablet form
45–60 min prior to the examination. Usually, a fre-
quency of 50–60 bpm is easily achieved, without
any symptoms experienced by the patients (these
drugs are currently widely used by general prac-
titioners without major patient contraindications).
As an alternative or in case of lack of pharma-
ceutical effect of the oral drug, i.v. formulas can be
administered. These are injected at the moment of
the examination in the same i.v. cannula prepared
for contrast-agent injection, with cardiac fre-
quency evaluated directly on the CT monitor.

Cardiac frequency is often influenced by the
emotional status of the patient. Despite the effi-
ciency of beta-blockers, once on the CT table and
during contrast-agent injection, the patient often

becomes tachycardic due to the emotional stress of
the examination. We therefore suggest that an anx-
iolytic drug be provided i.v. just prior to contrast-
agent injection. The short-lasting effects of these
drugs do not interfere with consciousness at the
end of the out-patient examination.

Finally, it should be noted that with dual-source
technology there is no need for bradycardia, as the
temporal resolution of 83 ms allows for a consis-
tent image window even in tachycardic patients,
without a decrease in the diagnostic quality of the
images.

3.3 CT Angiography 
of the Coronary Arteries

3.3.1 Contrast-Agent Injection

The proper contrast-agent injection procedure is
very important in CTA of the coronary arteries, as
only by ensuring a consistent concentration in the
vessels can good image quality be achieved. Visu-
alization of the coronary arteries is made possible
by increasing (temporarily, during passage of the
bolus of contrast agent) the radiographic density of
the blood plasma (blood mixed with contrast agent)
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Fig. 3.2 Image acquired at 75 bpm (a) and afterwards,
at 62 bpm, repeating the injection of contrast agent (b).
Movement artifacts impair image quality and therefore
the diagnostic value of the examination
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that fills the coronary arteries at that moment. The
radiographic density of the blood increases from
40–50 Hounsfield units (HU) to 300–400 and even
500 HU during the passage of contrast agent. Stan-
dard HU values are defined to allow the CT meas-
urement of tissue density, with 0 HU corresponding
to the CT density of pure water, -1000 to that of air,
and +1000 to that of compact bone tissue. The
higher the CT density of the coronary contents
(blood mixed with contrast agent) during CT image
acquisition, the better the quality of the coronary
arterial images obtained.

3.3.2 Contrast-Agent Injection: 
Role of Resistance and Venous
Anatomy

Different parameters determine the success of a
consistently high concentration of contrast agent
in the arterial lumen during CTA image acquisi-
tion, among them, the contrast-agent injection
rate. This, in turn, is influenced by the amount of
resistance encountered and the venous anatomy of
the injection site, i.e., the forearm.

Contrast agent is injected through an auto-
matic injector able to reach high injection rates
(Fig. 3.3). In coronary CTA, better results are
 obtained with a double-syringe injector; here,
contrast agent is injected with one syringe and,

immediately at the end of the injection, the second
syringe is activated such that a second bolus, this
time of saline, is injected. This saline bolus pushes
the contrast-agent bolus towards the right cardiac
chamber, thereby “washing” the peripheral veins,
where the vascular flow is low; these vessels
would otherwise stay filled with contrast agent.
Accordingly, the dispersion of contrast agent in
the peripheral veins is guaranteed and the bolus
remains compact, thus yielding higher concen-
trations in the arterial bed. We prefer to inject the
saline bolus at the same rate used for contrast-
agent injection and as a large volume (80–100
ml), thus ensuring that all the contrast agent is
washed out by the saline. In the example shown in
Fig. 3.4, axial images acquired at the level of the
cardiac chambers show the strong opacification of
the left cardiac chambers due to high CT density
values and a low density of the right chamber,
washed out by the saline bolus.

An effective contrast-agent bolus injection speed
is also related to the resistance that the bolus en-
counters during its passage in the i.v. cannula, given
the high viscosity of these drugs. There are two
ways to avoid local resistance: the first is to use a
large-bore cannula in the antecubital vein. Based on
our own experience, we recommend a 16G cannula
(as opposed to the 18G or even 20G cannula usually
proposed in the literature), which allows for a high
injection rate without any local resistance. The sec-

24 P. Pavone

Fig. 3.3 Contrast-agent power injector (Stellant D,
MEDRAD, USA, with permission)

Fig. 3.4 A high concentration of contrast agent in the
left chambers of the heart causes them to appear bright
and hyperdense. The right chambers are “washed” by
the chasing bolus and are therefore hypodense



ond is related to the anatomy of the veins of the fore-
arm: the two main venous channels (in most cases)
are the basilic vein, medially, and the cephalic vein,
laterally. While the basilic vein (Fig. 3.5) follows a
straight course, leading directly to the axillary and
subclavian veins, the cephalic vein is more tortuous,
contains valves, and drains in the axillary vein usu-
ally in an arch-wise fashion at an angle of 90°. Con-
sidering that the patient’s arms are raised during CT
examination, it can be readily appreciated that in-
jection into the cephalic vein may cause the stagnant
flow of contrast agent, leading to a less compact and
more dilute bolus and thus to a lower concentration
in the arterial bed. In Fig. 3.6, the effect of bolus di-
lution during the injection of contrast agent in the
cephalic vein is evident. There is persistent opacifi-
cation of the right chambers and a lower concentra-
tion of contrast agent in both the arterial bed and the
left cardiac chambers (compare with Fig. 3.4).

3.3.3 Contrast-Agent Injection: 
Flow Rate and Amount

Contrast agent can be injected using an automatic
injector at different flow rates, usually 3–5 ml/s.
However, we routinely use a flow rate of 8 ml/s.

This higher injection speed results in a more com-
pact bolus and thus a higher concentration of con-
trast agent in the arterial bed (after passage through
the capillary pulmonary bed and the left cardiac
chambers). The average CT density of the coronary
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Fig. 3.5 a,b Anatomy of the veins of the arm. The
basilic vein is medial and has a direct course towards
the subclavian vein; the cephalic vein is lateral and has
a steep angle at the confluence with the subclavian
vein. 1 Cephalic vein, 2 basilic vein

a b

Fig. 3.6 Injection of contrast agent in the cephalic vein.
The slower flow leads to a dilution of the contrast-agent
bolus. There is evidence of residual opacification of the
right chambers during 3D acquisition in an evaluation
of the coronary arteries. Note the lower density in the
left ventricle



arteries as reported in the literature is 300–350 HU.
Using faster injection rates and the procedures de-
scribed above, we have been able to achieve an av-
erage density of 450–500 HU (Fig. 3.7).

Image quality is directly related to a higher
concentration of contrast agent in the arterial bed
and to a greater difference in density compared
with the surrounding tissue. Our data are also in
agreement with the results of Schueller et al., pub-
lished in 2006. They were able to show that higher
injection rates (8 ml/s) improved the evaluation of
pancreatic tumors. In coronary CTA, the higher ar-
terial density allows better evaluation of these ves-
sels in three-dimensional reconstructions.

The amount of contrast agent to be injected
varies between 70 and 120 ml, depending on the
equipment employed. In CT systems with 16 de-

tector rows, acquisition times are 15–18 s, therefore
requiring a longer bolus to completely achieve a
high density of contrast agent in these vessels
throughout image acquisition (at least 120 ml are re-
quired to achieve a prolonged bolus of contrast
agent). With faster systems, i.e., those with 64, 128,
or 256 detector rows, the acquisition time decreases
to 10, 6, and 4 s, respectively, thus necessitating a
still compact but shorter bolus (70–80 ml of contrast
agent). Data acquisition happens in real time such
that, with experience, the radiologist will be able to
determine the proper bolus size according to the
equipment available and the nature of each case.

3.3.4 Contrast Agents for CT
Angiography of the Coronary
Arteries: Characteristics 
and Concentrations

An important element in defining proper image
quality of the coronary vessels is the concentration
of the contrast agent employed: the higher the
concentration of contrast agent, the higher the CT
density (measured in HU) of the blood in the coro-
nary arteries. The contrast agent clinically used for
i.v. injection is an iodinated non-ionic solution
based on a tri-iodated benzene ring; iodated dou-
ble benzene rings are also available (Fig. 3.8).

The iodine concentration of the contrast agent
employed in CTA of the coronary arteries should be
in the range of 350–400 mg iodine per 100 ml of so-
lution. This high iodine concentration has been sug-
gested because it provides an even higher CT den-
sity in the coronary vessels. In fact, for the same
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Fig. 3.7 Appropriate contrast-agent injection with
high flow in the basilic vein. The CT density evaluat-
ed at the level of the aorta is 720 HU

Fig. 3.8 Non-ionic contrast agents with single (a) and double (b) benzene rings
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conditions in terms of contrast-agent volume and
flow rate of the injection, higher CT densities in the
vessels will be reached with higher concentrations
of the contrast-agent solution. The viscosity of these
solutions increases in parallel with concentration;
however, if the proper injection procedure is used
and the solution is injected through a large-bore
cannula, viscosity should not pose a problem as re-
sistance at the injection site will be minimal.

Currently employed contrast agents are ex-
tremely stable and safe molecules; they are rapidly
eliminated through the kidney after i.v. injection.
Non-ionic contrast agents are also characterized by
a low osmolarity (~600 mOsm/l vs. 1200 mOsm/l
for the ionic solutions previously employed). The
decreased osmolarity has reduced the patient’s
heat sensation as well as allergic reactions to the
contrast agent. Contrast agents based on an iodated
double benzene ring have an even lower osmolar-
ity (300 mOsm/l, similar to that of blood plasma)
but have not reduced the incidence of allergic re-
actions any further. Although they have been suc-
cessfully used for imaging, their viscosities are
definitely higher and resistance at the injection site
may be a problem in coronary CTA.

3.3.5 Optimizing the Imaging-
Acquisition Window in CT
Angiography of the Coronary
Arteries

All coronary CTA equipment includes an auto-
mated procedure that recognizes the arrival of con-
trast agent (injected in a peripheral vein) at the

level of the coronary arteries. Three-dimensional ac-
quisition of the anatomic area including the heart
should, in fact, start only when the bolus of contrast
agent reaches the arterial system and creates a tem-
porary but strong increase in the CT density of the
arterial vessels. The automated procedure, referred
to as “bolus tracking,” requires the placement of a
cursor that measures CT density in the center of the
ascending aorta, after which single low-dose images
are acquired every second following the start of
contrast-agent injection. As soon as the cursor
measures a density >100 HU, the acquisition of
three-dimensional images is automatically started.
This assures that an optimal high density of the ves-
sels is achieved during image acquisition.

3.3.6 Cardiosynchronized Acquisition

Imaging data are acquired in real time, during the
dynamic passage of contrast agent through the coro-
nary arteries. In a cardiosynchronized procedure,
the ECG data are available to the computer, which
synchronizes them with the imaging data (Fig. 3.9).
In a second phase, data related only to telediastole
are reconstructed to create artifact-free cardiac im-
ages. Data referring to more than one telediastolic
phase are needed to completely reconstruct the vol-
ume containing the heart. In CT systems consisting
of 64 detectors rows, the volume reconstructed in
each telediastolic phase corresponds to the width of
the detector array (4 cm); therefore, four to five car-
diac cycles must be evaluated for a complete set of
information regarding the volume of interest, in-
cluding the heart (15–20 cm).
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Fig. 3.9 ECG gating as
shown on the CT console
during data acquisition. Gray
vertical lines represent the
telediastolic temporal
windows of data
reconstruction for coronary
CT angiography



A three-dimensional image of the heart is an ar-
tificial single volume since in reality it is com-
posed of a number of single smaller volumes
placed one over the other and corresponding to
succeeding telediastolic phases. Consequently,
step artifacts are often present in the area of over-
lapping single volumes (Fig. 3.10).

As far as the radiation dose is concerned, the
procedure described herein has the disadvantage
that the patient is irradiated for the entire time of
the procedure, during all cardiac cycles, while only
data related to telediastole are used for data recon-
struction. As explained in the chapter on dose ex-
posure, there are a number of way to reduce or
eliminate this problem. One of the techniques uses
non-spiral data acquisition, with single, small ax-
ial volumes (each 4 cm) acquired during teledias-
tole, without X-ray emission in the other cardiac
phases. The reduction in X-ray exposure achieved
with this procedure is in the range of 80%.
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Fig. 3.10 a,b Images acquired in an arrhythmic patient
show typical step artifacts
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Starting from volume data, there are two ways to
construct three-dimensional images of the anatomic
structures of interest: the first is to explore the vol-
ume using curved or orthogonal bi-dimensional
planes with so-called planimetric technique; the sec-
ond is to consider and image the entire package of
three-dimensional data, using so-called volumetric
techniques. In this chapter, we offer a simple expla-
nation of the difference in these visualization tech-
niques and their relative importance in clinical use
for the evaluation of coronary artery disease.

4.1 Planimetric Techniques

4.1.1 Axial Images

During data acquisition in coronary CTA, the con-
sole automatically displays axial images of the
slices of the anatomic area under investigation,
usually at 1-mm intervals (Fig. 4.1). These im-
ages confirm that the procedure has been correctly
performed and that the acquisition timing, as far as
opacification of the vessels by contrast agent is
concerned, has been optimally achieved. In fact,
segments of the coronary arteries can already be
evaluated from these axial images, together with
the myocardial walls and the contrast-agent-filled
cardiac chambers. For non-experts, these axial im-
ages may not offer a clue in the identification of the
coronary arteries; however, radiologists are well-
acquainted with the CT evaluation of anatomic
structures in the axial plane and thus may already
gain early information regarding the presence of
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Coronary CT angiography (CTA) is a three-di-
mensional imaging technique. The data obtained
during image acquisition, however, are not imme-
diately evident to the radiologist, as the huge
amount of digital information acquired is used to
reconstruct three-dimensional images of the coro-
nary arteries, according to dedicated and complex
software and protocols. The coronary arteries are
tortuous, moving objects and are thus often not eas-
ily visualized. For this reason, in CTA the move-
ments of these arteries must be “frozen,” through
cardiosynchronization, during image acquisition.

In order to visualize the coronary arteries in
CTA, a very high density of the internal lumen
must be created. As specified in the previous chap-
ter, this is accomplished by the dynamic injection of
contrast agent. The vessels become evident because
of the large difference in the density of the vessel lu-
men (high density: 300–500 HU, due to the iodine
content of the blood during passage of contrast
agent) and that of the surrounding tissues, such as
epicardial fat (low density: -50–100 HU). The dif-
ference is important because during three-dimen-
sional image reconstruction only structures with a
very high density will be clearly visualized. The
higher the density, the more evident the anatomic
structures will be. This is the reason why the first
three-dimensional images presented for clinical use
were related to bone, a structure with a very high ra-
diologic density.
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coronary artery disease simply by evaluating the
images reconstructed in these anatomic planes. 

4.1.2 Multi-planar Reformatting

Three-dimensional reconstruction software pro-
vides direct access to images displayed in the three
orthogonal planes, axial, sagittal, and coronal. This
reconstruction technique is generically referred to
as multi-planar reformatting (MPR). Moreover,
the orthogonal images can be moved within the im-
aging volume and planes, such as the short or long
axis, simplifying, anatomic evaluation of the heart

(Fig. 4.2). In the oblique plane, the course and lo-
cation of the coronary arteries can be identified.

4.1.3 Reconstruction of the Curved
Plane: Curved MPR

The same three-dimensional software that enables
MPR allows reconstruction of curved planes (curved
reformatting), according to the course and location
of the coronary arteries. The course of each coronary
artery can therefore be followed point by point and
image by image. Direct reconstruction of a curved
plane yields an image of the vessel of interest, from
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Fig. 4.2 Planimetric
analysis (multi-planar
reformatting, MPR)
during 3D imaging.
Reconstruction of
images on the three
different anatomic
planes: a sagittal, 
b coronal, short axis, 
c axial, long axis

c

a

b

Fig. 4.1 3D volume
acquisition using spiral
technique: direct
evaluation of single
axial images slice by
slice. a Scheme
employed in spiral
acquisition. b–e Slices
reconstructed at
different anatomic
levels

a

b c

d e



its origins and extending to its more distal segments,
according to specifications that are provided by the
radiologist. These images may be obtained, manu-
ally or automatically, with reconstruction software
that identifies the coronary arteries based on their
higher CT density (Fig. 4.3). This image recon-
struction technique is essential in the evaluation of
coronary artery disease (Fig. 4.4). It allows clear
differentiation between the vessel lumen (high den-
sity due to contrast agent in the blood and thus
bright CT images), the surrounding epicardial fat
tissue (darker, due to the lower CT density), and the
myocardium (intermediate gray level, intermediate
CT density). Furthermore, only these images clearly
show the vessel wall, especially in the presence of

pathologies such as fibrolipidic plaques (hypodense
in CT, dark in reconstructed images) and calcific
plaques (hyperdense, bright in CT images).

Bi-dimensional and planimetric images of the
coronary arteries “slice” the vessel lumen in an or-
thogonal plane. The aim of the evaluation is to
identify the vessel wall; therefore it is always im-
portant to image the vessels in two perpendicular or-
thogonal planes. Figure 4.5 very clearly demon-
strates that in the case of an eccentric atherosclerotic
plaque an orthogonal plane reveals the plaque, while
the image reconstructed on a plane passing parallel
to the fibrolipidic plaque does not show either the
parietal plaque or the lumen stenosis. At least two
planes for each coronary artery must therefore be
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Fig. 4.3 Reconstruction of coronary vessels on a curved plane. a–c In each
slice, the centers of the coronary vessels are identified and marked. 
d Reformatting along the curved planes shows the anatomy of the coronary
artery

a b c

d

Fig. 4.4 a-c 3D imaging: planimetric analysis using curved-plane reformatting
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Fig. 4.6 Marginal plaque of the LAD with a calcific core and fibrolipidic cap (a, b), both of which are well-
evident in the axial reconstruction (b, arrow). a–e Eccentric calcified plaque without a hypodense component

a b c

ed

Fig. 4.5 Marginal eccentric plaque of the left anterior descending artery. a In the axial image, the eccentric
fibrolipidic plaque is well evident (arrows in a, c, and f); the reduction in caliber is 50%. Visualization is possible
only in one reconstruction plane (b, white line shows the reconstruction plane; c is the resulting image). In the
orthogonal plane, the vessel seems to be of normal caliber (d, white line shows the reconstruction plane; e is the
resulting image). f 3D image using volume-rendering technique allows a clear evaluation of the stenosis
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reconstructed and imaged (six images for three
coronary arteries); depending on the specific
anatomic variation, orthogonal images of other ves-
sels will also be required, such as the intermediate,
diagonal, and obtuse marginal branches.

Together with reconstruction of the vessel in
curved longitudinal images, axial images, per-
pendicular to the imaging plane of the arteries,
must be evaluated. Clear evidence of the location
of the plaque (concentric or eccentric) and the de-
gree of stenosis can be provided, including infor-
mation on the presence of remodeling (as dis-
cussed later) (Fig. 4.6). Most of the currently
available software allows direct evaluation of the
vessels along their longitudinal axes, in addition to
the possibility to interact with the images and ro-
tate them along the different orthogonal planes. At
the same time, axial images for the chosen view
are displayed on the same console, allowing eval-
uation of the plaque burden at that specific level.

Usually, MPR curved images have a thickness of
1 mm or less. Depending on the amount of  epicardial
fat surrounding the arteries, the thickness can be in-
creased to 3–5 mm, yielding anatomically recon-
structed images of a more consistent quality (Fig.
4.7). However, these thicker images may hide small
parietal plaques, which can be reconstructed and dis-
played only by the evaluation of thinner slices.

4.1.4 Clinical Use of Planimetric
Techniques

Planimetric techniques do not provide direct evi-
dence of the entire data volume acquired, as they
are reconstructed according to the three-dimen-
sional data set. These images are very important to

define the parietal atherosclerotic plaque burden,
identify the plaque, and properly characterize the
plaque components. Software that “straightens”
the vessels along their longitudinal axes is also
available. It can be used to visualize the different
sides of the vessel wall, since eccentric plaques
may be evident on one side of the artery but not on
the other side. Other types of software may also use
planimetric images for quantitative evaluation of
the vessel lumen, allowing measurement of the
degree of stenosis in areas involved by atheroscle-
rosis. Despite these numerous possibilities, in coro-
nary CTA direct evaluation of the coronary vessels
by the clinician may be necessary (Fig. 4.8). In cal-
cific plaques, for instance, the so-called blooming
artifact leads to an image in which the volume of
the plaque is increased such that a false degree of
stenosis is estimated by the computer. An expert ra-
diologist, however, is able (using other reconstruc-
tion filters) to estimate the real extent and impor-
tance of the atherosclerotic involvement. Thus,
regardless of the improvements in software for di-
rect evaluation of the coronary vessels, a proper di-
rect interface of the clinician with the console will
always be needed to confirm the clinical diagnosis.

4.2 Volumetric Techniques
(Volume Rendering)

Image analysis using volumetric techniques creates
a color, three-dimensional image that allows direct
interactive evaluation of the coronary vessels. The
software employed in this application was initially
developed mostly for military (aerospace) purposes
and was later used in the film industry in virtual-
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Fig. 4.7 3D imaging:
planimetric analysis
(MPR). a Reconstruction
with thick slices (5 mm)
allows better evaluation
of the anatomic course
of the LAD along the
wall of the left ventricle.
b The same artery
evaluated using a thin
slice (1 mm)

a b



 reality cartoons. The medical and radiology fields
have taken advantage of the progress made in these
animation techniques, as they have contributed to
improvements in CT image reconstruction.

4.2.1 Orthogonal and Perspective
Imaging

In order to understand the concept of volumetric im-
aging, a distinction must be made between the tra-
ditional concept of images (radiologic, artistic, etc.)
and the newer one introduced by 3D imaging. In
conventional radiologic images, the anatomic area

under evaluation is perceived orthogonally, as if an
infinite distance has been created between the
viewer and the object being evaluated. In the ex-
ample shown in Fig. 4.9, a series of round objects,
all of the same diameter, is shown. In orthogonal
view they all appear to be of the same size and di-
mension. In a routine X-ray, the abdomen, kidneys,
vertebrae, and all other structures are visualized in
a dimension that reflects their original size in the
real world. By interacting with a volume data set in
3D imaging, we can move the volume, making it
closer to us (the viewer), therefore modifying our re-
lationship to it, i.e., the closer the object is to us, the
larger it will appear. In the example of Fig. 4.10, our
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Fig. 4.9 Orthogonal view: all the globes are of the
same size

Fig. 4.10 Perspective view. As seen through a virtual
eye (the binoculars in Fig. 4.9), there is true 3D eval-
uation. As in real life, the globes that are closer appear
larger than those that are more distant

Fig. 4.8 Coronary artery
“straightening” using
special software. Rotation
along the central axis
reveals evidence of plaque
(arrows, a), which is not
seen in b

a

b



eye is the binocular, such that the rounded structure
is viewed from very near. Thus, objects very close
to the binocular (our eye) are very large, while
those progressively more distant become propor-
tionally smaller. This phenomenon is referred to as
the perspective view of a volumetric object.

In early paintings, the figures in a work of art
are always of the same size, as if the viewer was at
an infinite distance from them. During the Ren-
aissance, painters, particularly Italian painters, be-
came experts in realizing perspective views of hu-
man figures and landscapes, with attention to small
details that made the depicted objects closer to our
visualization of them in the real world (Fig. 4.11).
The size of the figures in the painting became
 proportional to the distance from the painter or the
viewer. In the same way, in volumetric CT imaging,
a perspective vision is created in which the closer
the object is, the larger it appears. Moreover, while
a painting is a static object, the viewer of a CT im-
age is able to adjust the distance between his or her
eyes and the object under evaluation (the 3D vol-
ume of images) by direct interaction with the com-
puter console.

4.2.2 Volume Rendering of Human
Anatomy

Data sets acquired in CT include all the informa-
tion contained in the anatomic area under investi-
gation, with the risk that overlapping structures, or
structures with different densities may create con-

fusion, e.g., due to distension of the anatomic ob-
ject (in our case, the coronary vessels) being eval-
uated. Volume-rendering technique allows the im-
aging display parameters to be set so that the
structure of interest can be readily identified. For
example, to evaluate the surface of the body, the
density values are set such that they correspond to
those of the skin; by progressively enhancing the
density values, muscular structures, internal
parenchymal organs, bones or, as in our case, ves-
sels filled with contrast agent (density values of
300–500 HU) are visualized (Fig. 4.12). In effect,
the image is restricted to the contrast-agent-filled
coronary artery of interest, which is viewed in 3D
images that have been reconstructed using vol-
ume-rendering techniques. The only overlapping
components in the arteries are thus related to the
presence of calcified plaques, which have a den-
sity even higher than that of the contrast agent. Im-
ages of the coronary arteries reconstructed with
these techniques are extremely informative and of
great diagnostic value, as discussed in other chap-
ters of this book.

4.2.3 Color and Virtual Lighting 

Three-dimensional images reconstructed using
volume-rendering techniques became more real-
istic following the introduction of color (albeit, in
effect, a false color) and by the use of virtual
lighting to create shading effects that enhance the
three-dimensional information. Similar effects
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Fig. 4.11 a Orthogonal and b perspective views in art. Raffaello’s La scuola di Atene (Rome, Vatican Museum) is
an example of the perspective view in Renaissance art

a b



(use of color and the proper use of lateral lighting)
were used masterfully by the Italian painter Car-
avaggio, who more than any other artist of his
time was an expert in using  external light to make
figures appear more realistic, including in their
three-dimensional  aspect (Fig. 4.13).

Modern three-dimensional image reconstruc-
tion techniques, such as those employed in radiol-
ogy and in movie animation, are based on the same
fundamental concepts but adapted to be standard,
reproducible, and accessible at the computer con-
sole. Moreover, there is the additional advantage
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Fig. 4.13 Use of false color.
The 3D effect, both in
Caravaggio’s Incredulità di
Tommaso (Potsdam,
Bildgalerie) (a) and in the
image of the coronary artery
(b), is enhanced by the use
of color, as seen by a
comparison with the
respective black and white
images (c, d)

a b

c d

Fig. 4.12 Volume-
rendering technique. 
a In evaluations 
of the body based on
changing transparency
values, deeper
structures become
evident, from the skin
to the bones. 
b In cardiac imaging, 
a 3D setting is used that
is already optimized for
evaluating vascular
structures opacified by
means of contrast agent

a b



of direct interaction with the object being evalu-
ated, which allows for a point by point evaluation
that enhances the areas of interest in order to de-
fine the presence of disease, etc.

Once again, it must be emphasized that it is not
the coronary arteries that are being seen, but the
contrast agent contained within them. Likewise, a
surface image of the myocardium and cardiac
chambers is achieved only due to the higher den-
sity conferred by the presence of contrast agent
(Fig. 4.14). Three-dimensional reconstruction of a
volume of data acquired at the level of the heart
without contrast agent injection would produce a
useless evaluation of the soft tissues (the my-
ocardium), which would be visible only because
they are surrounded by the very low density of the

air present in the lungs, but any evidence of the
coronary arteries would be absent.

Other structures with high radiologic density
overlap the coronary arteries, such as the pul-
monary vessels and the bony thoracic cage. These
structures can be excluded by “editing” the images
(either automatically or manually), thereby pro-
viding direct and exclusive evidence of the coro-
nary vessels (Fig. 4.15).

4.2.4 Clinical Use of Volume-
Rendering Images

Three-dimensional reconstructed images are of
foremost importance as they provide direct and
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Fig. 4.14 a–c Examples of coronary vessels evaluated by means of volume-rendering technique

a cb

Fig. 4.15 a–c Thoracic volume evaluated by the volume-
rendering technique. a, b Bones and pulmonary vessels
opacified by contrast agent are superimposed on the
coronary arteries, limiting anatomic evaluation. c Manual
or automated editing removes the overlapping structures,
revealing the coronary vesselsa

cb
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Fig. 4.17 Calcific plaque evaluated using volume-rendering technique. a The plaque is hyperdense (arrow). 
b A detailed evaluation of the vessel lumen is not possible but can be achieved by instead using bi-dimensional
images (arrow). c There is marked hypertrophy of the distal branches of the right coronary artery

a b c

Fig. 4.16 a Fibrolipidic plaque evaluated using
three-dimensional volume-rendering technique.
b Evaluation using bi-dimensional technique.
Note the central hypodense component of the
plaque and the calcific spots (arrows)

a b

Fig. 4.18 Different reconstruction techniques: a Axial, b, c MPR, 
d volume rendering, e straightened vessel

a b c

d

e



immediate evidence of the anatomy of the coro-
nary tree (see Chap. 1 for a discussion of the
variability of the coronary anatomy). Moreover,
this technique allows for a complete and simulta-
neous evaluation of the entire volume acquired.
Nonetheless, care must be taken in evaluating
volume images reconstructed with volume-ren-
dering techniques as, in fact, they provide a su-
perficial evaluation from outside of the vessels
(Fig. 4.16). In a patient with parietal atheroscle-
rotic involvement, stenosis can be visualized only
when a fibrolipidic low-density plaque is present;
if the plaque is calcific, the higher density of the
plaque material will overlap with the density of
the vessel lumen, prohibiting proper visualiza-
tion and analysis of a possible stenosis (in addi-
tion to the previously mentioned blooming ef-
fect) (Fig. 4.17). Therefore, in every case and for
every vessel, images generated by the two types
of reconstruction must be evaluated and com-
pared. This will result in proper anatomic defini-
tion and correct identification of the atheroscle-
rotic involvement (Fig. 4.18).

4.3 Virtual Endoscopy

We conclude this chapter with a brief discussion of
another three-dimensional visualization technique,
albeit one that is seldom used to evaluate the coro-
nary arteries: virtual endoscopy. The principles and
software needed to acquire virtual endoscopy im-
ages are the same as those for volume-rendering im-
ages. The difference is that the virtual eye moves
from a surface evaluation to an internal examination
of the anatomic 3D data sets. To do so, specific set-
tings have to be used, such that the density contained
in the lumen (contrast agent) becomes transparent
while other densities are made evident. This proce-
dure is carried out by a mouse click at the computer,
as these settings are already among the many avail-
able to the clinician. Once “inside” the vessel of in-
terest, the viewer can move his or her virtual eyes
along the course of the vessels and the area of
stenosis, then move on to the origin of the side
branches (Fig. 4.19). Although fascinating, this
technique does not add any further information to
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Fig. 4.19 a-d Virtual
endoscopy of the
coronary arteries

a b

c d



that already provided by the other above-described
procedures and is therefore seldom employed. Vir-
tual endoscopy is more useful in other settings,
e.g., in the evaluation of pre-cancerous polyps of the
colon (virtual colonoscopy) (Fig. 4.20).
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duces intracellular pH, which inhibits glycolysis,
β-oxidation, and protein synthesis.

Oxidative phosphorylation is carried out in the
mitochondrial respiratory chain and accounts for
almost 90% of the energy (ATP) derived from
substrate utilization. Recent findings [2] have
shown that resting cardiac energy metabolism is
inversely associated with heart rate, which may ex-
plain the prognostic role of heart rate as evidenced
by epidemiological studies.

During coronary ischemia, the degradation of
ATP results in the production of ADP and then
AMP and adenosine. Consequently, adenosine dif-
fuses from myocytes into the interstitial fluid and
the coronary venous effluent. Adenosine is a pow-
erful coronary dilator and the rise in its interstitial
concentration parallels the increase in coronary
blood flow. However, the loss of adenosine from
myocytes can lead to the permanent injury of these
cells. In fact, during a prolonged ischemic event 
(> 30 min) as much as 50% of the adenosine re-
serve may be depleted. Since the de novo synthe-
sis of adenosine is very slow, about 2% every
hour, ischemia lasting more than 30 min can have
catastrophic consequences for the myocardium.

The coronary arteries supply the myocardium
with oxygen and nutrients; only the innermost layer
of the endocardium (about 0.1 mm thick) is supplied
directly from the blood within the heart chambers.
From the epicardial coronary arteries, and then via
intramuscular and subendocardial vessels, blood
flows to the myocardial capillaries. The coronary
microcirculation is crucial in providing oxygen to
cardiomyocytes and in maintaining myocardial me-
tabolism, and thus to myocardial contraction and re-
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5.1 Introduction

The heart pumps approximately 5 L of blood per
minute at rest and up to 24 L per min during vig-
orous exercise. Accordingly, it consumes more
energy than any other organ, cycling about 6 kg
of ATP, which is 20–30 times its own weight,
every day. To acquire this enormous amount of en-
ergy, the heart converts chemical energy stored in
fatty acids and glucose into mechanical energy, in
the form of actinomyosin myofibrillar interac-
tions. Fatty acids, through β-oxidation, account
for about 70% of ATP synthesis, and glucose,
through aerobic glycolysis, for the remaining
30%. Due to this dependence on oxidative energy
production, increases in cardiac activity require
instantaneous parallel increases in oxygen avail-
ability [1].

Energy supplied to the myocardium is used for
mechanical activities, i.e., contraction (65%) and
relaxation (15%), and for electrical activity (5%);
the rest is spent on basal metabolism (15%) Under
anoxic or ischemic conditions, the myocardium
uses anaerobic glycolysis to produce energy. How-
ever, this pathway is inefficient as it consumes a
large amount of glucose and leads to the produc-
tion of lactate and only 2 ATP molecules for every
molecule of glucose, whereas oxidative phospho-
rylation produces 36 molecules of ATP for the
same amount of glucose. Moreover, lactate re-

M. Piccoli (�)
Cardiology Unit, Policlinico “Luigi di Liegro”
Rome, Italy
e-mail: mandimara@libero.it



laxation The cardiomyocytes are surrounded by
reticular capillaries, which feed into arterioles and
venules, thereby forming intramyocardial micro-
circulatory units that regulate the coronary circula-
tion [3]. The myocardial oxygen supply rises and
falls in response to the oxygen demands of the my-
ocardium. At rest, myocardial oxygen extraction is
almost maximal (about 70%), facilitated by a high
capillary density of 3,000-4,000/mm2. Thus, an in-
creased metabolic demand can only be met by aug-
mented coronary flow. The resting coronary flow
rate is 220–250 ml/min (70–90 ml per 100 g my-
ocardial tissue per min), which is about 5% of car-
diac output. In response to physiologic or pharma-
cologic stimuli, coronary flow to the myocardium is
increased from its basal level to a maximal flow of
280 ml per 100 g/min, without any signs of under-
or overperfusion. During systole, blood flow through
the myocardial capillaries is very low due to cardiac
contraction and ventricular ejection. In a normal
heart, blood flow is controlled by the vascular tone
of the coronary microcirculation (vessels with di-
ameters < 400 μm). Kaneko et al. [3] suggested that
the precapillary and capillary sinuses together com-
prise a micro pump that utilizes cardiomyocyte con-
traction and relaxation to maintain uniform perfu-
sion of the myocardial parenchyma.

Exercise is the most important physiological
stimulus for increasing myocardial oxygen demand
and supply [4-6]. An increase in oxygen demand
induces an increase in contractile activity, princi-
pally attributed to an increase in heart rate (60%),
but also to the augmentation of contractility and
ventricular work. The increased blood supply de-
rives from enhanced coronary blood flow that in
turn is the result of coronary vasodilation (de-
creased coronary resistance) and an increase in
mean arterial pressure. In the normal heart, exercise
induces adaptations by coronary resistance ves-
sels, manifested as an increase in basal tone and in
vasodilator influences (elevated NO production
and K+ channel activity). These adaptations are
thought to contribute to the improved perfusion ob-
served after exercise training, but further studies are
required to identify the system of vasodilatory
components that mediate exercise hyperemia.

A pressure drop across a stenosis causes com-
pensatory vasodilation at rest, thereby diminishing

the ability of the coronary circulation to adapt to an
increase in oxygen demand. Resting coronary flow
is not impeded by mild or moderate stenosis and is
maintained by normal vasodilatory regulation of
the microcirculation, remaining constant until epi-
cardial coronary constriction exceeds 85–90% of
the normal segment diameter. By contrast, maximal
hyperemic coronary blood flow begins to decline
when the diameter of the stenosis exceeds 45–
60%, leading to myocardial ischemia and angina.

5.2 Coronary Flow Reserve

The capacity to increase coronary blood flow in re-
sponse to a hyperemic stimulus is referred to as
coronary flow reserve, defined as the ratio of max-
imal to basal coronary flow. It is a measure of the
ability of the two components of myocardial perfu-
sion, namely, epicardial stenosis resistance and mi-
crovascular resistance, to achieve maximal blood
flow. Since flow resistance is mainly determined by
the microvasculature, coronary flow reserve reflects
the microvascular response to a stimulus and there-
fore presumably the function of the small vessels.

Coronary flow reserve is determined by meas-
uring coronary or myocardial blood flow and taking
measurements both at rest (basal flow) and with
maximal hyperemia, which is achieved with an in-
tracoronary or intravenous infusion of adenosine or
an intravenous infusion of dipyridamole. Normal
coronary flow reserve in young patients with normal
arteries commonly exceeds 3.0; in patients under-
going cardiac catheterization with angiographically
normal vessels, coronary flow reserve averages
2.7±0.6. In patients with coronary artery disease, the
extent of the reduction in coronary flow reserve is
directly related to the severity of the stenosis,
whereas in individuals with angiographically normal
arteries it is a marker of microvascular dysfunction.
A coronary flow reserve of < 2.0 is often considered
abnormal. However, the dependence of coronary
flow reserve on hemodynamic conditions and car-
diac function limits its use as a reliable and repro-
ducible tool of microvascular disease [7].

Instead, measurement of fractional flow reserve
(FFR), introduced in 1996, allows accurate eval-
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uation of the severity of a stenosis [8-10]. FFR is
defined as the maximum myocardial blood flow in
the presence of a stenosis divided by the theoret-
ical maximum blood flow in the same region in the
absence of stenosis (Fig. 5.1). In the presence of
a stenosis, there is a decrement in the distal pres-
sure that is proportional to its severity. To maintain
resting myocardial perfusion, arteriolar resistance
decreases to compensate for the pressure drop
caused by the epicardial stenosis. FFR estimates
coronary blood flow through a stenotic artery and
it is calculated by measuring the coronary pressure
distal to a stenosis at constant and minimal my-
ocardial resistances (i.e., maximal hyperemia) ob-
tained during intracoronary adenosine infusion.
Since it is calculated only at peak hyperemia, FFR
differs from coronary flow reserve by being largely

independent of basal flow, driving pressure, heart
rate, systemic blood pressure, myocardial con-
tractility, or status of the microcirculation.

The theoretical FFR value of a normal coronary
artery is 1, with pathology indicated at FFR < 0.75
and in the presence of an identified coronary steno-
sis in patients with inducible ischemia. The FFR has
a high sensitivity (88%), specificity (100%), and
overall accuracy (93%). For example, dividing the
pressure value distal to the stenosis, e.g., 52 mmHg,
by the value obtained proximal to the stenosis, e.g.,
101 mmHg, yields FFR = 0.51, which is obviously
indicative of a pathology [11, 12].

5.3 Definition and Evaluation 
of Coronary Stenosis

On 30 October 1958, the first coronary angiogra-
phy was performed by Sones. Shortly thereafter,
the technique became the gold standard in the
evaluation of coronary artery disease as it allowed
a visual estimation of the percentage of stenosis.
The presence and degree of a coronary stenosis
can be assessed by different approaches: by eval-
uating lumen reduction (anatomo-pathological
section or CT imaging) or by measuring the re-
duction in longitudinal diameter (angiography im-
aging) (Fig. 5.2).

Coronary angiography provides information
about the reduction in diameter and quantifies
coronary lesions in terms of the percentage steno-
sis and minimal lumen diameter. The percentage
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Fig. 5.2 Relationship
between diameter and
caliber (lumen) reduction
in coronary stenosis

Fig. 5.1 Definition of FFR. FFR = QS/QN � Pd/Pa
during maximum hyperemia; PaPd, hyperaemic dis-
tal coronary pressure; Pa, mean aortic pressure; QS,
maximum myocardial blood flow in the presence of
stenosis; PdQN, normal maximum blood flow



stenosis is given by the relationship between the
minimal lumen diameter resulting from the steno-
sis and the reference diameter upstream or down-
stream of the lesion, identified as normal. Minimal
lumen diameter is calculated in millimeters and is
an absolute value. While it is more reliable and
more consistent than percentage stenosis it is of
limited value in the precise determination of coro-
nary stenosis [13, 14].

Hyperemic flux, in the animal model proposed
by Gould et al. [15] (Fig. 5.3), begins to decrease
when an atherosclerotic plaque causes a 50% re-
duction in diameter, implying a 75% stenosis of the
luminal area (Fig. 5.2). Accordingly, an atheroscle-
rotic plaque is defined as obstructive when the ves-
sel diameter is decreased by > 50%. However, this
does not mean that the lesion will certainly cause is-
chemia; rather, it is a threshold value over which the
stenosis has ischemic potential. Coronary blood
flow at rest is not significantly decreased until the
diameter of the lumen is reduced by about 90%. In
the absence of coronary microcirculation dysfunc-
tion or hypertrophy, coronary blood flow during ex-
ercise is reduced when the stenosis is severe (di-
ameter reduction between 50 and 80%).

In patients with coronary artery disease, any
revascularization strategy needs to be discussed
not only in anatomic terms but also regarding the
functional severity of the stenosis. Thus, it is ex-
tremely important to evaluate patients non-inva-
sively, since the angiographic degree of stenosis is
not always of prognostic value. When there is
moderate stenosis (between 50 and 80%) and non-

invasive tests have confirmed myocardial is-
chemia, if medical therapy is unable to stop the
symptoms then the patient is referred for percuta-
neous revascularization. If non-invasive testing
does not detect myocardial ischemia, even in pa-
tients with chest pain, then a functional evaluation
of the stenosis should be obtained through a bat-
tery of functional tests, including measurements of
FFR and Doppler flow velocity (the velocity of the
blood before and after the stenosis, measured us-
ing a Doppler probe).

5.4 The Limits of Coronary
Angiography

Coronary angiography is able to identify the num-
ber, extent, and degree of stenosis. However, one
of its limitations is that it only visualizes the lu-
men, whereas coronary artery disease usually af-
fects the arterial wall. Intravascular ultrasound
(IVUS) provides information not only about the ar-
terial lumen but also about the thickness and tis-
sue characteristics of the arterial wall. In fact,
IVUS data together with anatomo-pathological
studies have shown that angiographically normal
coronary artery segments often have an athero-
sclerotic burden. The disadvantages of IVUS, as
opposed to other imaging modalities, are that it is
invasive, such that it is currently performed only
in conjunction with selective coronary angiogra-
phy, and the fact that it visualizes only a limited
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Fig. 5.3 Coronary flow
reserve. Relationship
between stenosis and
microvasculature [15]



portion of the coronary tree [16]. Moreover, many
trials have shown that most coronary thromboses
occur in a non-occluding plaque, and often in the
presence of mild or moderate stenosis. In addition,
positive remodeling, which is caused by an ather-
osclerotic plaque that extends outwardly from the
vessel wall, decreases the accuracy of coronary
stenosis evaluation by coronary angiography.

Coronary stenosis is most commonly evaluated
according to the degree of vessel diameter reduc-
tion compared to apparently normal proximal and
distal vessel segments; but since coronary artery
disease is usually pervasive it is highly likely that
the reference segment also contains plaque [13,
14]. Thus, the amount of stenosis is generally un-
derestimated, as the atherosclerotic burden is pres-
ent throughout the vessel. In the evaluation of coro-
nary artery disease, it is of pivotal importance to
determine the atherosclerotic burden as well as the
biological qualitative composition of the plaque. As
many vulnerable plaques prone to rupture are non-
obstructive, they are often missed by coronary an-
giography. Several studies on patients with sudden
death or who died from myocardial infarction have
clearly established that the most important prog-
nostic factor is the extent of atherosclerotic disease
and not the degree of stenosis. Indeed, only 26% of
vulnerable plaques cause > 50% stenosis, whereas
about 50% of healed plaques rupture and acute rup-
tures result in severe stenosis [17].

The findings of coronary plaque characteriza-
tion are highly variable because atherosclerosis is
an active process involving the intima. The vul-
nerability of a plaque to rupture is typically indi-
cated by the presence of a necrotic core. This is a
region of the fibroatheroma that is largely devoid
of viable cells and consists of cellular debris and
cholesterol clefts, a thin fibrous cap (< 65 mm),
and macrophage infiltration, with rare smooth
cells and the variable presence of T lymphocytes
[18, 19]. The identification of vulnerable plaques,
i.e., those likely to rupture due to a disruption of
the fibrous cap, is an important clinical goal. Al-
though current guidelines do not recommend the
evaluation of coronary plaques for risk stratifica-
tion, patients considered to be at high clinical risk
should undergo individualized risk assessment of
their atherosclerotic burden.
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6.2 Epidemiology and Natural
History

The prevalence of coronary artery disease increase
with age in both genders, from approximately 1%
in women age 45–55 to 15% in women age 65–75,
with corresponding values in men of 5% and 20%
[1, 2]. Therefore in Western countries, 2–4% of the
population suffers from coronary artery disease,
albeit with great geographic variations; for example,
the incidence of angina is approximately two-fold
higher in Ireland than in France. Both the natural
history of the disease and the prognosis vary with
the mode of disease presentation. Annual mortality
ranges from 1 to 1.5%, with the incidence of my-
ocardial infarction ranging from 0.5 to 2.5% in pa-
tients with stable angina pectoris. In patients with
acute coronary syndrome, mortality studies car-
ried out in the pre-reperfusion era reported an in-
hospital fatality of 16%. With the use of coronary
revascularization, (fibrinolytic agents, antithrom-
botic therapy, and secondary prevention), the over-
all 1-month mortality has been reduced to 4–6%.
Prognostic assessment is important in the manage-
ment of patients with coronary artery disease.

Even if several different clinical syndromes are
associated with obstructive coronary artery dis-
ease, angina pectoris, an expression of myocardial
ischemia, remains the cornerstone of the diagnosis.
Chest pain is typically felt during physical  exercise,
emotional stress, cold weather, or after a heavy meal.
Patients usually describe middle-chest constrictive
pain with irradiation into the left arm, neck, jaw, and
back. Additional symptoms, including pangs of anx-
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6.1 Introduction

Coronary heart disease affects 2–6% of the general
population; in the USA, it is responsible for more
than 400,000 deaths each year. Epidemiological
data show that, annually, approximately 785,000
Americans experience a heart attack [1], under-
lining the urgency of detection, quantification,
and the prompt initiation of treatment of ischemic
heart disease. Obstructive coronary disease causes
an imbalance between oxygen supply and oxygen
consumption, leading to the various clinical syn-
dromes described below. Atherosclerotic plaque
growth proceeds from the accumulation of fatty
deposits, cholesterol, and cellular waste products
in the inner layer of the coronary arteries. Other
substances, such as calcium, can also be found in
the fatty streaks. Over time, fibrous atherosclerotic
plaques develop, narrowing the arteries and
thereby limiting coronary blood flow. At this stage,
coronary artery disease can be asymptomatic or
associated with angina pectoris, and it is typically
accompanied by calcification of the atheroscle-
rotic plaque. Calcification is an active process, a
part of the atherosclerotic burden, similar to meta-
physis in bone formation. In addition, the plaque
may rupture, due to the atherosclerotic burden,
leading to vessel occlusion, blood flow interrup-
tion, and acute coronary syndrome.
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iety and feelings of numbness, pressure, and suffo-
cation, are also reported by many patients.

6.3 Specific Clinical Conditions

6.3.1 Silent Ischemia

The term "silent ischemia" is used in asympto-
matic patients with clinical evidence of obstructive
coronary artery disease. As long as the disease
does not restrict routine daily activities and, to a
lesser extent, exercise, coronary narrowing devel-
ops unnoticed. Particular attention must be paid to
patients with diabetes, because of the high inci-
dence of silent ischemia in this cohort. The man-
agement of these patients should not differ from
that of patients with stable angina pectoris [3].
Non-invasive risk assessment should therefore be
performed in patients at high risk.

6.3.2 Stable Angina

Stable angina is the main expression of chronic
coronary insufficiency. According to the definition,

it manifests as angina pectoris that is present for
at least 1 month without any recent major aggra-
vation. It is generally caused by emotional stress
or physical exercise. Patients describe a recur-
rent consistent type of pain that typically disap-
pears with rest or with medication. Persistent pain
or changes in pain intensity suggest unstable
angina pectoris. The goal of medical manage-
ment is pain relief and, if possible, to improve
prognosis, which depends on disease severity [3].
Risk stratification, i.e., with respect to death and
myocardial infarction, serves to inform patients
and to determine the most appropriate treatment.
Several non-invasive and invasive tests allow risk
stratification and patient management [4], as sum-
marized in Fig. 6.1.

6.3.3 Medical Treatment for Patients
with Stable Angina and Silent
Ischemia

The goal of medical treatment in patients with sta-
ble angina is to improve the quality of life and the
prognosis. It is an alternative to invasive strategies
for many patients since the efficacy of percuta-
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Fig. 6.1 Algorithm for the management of patients with chest pain
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neous coronary intervention (PCI), while associ-
ated with less need for repeat revascularization, has
no mortality benefit [5]. Thus, PCI should be re-
served for patients at high risk or those poorly
controlled with medical treatment [6]. Medical
treatment can be divided into:
1. Treatment aimed at improving prognosis: as-

pirin 100 mg/day, statin (titrate dose to achieve
target cholesterol [7, 8]), β-blockers in patients
post-myocardial infarction, and angiotensin
conversion enzyme inhibitors for patients with
heart failure or low ejection fraction.

2. Treatment aimed at symptom relief: short-act-
ing nitrates, long-acting nitrates, calcium an-
tagonist, potassium channel openers.

6.4 Myocardial
Revascularization

Myocardial revascularization for patients with
silent ischemia or stable angina pectoris can be
achieved by PCI or coronary artery bypass graft-
ing (CABG). The objectives of these approaches
are an improvement in survival or the eradication
of symptoms. Proximal left anterior descending
(LAD) stenoses, left main disease, and multives-
sel disease are strong indications for revascular-
ization. The individual merits of CABG and PCI
differ according to the pattern of coronary disease.
Meta-analyses of trials comparing CABG with

PCI reported no differences in mortality and my-
ocardial infarction but a decreased rate of addi-
tional revascularization in favor of CABG [9, 10].
Thus, PCI is considered for low-risk patients with
one- or two-vessel disease poorly controlled with
medical therapy. CABG can be performed in all
patients requiring revascularization, but is the pre-
ferred approach for patients with left disease, mul-
tivessel disease, and proximal LAD stenosis. To fa-
cilitate decision-making, angiographic prognostic
scores have been developed, such as the currently
favored Syntax score (www.syntaxscore.com).
The algorithm for the management of patients
with stable angina pectoris or silent ischemia who
require revascularization is shown in Fig. 6.2.

6.5 Acute Coronary Syndrome:
Unstable Angina Pectoris,
STEMI and Non-STEMI

Unstable angina or acute coronary syndrome is
the expression of an acute coronary insufficiency
and is a life-threatening form of coronary artery
disease. Experimental and clinical evidence have
confirmed that unstable plaques are involved in the
pathogenesis of acute coronary syndrome [11-13].
Plaque rupture with thrombosis, elevated levels of
systemic markers of inflammation and thrombosis,
and coagulation system activation have been doc-
umented in these patients [14].
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Fig. 6.2 Algorithm for the
management of patients with
stable angina pectoris
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The cause of acute coronary syndrome is par-
tial or complete thrombotic vessel occlusion.
Symptoms include typical chest pain, shortness of
breath, swelling, and dizziness. Most patients have
persistent ECG modifications, with persistent ST-
segment elevation myocardial infarction (STEMI).
However, some patients with acute chest pain do
not show ST-segment elevation but T-wave inver-
sion or pseudo-normalization of T waves or even
the absence of ECG modifications (non-STEMI).
A diagnosis of non-STEMI is more difficult to es-
tablish than a diagnosis of STEMI, but the prog-
nosis of patients with either condition is compa-
rable in terms of both the incidence of myocardial
infarction in the 6 months following the acute
event and mortality. Elevated biological markers
such as troponin and creatine kinase are part of the
diagnosis of STEMI and non-STEMI. However,
the management of STEMI patients differs from
that of non-STEMI patients since STEMI repre-
sents a true medical emergency [10, 15]. The ini-
tial strategy in these patients is to alleviate is-
chemia and symptoms. Coronary angiography
should be performed as quickly as possible and
 arrhythmia monitoring is mandatory.

6.6 Management of Patients
with Acute Coronary
Syndrome

6.6.1 Recommendation for Patients
with STEMI

The true medical emergency posed by STEMI
makes it essential to minimize the treatment delay,
especially within the first 6 h of chest pain. Pa-
tients admitted to hospitals with catheterization fa-
cilities should be immediately transferred to the
catheterization laboratory in order to benefit from
primary PCI. Patients admitted to hospitals with-
out such facilities but with a transfer duration < 90
min should be transferred to hospitals with PCI ca-
pability. Fibrinolytic agents should not be admin-
istered [15]; however, if the time needed for trans-
fer to a hospital with PCI facilities is expected to
be more than 90 min, patients should be treated

with a fibrinolytic agent and then transferred for
PCI, with the procedure performed within 3 to 24
h. The algorithm for the management of STEMI
patients is shown in Fig. 6.3.

6.6.2 Recommendation for Patients
with Non-STEMI

Medical treatment, including anti-ischemic agents
(β-blockers, nitrates, and calcium channel block-
ers), anti-coagulants (unfractionated heparin, low
molecular weight heparin, fondaparinux, and bi-
valirudin), and antiplatelet agents (aspirin, clopi-
dogrel, prasugrel, and IIb/IIIa blockers), should be
initiated as soon as possible [10]. All patients
should be referred for coronary angiogram and
revascularization in addition to receiving medical
treatment. In high-risk patients (high troponin
level and ST-segment modifications), an an-
giogram must be performed as soon as possible. In
low-risk patients, coronary angiography can be
delayed up to 72 h after the beginning of symp-
toms. The algorithm for the management of these
patients is shown in Fig. 6.4.
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Fig. 6.3 Algorithm for the management of patients
with STEMI
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6.7 Angina with Normal
Coronary Arteries

6.7.1 Syndrome X

As suggested by its name, the definition of this
condition is still unclear. According to the classical
description, it includes typical chest pain, a positive
stress test, and a normal coronary angiogram. It can
mimic chronic stable angina pectoris but the mech-
anism of the chest pain is not understood and con-
troversy persists regarding the pathogenesis of this
syndrome. Exaggerated vasoconstrictor response,
as well as impaired endothelial function, and coro-
nary flow have been demonstrated. The prognosis
is good, without excess mortality, although mor-
bidity is significant and the quality of life is di-
minished, with recurrent hospital admissions.

6.7.2 Vasospastic or Variant Angina

Patients with variant angina report typical chest
pain that occurs at rest, with ST-segment elevation

on some occasions (Prinzmetal angina). Nitrates
usually relieve the pain. Obstructive coronary ar-
tery disease is diagnosed in a substantial propor-
tion of patients with variant angina, and there is
clearly some overlap between patients with vari-
ant angina and those with syndrome X. The mech-
anism that leads to coronary spasm has not been
identified. The hyper-reactivity of smooth muscle
cells is thought to play a role, as is endothelial
dysfunction. The prognosis of variant angina is
good provided there is no underlying obstructive
coronary disease.

The treatment of patients with variant angina
or syndrome X can be disappointing due to the
persistence of symptoms in spite of the well con-
ducted prescription of anti-ischemic agents. Treat-
ment includes short-acting nitrates during crisis
events, and calcium channel blockers as the first
option in chronic treatment; molsidomine can
sometimes be helpful. By contrast, β-blockers
are not recommended although in some patients
they can be useful. In a few patients with drug-re-
sistant vasospastic angina or syndrome X, the re-
lief of symptoms can be obtained by implantation
of a medullary stimulator.

6.8 Conclusions

Despite many therapeutic advances, the man-
agement of patients with coronary disease re-
mains challenging and risk determination is a
key feature. Among the many non-invasive and
invasive tests that are available, the ability of
coronary CT scan to risk-stratify patients has
been demonstrated. The coronary calcium score,
determined by CT, has been shown to be superior
to other tests in the detection of atherosclerosis
[16-18]. However, personalized strategies have
to be established in order to minimize disease
progression, improve symptoms, and slow dis-
ease progression, thus allowing secondary pre-
vention [19, 20].
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Fig. 6.4 Algorithm for the management of patients
with  non-STEMI

Algorithm for the management
of patients with non-STEMI

Typical chest pain
Electrocardiographic modifications

aspirin + clopidogrel or prasugrel
unfractionated heparin or low molecular weight heparin or

fondaparinux or bivalirudin
in addition to morphine, �-blockers, nitrates

High risk patients
(high troponin, ST segment depression,

persistent chest pain)
Low risk patients

Immediate coronary angiogram
and PCI

Coronary angiogram
and PCI within 6 to 72 hours



References

1. Roger VL, Go AS, Lloyd-Jones DM et al (2011)
AHA Statistical Update, Heart Disease and
Stroke Statistics – 2011 Update: A Report From
the American Heart Association. Circulation
123:e18-e209

2. Pelberg R, Mazur W (2007) Cardiac CT angiog-
raphy manual. Springer, Heidelberg, pp 3-16

3. Fox K, Alonso Garcia MA, Ardissino D et al
(2006) Guidelines on the management of sta-
ble angina pectoris: The Task Force on the Man-
agement of Stable Angina Pectoris of the Eu-
ropean Society of Cardiology. Eur Heart J
27:1341-1381

4 Gibbons RJ, Abrams J, Chatterjee K et al (2003)
ACC/AHA 2002 Guideline Update for the
Management of Patients With Chronic Stable
Angina: A Report of the American College of
Cardiology/American Heart Association Task
Force on Practice Guidelines. J Am Coll Car-
diol 41:159-168

5. Danchin N, Coste P, Ferrières J et al (2008)
Comparison of thrombolysis followed by broad
use of percutaneous coronary intervention with
primary percutaneous coronary intervention
for ST-segment-elevation acute myocardial in-
farction. Circulation 118:268-276

6. Smith SC, Feldman TE, Hirshfeld JW et al
(2006) ACC/AHA/SCAI 2005 Guideline Up-
date for Percutaneous Coronary Intervention. A
Report of the ACC/AHA Task Force on Prac-
tice Guidelines, ACC/AHA/SCAI Writing
Committee to Update the 2001 Guidelines for
Percutaneous Coronary Intervention. J Am Coll
Cardiol 47:e1-e121

7. Expert Panel on Detection, Evaluation, and
Treatment of High Blood Cholesterol in Adults
(2001) Executive summary of the third report
of the National Cholesterol Education Program
(NCEP) Expert Panel on Detection, Evaluation,
And Treatment of High Blood Cholesterol in
Adults (Adult Treatment Panel III). JAMA
285:2486-2497

8. Karalis DG (2009) Intensive Lowering of low-
density lipoprotein cholesterol levels for pri-
mary prevention of coronary artery disease.
Mayo Clinic Proceedings 84:345-352

9. Singh AK (2010) Percutaneous coronary inter-
vention vs coronary artery bypass grafting in the
management of chronic stable angina: A criti-
cal appraisal. J Cardiovasc Dis Res 1:54-58

10. Bassand J-P, Hamm CW, Ardissino D et al
(2007) Guidelines for the diagnosis and treat-

ment of non-ST-segment elevation acute coro-
nary syndromes: The Task Force for the Diag-
nosis and Treatment of Non-ST-Segment Eleva-
tion Acute Coronary Syndromes of the European
Society of Cardiology. Eur Heart J 28:1598-660

11. Kojima S, Nonogi H, Miyao Y et al ( 2000) Is
preinfarction angina related to the presence or
absence of coronary plaque rupture? Heart
83:64-68

12. Hort W (1991) Arteriosclerotic plaque rupture: Its
significance for myocardial infarct, sudden heart
death and unstable angina. Versicherungsmedizin
43:151-154

13. Kragel AH, Gertz SD, Roberts WC (1991) Mor-
phologic comparison of frequency and types of
acute lesions in the major epicardial coronary
arteries in unstable angina pectoris, sudden
coronary death and acute myocardial infarction.
J Am Coll Cardiol 18:801-808

14. Avanzas P, Arroyo-Espliguero R, Cosín-Sales J
et al (2004) Markers of inflammation and mul-
tiple complex stenoses (pancoronary plaque
vulnerability) in patients with non-ST segment
elevation acute coronary syndromes. Heart
90:847-852

15. Kushner FG, Hand M, Smith SC Jr et al (2009)
2009 Focused Updates: ACC/AHA Guidelines
for the Management of Patients With ST-Ele-
vation Myocardial Infarction and ACC/AHA/
SCAI Guidelines on Percutaneous Coronary In-
tervention: A Report of the ACC/AHA Task
Force on Practice Guidelines. J Am Coll Car-
diol. 54:2205-2241

16. Greenland P, LaBree L, Azen SP et al (2004)
Coronary artery calcium score combined with
Framingham score for risk prediction in asymp-
tomatic individuals. JAMA 291:210-215

17. Budoff MJ, Diamond GA, Raggi P et al (2002)
Continuous probabilistic prediction of angio-
graphically significant coronary artery disease
using EBCT. Circulation 105:1791-1796

18. Knez A, Becker A, Leber A et al (2004) Rela-
tion of coronary calcium scores by EBCT to ob-
structive disease in 2,115 symptomatic patients.
Am J Cardiol 93:1150-1152

19. Kajinami K, Seki H, Takekoshi N et al (1997)
Coronary calcification and coronary athero-
sclerosis: site by site comparative morpholog-
ic study of electron beam computed tomogra-
phy and coronary angiography. J Am Coll Car-
diol. 29:1549-1556

20. Budoff MJ, Gul KM (2008) Expert review on
coronary calcium. Vasc Health Risk Manag.
4:315-324

52 D. Casagrande et al.



D.A. Dowe, M. Fioranelli and P. Pavone (eds.), Imaging Coronary Arteries,
DOI: 10.1007/978-88-470-2682-7_7, © Springer-Verlag Italia 2013

tive information regarding the risk of plaque pro-
gression/destabilization and quantitative data
about the dimensions of the lumen and vessel.

The IVUS console is made up of three compo-
nents: a catheter with a transducer, a pullback sys-
tem, and a computer containing the software and the
hardware able to convert the ultrasound signal into
gray-scale imaging. The IVUS catheters currently
available for clinical use have external diameters be-
tween 2.6 and 3.5 French (0.87–1.17 mm coronary
and peripheral arteries, respectively). The probe is
available as either a mechanical or an electronic de-
vice, with the spatial resolution of the latter lower
than that of the former. To acquire the IVUS image,
the target vessel should be selectively cannulated
with a guiding catheter. After a 0.014-inch angio-
plasty wire has been positioned in the vessel, the
IVUS probe is advanced distally to the level of the
target area and withdrawn proximally by an auto-
mated pullback device (with a speed of 0.5 or 1.0
mm/s) into the ostium of the guiding catheter.

Ultrasound gray-scale images of a normal coro-
nary segment show a circular lumen surrounded by
three layers. The inner layer is relatively echolucent
and represents the intima and inner elastic lamina in
normal arteries, or the atherosclerotic plaque in
atherosclerotic arteries. The middle layer is usually
transparent and dark, and represents the media. The
external layer is more echolucent and represents the
external elastic lamina, the adventitia, and the pe-
riadventitial tissue. The different echolucencies of
these layers are due to their different histological
composition; for example, the collagen-rich ad-
ventitia is very echolucent whereas the media, rich
in smooth muscle cells, is relatively less echolucent.
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7.1 Introduction

For over a decade, coronary angiography has been
the “gold standard” in the appraisal of the coronary
anatomy and the diagnosis of coronary artery dis-
ease. However, the introduction of percutaneous
coronary revascularization, along with increasing
evidence of the prognostic importance of athero-
sclerotic plaque composition, has fostered the con-
cept that simple coronary angiography is limited in
estimating the distribution and extent of coronary
pathology. Indeed, angiography only shows the ves-
sel lumen, a perspective that is insufficient in rep-
resenting the complex nature of coronary disease.

Since its introduction at the end of the 1980s,
intravascular ultrasound (IVUS), as the most mod-
ern application of diagnostic ultrasound, has sup-
plied important information about the composition
of atherosclerotic plaques. IVUS is an invasive
technique that yields tomographic images of the
vascular structures and allows direct visualization
of both the luminal area and vessel wall composi-
tion. Since angiography only provides planar, map-
like information about the coronary anatomy, it is
also limited in estimating the mechanisms and
progression of atherosclerotic disease. By con-
trast, IVUS visualizes the artery in cross-sections
through tomographic appraisal of the plaque, its
extent, and its composition below the endothelial
surface. Moreover, IVUS can also supply qualita-
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Validation studies have demonstrated that 
the atherosclerotic plaque can be differentiated
 according to its prevalent characteristic, i.e., lipidic,
fibrotic, or calcific, which can also be distinguished
echogeneically. Thus, on the basis of the echogenic-
ity of the plaque, three different types of coronary le-
sions can be distinguished: (1) hyperechoic regions
with acoustic shadow, corresponding to calcific de-
posits; (2) hyperechoic regions without acoustic
shading, corresponding to fibrotic components of
the plaque; and (3) hypoechoic regions, correspon-
ding to lipid lakes or thrombotic material. How-
ever, the sensitivity and specificity for calcific and
fibrotic tissues are much greater than for lipidic tis-
sue. Thus, calcium is very well visualized as a highly
echolucent, distinct area such that the diagnostic
accuracy is much higher than obtained with con-
ventional angiography. Initially, the classic IVUS
pattern of a low echolucent area with a sharp border
was misinterpreted and sometimes confused with the
echotransparency (gradual acoustic shadow) typical
of dense fibrous tissue; however, the use of 40-MHz
probes has improved the identification of lipid
“pools,” as documented by in-vitro and in-vivo stud-
ies (with a spatial resolution of 150–300 μm).

Gray-scale images provide a relatively precise
image of vessel anatomy and, above all, of plaque
morphology. Indeed, it is possible to obtain detailed
information about intimal surface ulcerations, ves-
sel remodeling (compensatory expansion of the
media during plaque development), plaque distri-
bution and, especially, the type of plaque compo-
sition. All of this information is extremely impor-
tant in the planning of interventional procedures,
such as the choice of stent design, in optimizing
acute results (by stent apposition to the arterial
wall and uniform circumferential expansion of the
stent), and in identifying complications (such as
plaque dissection or re-stenosis).

7.2 From Gray-Scale to 
Color-Coded IVUS: The
Virtual-Histology Revolution

Today, clinical and laboratory data have challenged
classical notions of the pathogenesis of acute coro-

nary syndromes. Several independent lines of clin-
ical evidence have shown that critical stenosis
causes only a fraction of this group of pathologies.
Rather, the rupture of a thin fibrous cap covering
a large, lipid-rich, necrotic or superficial intimal
erosion frequently triggers acute coronary throm-
boses at sites of non-critical narrowing of the coro-
nary arteries. This shift in our thinking has fostered
the notion of the “vulnerable” or “high-risk” plaque
and spawned manifold attempts to develop meth-
ods for its detection, a quest predicated on the pos-
tulate that local intervention could preclude plaque
thrombosis and thus acute coronary syndromes.
This approach may prove applicable to patients al-
ready targeted for invasive diagnosis or treatment
in whom the identification of non-stenotic lesions
unseen by traditional angiography might guide a lo-
cal intervention aimed at the prevention of a coro-
nary event. Patients presenting with acute coronary
syndromes are at a high short-term risk of recur-
rence, which justifies an aggressive approach such
as this one.

The typical vulnerable plaque has been clearly
defined in autopsies of patients who died of acute
myocardial infarction. It is mostly constituted by
a necrotic core, rich in cholesterol crystals and
lipids, with an overlying thin fibrous cap that sep-
arates this highly thrombogenic material from the
blood stream. Such lesions are referred to as thin-
cap fibroatheromas (TCFAs).

Several imaging modalities, including gray-
scale IVUS, are under investigation by extensive
clinical testing in order to identify the one that is
the most reliable in discovering the “vulnerable
plaque.” However, some studies have reported
that, according to gray-scale IVUS analysis, stable
and unstable plaques share several characteristics
that reduces the ability of IVUS to clearly differ-
entiate among them. Moreover, IVUS resolution is
about 200–300 μm, a threshold far above the thick-
ness of the typical thin fibrous cap of a vulnerable
plaque (40–80 μm). Another limitation is that the
gray-scale code is not useful for clearly differen-
tiating between the different histological compo-
nents of the vulnerable plaque (i.e., necrotic core
vs. fibrous material and calcium microcrystals),
thus reducing the diagnostic accuracy of the
methodology in detecting vulnerable TCFAs.
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The development of IVUS-virtual histology
(IVUS-VH) is a promising step, as the technique
can be used in the catheterization lab to identify
vulnerable plaques. IVUS-VH discriminates
among different tissues with high sensitivity and
specificity, thus improving the diagnostic accuracy
for any single plaque and, prospectively, distin-
guishing between vulnerable (rupture prone) and
non-vulnerable (non-rupture prone) atheroscle-
rotic lesions.

IVUS-VH images color-code four different tis-
sue types (Figs. 7.1, 7.2):
• Lipid: displayed in yellow
• Fibrolipids: displayed in green

• Necrotic core: displayed in red
• Calcium: displayed in white.

IVUS-VH image acquisition and processing
are very different than in standard gray-scale
IVUS. VH uses the frequency and amplitude from
tissue-reflected ultrasound. Moreover, the analy-
sis, which is performed on backscatter signals
and based on all data acquired by the ultrasound
beam, uses complex mathematical equations
(blind deconvolution, autoregressive modeling,
three-component classification algorithm) to ex-
tract the required information. “In vitro,” the di-
agnostic accuracy in identifying the four different
tissue types ranges from 93 to 99%. The “in vivo”
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Fig. 7.1 Comparison between gray-scale and virtual-histology. A moderately calcific deposit can be clearly seen
in the intravascular ultrasound (IVUS) gray-scale image on the left at 6 and 7 o’clock. In addition,  IVUS-virtual
histology (IVUS-VH) identifies lipid lakes associated with the calcium deposit. This is sometimes a character-
istic of the necrotic core

Fig. 7.2 The four color-coded plaque components classified by virtual histology and their corresponding
histopathologies



diagnostic accuracy is also extremely high (Table
7.1, Fig. 7.3). Of note is the observation that a typ-
ical virtual histology slice is 3- to 4-μm thick in
contrast to the 300-μm thickness of an IVUS
slice. This means that slices obtained during
IVUS analysis do not perfectly correlate with his-
tological slices; instead, IVUS-VH images repre-
sent the mean of values acquired from more than
one histological segment (Fig. 7.4a).

7.3 Lesion Classification Using
IVUS-VH

Coronary lesions can be classified as stable
(pathological intimal thickening, fibro-atheroma;
calcific fibro-atheroma) and unstable (TCFA, su-
perficial erosions, superficial microcalcifica-
tions). The most representative of this latter group,

56 G.M. Sangiorgi et al.

Table 7.1 Sensitivity and specificity of virtual histology (VH) for the different tissue types

Accuracy Sensitivity Specificity

Type % CI % CI
Fibrous 93.5% 95.7% 94–98 90.9% 88–94
Fibrolipids 94.1% 72.3% 65–80 97.9% 97–99
Core necrotic 95.8% 91.7% 87–96 96.6% 95–98
Calcific 96.7% 86.5% 81–92 98.9% 98–100

CI confidence interval.

Fig. 7.3 Comparison between histology and IVUS-VH. Hand-drawn reconstructions by four different patholo-
gists (a-d) using the same colors as in VH. Note the excellent correlation with the three classifications by VH.
In the reconstruction of an IVUS-VH image, the 300-μm field of interest is essentially the sum of many histo-
logical 4-μm slices and therefore is not perfectly super-imposable. FA Fibroatheroma



particularly in coronary vessels, is the TCFA. As
previously described, the thickness of the cap is
far below the threshold of the ultrasound beam.
IVUS diagnoses TCFA when the necrotic core
component is in direct contact with the lumen,
representing a fibrous cap thinner than 200 μm.
Different lesion types are defined by IVUS-VH
(Fig. 7.4b), each with its own corresponding sen-
sitivity and specificity. Of note is the high speci-
ficity of this technique for TCFA (Table 7.2).

In this setting, the goal of the PROSPECT study
has been to prospectively identify in patients with
different types of acute coronary syndromes
(ACSs) the distinctive characteristics of coronary
lesions that in turn may be responsible for the on-
set of a new ACS. This study enrolled 697 pa-
tients who underwent percutaenous coronary in-
tervention (PCI) for STEMI (30%), NSTEMI
(66%), or unstable angina (4%). Those patients
were submitted to intracoronary imaging (IVUS)
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Table 7.2 Specificities, sensitivity, and diagnostic accuracy of virtual histology for different types of athero-
sclerotic lesions

Type of plaque Accuracy Sensitivity Specificity Total (n)

FACa 72.4% 32.5% 93.0% 40
TCFACa 96.1% 90.0% 97.1% 20
FA 85.9% 54.1% 96.9% 37
FCa 85.5% 87.1% 84.5% 31
PIT 83.4% 88.5% 82.0% 26
TCFA 99.4% 75.0% 100% 4

FACa fibroatheroma calcified, TCFACa thin cap calcific fibroatheroma, FA fibroatheroma, FCa fibrocalcific, PIT patho-
logical intimal thickening, TCFA thin-cap fibroatheroma.

Fig. 7.4 Comparison
between histologic cross-
sections and those obtained
with virtual histology (VH)
(a). Since the former are
usually 4-μm and the latter
300-μm thick, the two
image sets may not be
perfectly matched. Instead,
a single VH image
corresponds (when utilized
for comparison with
histology) to the sum of
several histologic cross-
sections. b Classification
of the different
atherosclerotic plaque types
by intravascular ultrasound
IVUS-VH. 
FA Fibroatheroma

a

b



and intracoronary tissue characterization (IVUS-
VH) of the proximal 6–8 cm of the three epicardial
coronary arteries. During a mean follow-up of 3.4
years, new major cardiac events (MACE) occurred
in 20.4% of cases (149 events in 135 patients). Of
those, 12.9% were related to the culprit lesion
treated by stenting  during the index procedure
(891 stents over 928 culprit lesions), and 11.6% to
non-treated lesions. However, only 31 patients
(4.9%) experienced irreversible events (death, car-
diac arrest, myocardial infarction) related to the
culprit lesion treated during the index procedure,
while in a minority the irreversible events were re-
lated to disease progression on non-treated lesions
and the rest were non-attributable. Of the lesions
necessitating re-hospitalization for unstable angina,
74 (11.5%) were related to the treated lesion and
69 (10.8%) to other pre-existing lesions. The mean
percentage stenosisi of the latter at the beginning
of the study was 32%, which progressed to a mean

of 66% at the time of re-hospitalization. The num-
ber of lesions with a >30% stenosis was 1814 as de-
termined by angiography and 3100 as determined
by IVUS, suggesting that the latter imaging tech-
nique is more sensitive for the assessment of ather-
osclerotic disease. Of the lesions causing an event,
only 50% consisted of a plaque with a lipid pool and
TCFA vulnerable lesions and those accounted for
4.9% out of 595 plaques with similar characteristics.
With specific regard to TCFAs with a lumen ≤4
mm2 and a plaque burden ≥70%, only 18.2% in 3
years caused a coronary event, while 81.8% did not.
Thus, the conclusion of this study is that with cur-
rent imaging modalities and pathogenetic knowl-
edge the capability to predict an acute coronary
syndrome is completely inadequate. In addition, it
is important to note that there is an enormous dis-
crepancy between the high number of complex
plaques in the coronary tree and their predictive
function with respect to a future coronary event.
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Fig. 7.5 a In the
PROSPECT study
minimal lumen cross-
sectional area (MLA)
≤4.0 mm2 and plaque
burden ≥70% predict
risk better than IVUS
MLA alone. b In the
PROSPECT study, the
same lesions by gray-
scale IVUS (plaque
burden ≥70%, MLA
<4 mm2) have
dramatically different
risk profiles when
assessed with VH.
However only a
minority of those
plaques caused a new
acute coronary
syndrome during a
mean follow-up of 3.4
years. PIT pathological
intimal thickening,
EEM external elastic
membrane

a

b



Multivariate analysis of the 152 variables evaluated
showed that the simultaneous presence of a TCFA,
a lumen ≤4 mm2, and a plaque burden ≥70%, were
the most important predictors of a coronary event
(Fig. 7.5). This constellation of findings was related
to an increased risk of a coronary events about 18
times higher than that associated with plaques with-
out these three morphologic characteristics. These
data are not surprising considering that two of the
variables, i.e., lumen ≤4 mm2 and plaque burden
≥70%, but not the plaque vulnerability, that is, the
presence of TCFA, are the most important expres-
sion of atherosclerotic disease severity. If we ana-
lyze the different components for MACE develop-
ment, it should be noted that the IVUS variable
represented by plaque stenosis percentage has a
relative risk of 5.0 compared to relative risk of 3.0

for the presence of a thin fibrous cap. However,
these data need to be “adjusted” for the fact that: (1)
all patients enrolled in the PROSPECT study were
treated with optimal and maximized medical ther-
apy and (2) the correlation between the event and
the lesion was due to stent thrombosis in the same
lesion treated during the index procedure.

7.4 IVUS-VH Console and Image
Interpretation: Tips and
Tricks

Figure 7.6 shows a typical screenshot from an
IVUS-VH S5 consol. The current software version
features automatic, real-time, border detection that
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Fig. 7.6 The image displays the VH monitor view after a run acquisition. Left One section of the vessel, with
the area of the plaque analyzed. In addition, the three panels display, from left to right, lumen area and diame-
ters, plaque burden, and area and diameters of the external elastic lamina. Above, the different plaque compo-
nents are presented as volume occupied by the different components and as percentage of the entire region of
interest. Right a longitudinal section of the vessel. This plaque is classified as a calcific fibroatheroma



is extremely reliable. VH analysis is available only
with 20-Mhz probes, which means less spatial
resolution than obtained with the recently intro-
duced 40-Mhz mechanical probes. The advantage
of the electronic 20-Mhz probe is its lower cross-
ing profile, which allows even more calcific and
compact lesions to be easily crossed. Furthermore,
the electronic probe is very flexible and can be
more easily pushed than mechanical ones. Unfor-
tunately, in the absence of an external layer, dur-
ing pullback the probe may become entrapped in
the plaque, slowing the speed of the maneuver.
This is manifested as a less than perfect reading of
the longitudinal axis. Also, unlike in gray-scale im-
aging, the need for ECG synchronization prohibits
a constant frame-rate to speed ratio. This means

that the slice number per length segment varies in
every single acquisition, depending on the pa-
tient’s heart rate; this is a major drawback in lon-
gitudinal studies evaluating, for example, plaque
regression.

7.5 Conclusion

Despite the opportunity to identify and treat any
critical stenosis directly in the catheterization
laboratory, most of the acute events in patients
with coronary artery disease cannot be pre-
vented. Conversely, the identification of a vul-
nerable plaque (often not stenotic, Fig. 7.7), and
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Fig. 7.7 Comparison between angiography, gray-scale IVUS, and IVUS-VH. Note that the left anterior descend-
ing artery appears normal along its entire length, according to angiography. The numbers indicate the different coro-
nary segments corresponding to the images acquired by IVUS. A small fibrotic plaque is present in segments 4, 5,
and 6. Conversely, a fibrocalcific plaque (segments 2 and 3) and a vulnerable plaque (segment 1) are identified by
the lipidic content, close to the lumen (in the VH image shown as a red region), with the IVUS-VH technique



even of a vulnerable patient (bearing multiple
vulnerable asymptomatic plaques in his or her
coronary tree) may help target interventions to
those plaques most likely to become disrupted
and to the prevention of related complications.
Refined coronary imaging techniques will even-
tually corroborate autopsy studies demonstrating
the heterogeneity of coronary atherosclerotic
lesions, as stratified by individual patient risk-
factor profile. The gap is still large and only
prospective observations have reliably identi-
fied plaques that are prone to rupture, forcing 
a change in our approach to the treatment of
coronary atherosclerotic disease. However, sev-
eral prospective studies (SPECIAL, IBIS-2,
PROSPECT) are currently ongoing. and their
results, together with further advances in imag-
ing modalities such as IVUS-VH, can be ex-
pected to bring new and life-saving treatments
for patients with coronary artery disease.

Suggested Reading

König A, Klauss V (2007) Virtual histology. Heart
93:977-982

Maehara A, Cristea E, Mintz GS et al (2012) Def-
initions and methodology for the grayscale and
radiofrequency intravascular ultrasound and
coronary angiographic analyses. JACC Cardio-
vasc Imaging 5:S1-S9

Pu J, Mintz GS, Brilakis ES et al (2012) In vivo
characterization of coronary plaques: novel
findings from comparing greyscale and virtual
histology intravascular ultrasound and near-in-
frared spectroscopy. Eur Heart J 33:372-383

Sangiorgi GM, Clementi F, Cola C, Biondi-Zoccai G
(2007) Plaque vulnerability and related coronary
event prediction by intravascular ultrasound with
virtual histology: “It’s a long way to Tipperary”?
Catheter Cardiovasc Interv 70:203-210. Review

Stone GW, Maehara A, Lansky AJ et al (2011) A
prospective natural-history study of coronary
atherosclerosis. N Engl J Med 364:226-235

617 Intravascular Ultrasound: From Gray-Scale to Virtual Histology



D.A. Dowe, M. Fioranelli and P. Pavone (eds.), Imaging Coronary Arteries,
DOI: 10.1007/978-88-470-2682-7_8, © Springer-Verlag Italia 2013

formation and CT density measurements, with
important prognostic and therapeutic implica-
tions.

8.1 Normal Vascular Wall

Coronary CTA creates an image during dynamic
passage of a bolus of contrast agent in the coro-
nary arteries. Thus, in images acquired using
three-dimensional analysis, the vessel lumen has
a high CT density and is therefore very bright.
The vessel wall is not enhanced by contrast agent
so that it is hypodense on CT. The normal vessel
wall is too thin to be clearly defined in CT im-
ages, unless newer systems, which their very high
spatial resolution (<0.3 mm), are employed, al-
though experience with the most recent technol-
ogy is still preliminary. The inability to identify
the normal parietal vascular wall is not a negative
factor in coronary CTA (Fig. 8.1), as non-visibil-
ity reflects a normal status and a lack of athero-
sclerotic involvement.

Identification of the vascular wall should al-
ways be performed using bi-dimensional recon-
struction techniques (planimetric imaging, see
Chap. 4). Only this type of image clearly dis-
plays the course of the vessel, with evidence of the
hyperdense internal aspect of the patent lumen
and the hypodense parietal layers. Care must be
taken, as discussed previously, to evaluate the
vessels in their longitudinal course and in the
transverse, axial plane, in order to obtain a com-
plete and detailed definition of the vascular wall.

8Identification and Characterization 
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Coronary CT Angiography
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Coronary CT angiography (CTA) is the first di-
agnostic modality that allows simultaneous eval-
uation of the lumen and wall of these small, rap-
idly pulsating arteries. Catheter coronary angio-
graphy, by contrast, only evaluates the internal,
patent lumen of these vessels, without providing
direct information on the vessel wall or the ex-
tent of vascular parietal involvement by athero-
sclerosis. While it identifies areas of stenosis or
obstruction, it does not show details of the
plaque itself, unless heavy calcifications make
the atherosclerotic plaque evident on the X-ray
image. Intravascular ultrasonography (IVUS) is
an excellent method to obtain high-resolution
images of the vascular wall, with identification
of the different layers and proper characteriza-
tion of the atherosclerotic plaque; however, it is
an invasive procedure, performed in the course
of catheter coronary angiography, and does not
simultaneously evaluate the vessel lumen. Coro-
nary CTA is therefore the first non-invasive im-
aging technique that allows evaluation of the lu-
men and walls of the coronary arteries, a
particular advantage in determining the athero-
sclerotic burden in these arteries. Since athero-
sclerosis is a disease of the vessel wall, obtain-
ing proper and direct evidence of a coronary
plaque is an important new diagnostic possibil-
ity. The technique provides morphological in-

P. Pavone (�)
Radiology Department
Casa di Cura Mater Dei
Rome, Italy
e-mail: paolo.pavone@materdei.it



8.2 Identification of
Atherosclerotic Plaques in
Coronary CT Angiography

The atherosclerotic plaque must always be iden-
tified by three-dimensional imaging reconstruc-
tion (volume rendering) in combination with bi-
dimensional techniques. In the latter images, due
to simultaneous visualization of the lumen and
wall, atherosclerotic plaques are well-evidenced
as areas of focal thickening. Images evaluated in
the different orthogonal planes allow clear defi-
nition of the relationship between the athero-
sclerotic plaque and the lumen, and thus proper
delineation of the extent of vascular stenosis.

8.3 CT Density Values and
Plaque Characterization:
Fibrolipidic and Calcific
Plaques

In addition to its ability to identify atherosclerotic
plaque, an intrinsic feature of CT is that the differ-
ent components of the atherosclerotic plaque have
different densities: (a) lipidic plaques, with very low
density values (<0 HU); (b) fibrotic plaques, with

intermediate tissue density (20–30 HU); and (c)
calcific components of the plaque, which because
of their high density (500–1000 HU) are always
well evident in coronary CTA. Differentiation
among these three plaque components is readily ob-
tained by analysis and evaluation of the bi-dimen-
sional images. In the examples shown in Fig. 8.2,
the low-density plaque can be easily distinguished
from the calcific high-density plaque, and different
plaques in the same artery are distinctly visualized.

Plaques with a predominantly lipidic component
cannot always be discriminated from those that are
mostly fibrotic when clinically evaluated by CT.
Therefore, during image evaluation and in the report,
radiologists refer mostly to a “fibrolipidic” plaque,
thereby indicating the absence of calcific compo-
nents (Fig. 8.3). The difference between fibrolipidic
and calcific plaque is always seen by coronary CTA.

Calcific plaques are strongly hyperdense and
almost always well-evident in three-dimensional
and in bi-dimensional images; whereas hypodense,
non-calcific, fibrolipidic plaques are less obvious
in appearance and require an experienced radiol-
ogist, who must carefully evaluate the targeted ar-
tery segment by segment (Fig. 8.4). The accuracy
in the identification of non-calcific vs. calcific ath-
erosclerotic plaque may be lower, especially in
the more distal segments of the coronary arteries.
For proximal segments, there is no difference since
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Fig. 8.1 Normal
coronary arteries
evaluated using a bi-
dimensional technique.
a Left circumflex
coronary artery. b Left
anterior descending
coronary artery. The
vessel wall is difficult
to evaluate due to its
normal thickness. The
vessels themselves are
well-evident, as they
are surrounded by very
hypodense epicardial
fat tissue

a b
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Fig. 8.2 Marginal plaques Evaluation of wall thickening, which is evident due to the difference in density com-
pared to the lumen of the coronary artery, when opacified by contrast agent. a Fibrolipidic hypodense plaque
(arrow). b Mixed plaque, partially calcified (arrow). c Soft fibrolipidic (arrowhead) and calcified plaques  (arrow)
on the same artery

a b c

Fig. 8.3 Fibrolipidic
marginal soft plaque 
of the right coronary
artery evaluated with 
a bi-dimensional and 
b three-dimensional
image reconstruction
techniques

a b

Fig. 8.4 Marginal
calcific and mixed
plaques. a-d Bi-
dimensional image; 
e three-dimensional
reconstructed image

a b c

d e



both calcific and non-calcific are correctly iden-
tified and characterized. The main goal of coro-
nary CT examination is, in fact, to identify plaque
burden, mostly in the proximal segments, while the
definition of smaller, more distal, branches is lim-
ited. However, for disease prognosis, clinical in-
volvement of the proximal and intermediate seg-
ments of the coronary arteries is more important
than the involvement of distal segments.

8.4 Atherosclerotic Plaque 
and Disease Evolution

Atherosclerotic disease has a temporal course, with
an evolution similar to that of inflammation. In this

view, calcification may be considered as the end
stage of pathological vascular involvement. With
coronary CTA, eccentric calcific plaques, almost al-
ways in an extraluminal location, are frequently
encountered. These represent areas of the vessel
wall with limited and focal atherosclerotic involve-
ment that have reached a final and stable patholog-
ical condition, without causing stenosis. Completely
calcified plaques have to be considered as “safe”
plaques since the atherosclerotic process has ter-
minated. Of course, in the process, the plaque, al-
though calcified and stable, may have caused sig-
nificant stenosis, as is discussed in the next chapter.

Identification of a non-calcific fibrolipidic
plaque – also when there is eccentric involvement
of the vessel wall – that has not caused significant
reduction of the lumen diameter (Figs. 8.5, 8.6)
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Fig. 8.5 a, b Diffuse atherosclerotic
involvement of the left anterior
descending and circumflex coronary
arteries

a b

Fig. 8.6 Small marginal
calcific plaque (arrow) of
the left anterior descending
coronary artery evaluated in
a orthogonal bi-dimensional
planes and b three-
dimensional. c Image
reconstruction techniquea

b c



 indicates to the cardiologist that the atherosclerotic
process is still active and that other events may oc-
cur, leading to further progression of the disease
and to worsening of the patient’s clinical condition.
These plaques (vulnerable plaques) may also cre-
ate acute anatomo-pathological changes that lead
to a sudden cardiac event and to infarction. In
fact, vulnerable plaques may undergo different
types of complications: (a) a further increase in
size, with progressive reduction of the vessel lu-

men; (b) internal hemorrhage, leading to an im-
mediate increase in plaque volume and sudden
vascular occlusion, with acute infarction; (c) ul-
ceration, with dispersion into the vessel lumen of
atherosclerotic material, resulting in vascular oc-
clusion or turbulent flow in the vascular ulcer,
with subsequent development of thrombi; (d) in-
timal dissection at the plaque level, leading to im-
mediate vascular occlusion (Figs. 8.7, 8.8). These
potential complications, well-known mostly to
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Fig. 8.8 Plaque dissection (arrow)
of the left anterior descending
coronary artery. a Axial image
shows the intimal flap; the central
component of the plaque is filled
with contrast agent (b, c). The
patient suffered acute clinical
symptoms a few hours before CT. 
d Bi-dimensional reconstructed
image also shows the intimal flap.
There is also a mild reduction in the
caliber of the vessel in the proximal
segment and a second fibrolipidic
plaque (arrows)

a cb

d

’

’

Fig. 8.7 a, b Ulcerated
plaque (arrow) of the
distal part of the left
anterior descending
coronary artery

a b



pathologists, must always be considered by both
the radiologist and the cardiologist carrying out a
coronary CTA examination. Knowledge of the
morphology and characteristics of the atheroscle-
rotic plaque provide a better and more defined
prognostic and therapeutic approach to athero-
sclerotic disease of the coronary arteries. While in
a non-stenosing calcific plaque the diagnosis is al-
ways “stabilized atherosclerotic disease”, in the
presence of a non-stenosing fibrolipidic plaque the

cardiologist may recommend support therapies,
i.e., drugs or lifestyle changes, that limit disease
progression while at the same time reducing the
possibility of an acute event, which may lead to a
further reduction in the diameter of the vessel lu-
men and to vascular occlusion.

Mixed plaques may be encountered as well; these
have to be considered as at-risk, vulnerable plaques
if the fibrolipidic component is prevalent, with only
small internal, central calcifications (Figs. 8.9–8.11).
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Fig. 8.10 Mixed
plaque involving the
proximal segment of
the left anterior
descending artery and
a calcific plaque of the
middle third of the
same vessel (arrows).
The bi-dimensional (a)
and three-dimensional
(b) images are
displayed

a b

Fig. 8.11 a Mixed
plaque (arrow) with 
b a central hyperdense
calcific core and a
peripheral fibrolipidic
cap. The plaque is
eccentric, with non-
significant reduction 
of the vessel lumena b

Fig. 8.9 Mixed calcific
and fibrolipidic plaques
(arrows). a, b Bi-
dimensional images; 
c three-dimensional
image

a b c
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Fig. 8.12 Reduction of the volume of an atherosclerotic plaque (arrowheads). a Follow-up controls after statin
therapy. b 03-04-02, c, d 09-06-03, e-g 26-06-04

a b

c

e f g

d



8.5 Diagnostic Evaluation 
of Coronary Disease During
Medical Therapy

The development and widespread clinical use of
drugs aimed at significantly decreasing serum
cholesterol levels may lead to a reduction in the
size of the atherosclerotic plaques of most pa-
tients with coronary artery disease. This, of course,
applies only to fibrolipidic plaques, as in the cal-
cific plaque complete stabilization of the athero-
sclerotic process has been already achieved and
the plaque burden of the vessel wall can no longer
be reduced.

CT is not only able to identify and character-
ize the fibrolipidic component of the plaque, but,
as a non-invasive procedure, it allows the clinician
to monitor plaque evolution over time. For exam-
ple, the three-dimensional images acquired with
CT can show the effect of statins on plaque size
(Fig. 8.12, Table 8.1).

The clinical relevance of CT in patients with
atherosclerosis of the coronary arteries is that non-
calcific, non-stenosing fibrolipidic plaques, which
do not require interventional procedures, can be ac-
curately identified. These patients can be started on
a therapeutic approach with drugs (statins) that
target both plaque volume and the overall athero-
sclerotic burden on the vessels. At the very least,
statins are able to reduce further growth of the
plaque, therefore limiting the possibility that it
will undergo sudden anatomic changes (see above).
A few years after the start of therapy, plaque vol-
ume can be monitored in  follow-up controls with
coronary CTA.

These concepts are new and not completely
accepted by clinicians. Moreover cost-benefit ef-
fects must be considered. Today, statins are rec-
ommended for all at-risk patients with high serum
cholesterol levels. Imaging of the coronary arter-
ies prior to the beginning of therapy would screen
for patients with non-calcific fibrolipidic plaques
who may benefit from this type of therapy, distin-

guishing them from patients with only calcified
plaques or with normal arteries, neither of whom
would benefit from statins. In addition, long-term
monitoring may indicate the proper time to termi-
nate medical therapy and thus lead to important
savings in drug and medical care costs.
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Table 8.1 Atherosclerotic involvement and volume
change of the atherosclerotic plaque over the course of
statin therapy

Date Panelsa Plaque Plaque
length area
(mm) (mm2)

03.04.2002 b 13.6 19.8
09.06.2003 c, d 13.2 13.7
26.06.2004 e-g 13.2 10.8

a See Fig. 8.12.
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nary angiography may confirm the significance of
the disease and define the therapeutic approach.

The direct evidence of arterial stenosis pro-
vided by coronary CTA yields additional infor-
mation. For example, a stenosis > 70% causes a
significant hemodynamic reduction of vascular
flow. Completely asymptomatic patients, with neg-
ative treadmill tests, may present with important
and significant stenosis of one or more coronary
arteries but with an overall reduction in flow that
is less than the 70% threshold.

In clinical practice, a stenosis is considered
significant when the vessel caliber is reduced by
> 50%. Thus, the goal is to interpret coronary
CTA images such that the level of stenotic vascu-
lar involvement is precisely determined.

9.1 Non-significant Moderate
Stenosis

As discussed in the previous chapter, marginal
atherosclerotic plaques not causing a significant
reduction of the lumen caliber are frequently en-
countered in coronary CTA images. Once a plaque
has been identified, it must be properly analyzed.
This requires that the vessel be evaluated in the or-
thogonal and axial planes, in order to define the in-
fluence of this marginal plaque on lumen caliber,
using qualitative as well as semi-automated quan-
titative approaches (Figs. 9.1, 9.2). If the non-sig-
nificance of the lumen reduction is established, no
further procedure is necessary, as coronary CTA is
by itself diagnostic, allowing identification and
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Once an atherosclerotic plaque has been identi-
fied and properly characterized by means of coro-
nary CT angiography (CTA), the next step is to
define the extent of atherosclerotic involvement,
i.e., significant reduction of the lumen by steno-
sis or complete occlusion of the vessel. A reduc-
tion in the caliber of the vessel lumen is associated
with a reduction in blood flow and may have sig-
nificant hemodynamic consequences; however,
an important and clearly evident parietal athero-
sclerotic plaque may be present without signifi-
cantly reducing lumen caliber. Thus, an exact def-
inition of the extent of lumen reduction by means
of coronary CTA is very important from a clini-
cal point of view. In most cases, this diagnostic
procedure is employed in not highly symptomatic
patients (in patients in whom there is strong clin-
ical suspicion of coronary disease, catheter an-
giography is directly performed); then, depending
on the results of the clinical examination, a deci-
sion is made as to whether a more invasive ap-
proach (catheter angiography) is required. This
decision depends at least in part on the signifi-
cance of the vessel stenosis. Both the aim and the
key role of coronary CTA are to differentiate pa-
tients with normal coronary vessels from those
with limited atherosclerotic involvement without
evidence of stenosis (who may benefit from sup-
portive drug therapy) and from those with signif-
icant stenosis. In this latter group, catheter coro-
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characterization of the plaque as well as definition
of the extent of lumen reduction.

The semi-automated approach to analyzing lu-
men reduction is a fascinating and important al-
ternative to the qualitative, operator-dependent,
method. Specific software analyzes the vessel in
a  bi-dimensional planimetric image and displays
axial, transverse images simultaneous with the
longitudinal vascular exploration. The software is
able to evaluate the caliber of normal-sized vessels
and the area of the lumen in the segment involved
by atherosclerotic plaque, providing an estimate of
the degree of stenosis. However, while definitely
useful, the semi-automated approach is usually
combined with a more personalized approach;
that is, qualitative definition by the radiologist of
the influence exerted by the parietal plaque on
the vessel lumen, thus differentiating significant
from non-significant stenosis.

9.2 Calcified Plaques: Problems
in Defining Vascular Stenosis

In a vessel with atherosclerotic calcified plaque
involvement, the challenge to the clinician is to
define and properly specify the degree of vessel
reduction. However, densely calcified plaques
create a “blooming” effect on CTA, i.e., in both
three- and bi-dimensional reconstructed images,
the volume of the calcified plaque appears much
larger than it is in reality (Fig. 9.3). This CT ar-
tifact is similar to that observed when metal ob-
jects are present in the area being imaged (for in-
stance, the metallic wires of pacemakers). In the
blooming effect, there are large bright streaks
and lines surrounding the object, both of which
limit the definition of its contours. Calcified
plaques create a larger volume, thereby impeding
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Fig. 9.1 Marginal
fibrolipidic plaque
(arrows) of the middle
third of the left anterior
descending artery
(LAD), without
significant caliber
reduction. 
a Bi-dimensional
image and b three-
dimensional volume-
rendered image

a b

Fig. 9.2 Mild stenosis
of the LAD. a Three-
dimensional image and
b bi-dimensional
image showing mild
reduction in the caliber
of the middle segment
of the artery

a b



the radiologist’s efforts to understand the effec-
tive influence of the plaque on the vessel lumen
(Figs. 9.4, 9.5). It is then difficult to clearly es-
timate (even with automated software) the sig-
nificance of the stenosis. Thus, in the evaluation
of calcified plaques, care must be taken in image

analysis and reconstruction. Proper reconstruction
protocols that limit the blooming effect have to be
employed. In the evaluation of stents, better re-
sults are obtained using reconstruction filters of
intermediate value (usually a value of 46 is indi-
cated) (Fig. 9.6). Moreover, in  bi-dimensional
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Fig. 9.3 Short segmental isolated plaque of the LAD.
Blooming artifacts create a false external expansion of
the plaque out of the vessel lumen (arrow)

➞

Fig. 9.4 Diffuse atherosclerotic involvement with
densely calcified plaques; an artifactual blooming ef-
fect is present

Fig. 9.5 Bi-dimensional images of densely calcified plaques with artifactual blooming effect. a, b Extensive
plaques of the left descending coronary artery. c Calcified plaque of the circumflex arteries

a cb

Fig. 9.6 Diffuse
calcified plaques of the
LAD. a A normal filter
(value 30) shows the
strong blooming effect,
with plaques appearing
larger then they actually
are. b The blooming
effect is reduced with a
46-value filter.
Calcified parietal
plaques with moderate
stenosis are shown a b



image reconstruction and analysis, images of the
vessels must be reviewed in the three orthogonal
planes; for images in the longitudinal axis, the
plane located in the most central position of the
vessel has to be selected, while avoiding the so-
called partial volume effects (well-known to ra-
diologists) that may further lead to overestima-
tion of the stenosis.

Despite these considerations, atherosclerotic
calcified plaques remain difficult to evaluate.
The real degree of stenosis is frequently overes-
timated in current clinical practice, leading to the
unnecessary use of catheter coronary angiogra-
phy. Experience with CTA and the development
of newer software (using image subtraction) will
further improve our diagnostic confidence in 
this field.

9.3 Significant Stenosis

Atherosclerotic plaques that cause significant steno-
sis may be eccentric, marginally located, or con-
centric. Coronary CTA images are able to define the
influence of the plaque on lumen caliber and to
identify patients with significant stenotic involve-
ment. Stenosing plaques may be calcific or fibroli-
pidic, and proper characterization of the athero-
sclerotic plaques will result in a more appropriate
therapeutic approach (Figs. 9.7–9.9). In the evalu-
ation of three-dimensional images acquired by CT,
a complete analysis on three planes has to be per-
formed, as discussed previously, in order to better
define the degree of stenosis. Manual reconstruction
methods provide qualitative measurement of the
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Fig. 9.7 Significant stenosis caused by a mixed plaque
with a central calcific core (arrows), as seen using 
a bi-dimensional and b three-dimensional techniques

a

b

Fig. 9.8 Bi-dimensional images show a both a marginal calcific
plaque and a second, non-calcific fibrolipidic plaque, with 50%
vessel stenosis (arrow). b A third, non-calcific plaque is also
present (arrowhead)a

b

➞



degree of stenosis, whereas semi-automated proce-
dures generate quantitative information.

The extension of the atherosclerotic burden on
the coronary bed has to be properly assessed and
defined in CTA images, specifically, whether one,
two, or three coronary vessels are involved, since

multi-vessel involvement influences clinical out-
come and the course of coronary atherosclerotic
disease (Figs. 9.10–9.12). In addition, patient sur-
vival is directly related to the extent of athero-
sclerotic involvement; being high for non-signif-
icant stenosis, low in the presence of significant
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Fig. 9.9 Severe stenosis
caused by a concentric
plaque of the proximal
segment of the right
coronary artery. a Axial
image shows the plaque
involvement and allows
analysis of the reduced
vessel lumen. 
b Bi-dimensional
reconstructed image
shows evidence of the
stenosis, but with good
distal vascular
opacification a b

Fig. 9.10 a, b Anomalous
origin of three vessels
from the same left
coronary sinus. A
stenosis of the middle
segment of the
circumflex artery is
also present (arrow)

a b

Fig. 9.11 a, b Significant
stenosis of the right
coronary artery just
proximal to the crux
(vascular bifurcation).
The stenosis is evident
both in a three-
dimensional and b
bi-dimensional images

a b



stenosis of a single vessel (Figs. 9.13–9.15), and
even lower when three-vessel disease is evident.

Stenosing atherosclerotic disease of the coro-
nary arteries has to be correlated with the
anatomic configuration of the coronary bed. If
congenital hypertrophy of one coronary vessel is
present (see Chapter 1), stenosis of that single

vessel will cause more significant pathological
findings, whereas stenosis of a congenitally hy-
poplastic vessel may have less influence on my-
ocardial perfusion. The same applies to coronary
occlusion, which may be compatible with life
only if a hypoplastic or non-dominant vessel is
involved.
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Fig. 9.12 a-c The right coronary artery is involved in multiple plaques, with focally significant reduction in the
caliber of the arterial lumen. Strong compensatory hypertrophy of the vessels of the left vascular anatomy is
well evident in three-dimensional volume-rendering images (a, b)

a cb

Fig. 9.13 Significant
stenosis of the LAD due
to a calcified plaque
(arrow), as shown in 
a bi-dimensional 
and b three-dimensional
techniques

a b

Fig. 9.14 Significant
stenosis of the LAD,
evaluated by a volume-
rendering and b curved
multi-planar
reformatted images

a b



9.4 Remodeling

The presence of an atherosclerotic plaque is not al-
ways paralleled by vessel stenosis. Coronary ar-
teries are rapidly pulsating vessels with consistent
elasticity; significant remodeling of the vessel lu-
men may reduce the effect of a parietal plaque on
vessel caliber and lumen. It is possible to have an
important marginal plaque, e.g., 2 mm thick, that
does not significantly influence the vessel lumen.
This is exclusively found in coronary arteries and
does not apply to other vessels in the body. Pro-
gression of an atherosclerotic plaque of the carotid
arteries will be paralleled by a reduction of the

 lumen, with an increase of the plaque volume. In
the coronary arteries, however, if the vessels retain
their elasticity, the volume increase induced by a
parietal, eccentric atherosclerotic plaque will lead
to distension of the contralateral vessel wall, with
deformity of the vessel course but also an increase
in the vessel lumen and thus a lack of stenosis. This
phenomenon is called vascular remodeling and 
is often well-evidenced in coronary CTA images
(Fig. 9.16). In these cases, coronary CTA may be
even more accurate than catheter angiography. In
case of remodeling, the caliber of the vessel, as
shown by catheter angiography, may be completely
normal. Only coronary CTA will correctly demon-
strate and characterize the important, eccentric
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Fig. 9.15 Diffuse atherosclerotic
involvement of the LAD,
evaluated on a bi-dimensional
and b three-dimensional images

a b

Fig. 9.16 Vascular
remodeling. a The CT
image evidences a
thick peripheral
marginal and eccentric
coronary plaque
(arrow) of the
circumflex coronary
artery. b Catheter
coronary angiography
does not show any
significant area of
lumen reduction, due
to vascular remodeling

a b



plaque. These findings have important prognostic
value; in fact, only CTA is able to show that such
patients have coronary artery disease (mostly in
the presence of fibrolipidic atherosclerotic plaque)
and require treatment to limit the possibility of ath-
erosclerotic progress and to reduce the risks of
complications of soft plaques (ulceration, hemor-
rhage), especially the development of acute coro-
nary syndrome.

9.5 Occlusion of the Coronary
Arteries and the Development
of Collateral Circulation

Coronary artery occlusions can be easily evaluated
with coronary CTA, due to the fact that distal to an
atherosclerotic plaque the lack of visualization of a
coronary vessel is diagnostic for coronary occlusion
(Fig. 9.17). While complete occlusion of the main
left artery is never diagnosed, because it is a fatal

condition, it is not rare to find occlusions of the right
coronary artery or of a relatively hypoplastic left
coronary branch, without concomitant significant
clinical findings. In fact, the anatomic configuration
(dominant vessels, congenitally hyperplastic arter-
ies) may greatly reduce the influence of vascular oc-
clusion, at least regarding the clinical aspect.

The coronary arterial bed is considered a “ter-
minal” vascular bed in that distal arteries, once oc-
cluded, cannot be revascularized by other, contigu-
ous vessels. This is true only for acute coronary
occlusions; myocardial infarction will develop if an
occlusion occurs acutely, such that contiguous ves-
sels are unable to compensate for the reduced per-
fusion. However, atherosclerosis is more frequently
a slowly progressing, chronic disease and there is
sufficient time for the development of coronary
collateral circulation. Collaterals are very thin,
 peripheral intramyocardial vessels with an inverted
vascular flow that allows revascularization distal to
the vascular occlusions (Figs. 9.18–9.20). They are
usually too small for their proper and direct
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Fig. 9.17 Occlusion of
the right coronary
artery without distal re-
vascularization and
without collateral
vessels. a Three-
dimensional image and
b the bi-dimensional
reconstructed image

a b

Fig. 9.18 Complete
occlusion of the LAD.
a Aneurysmal
dilatation of the lateral
part and the apex of the
left ventricle. 
b Hypertrophy of the
right coronary artery
and the circumflex
artery, thereby
vascularizing the
remaining part of the
left ventricular wall

a b



 demonstration by coronary CTA and may be opaci-
fied only at catheter angiography. CTA instead pro-
vides indirect evidence of their presence. In com-
plete vascular occlusion, with distal re-filling of the
involved vessel, a diagnosis of collateral circulation
can be made, thus also providing information on the
vessel that is contributing the inverted flow for

revascularization. Only in a few instances is it pos-
sible to directly evaluate collateral circulation, based
on evidence of hypertrophic superficial epicardial
vessels or the “corkscrew” appearance of the ves-
sels (Fig. 9.21). In addition, collateral circulation
may develop in the same coronary vessel (homo-
coronary collateral circulation) (Fig. 9.22).
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Fig. 9.19 Occlusion of
the right coronary artery,
with evidence of collateral
circulation providing flow
distal to the occluded
segment (collateral
circulation is not directly
evident in acquired CT
images). a Bi-dimensional
and b three-dimensional
images a b

Fig. 9.20 Collateral circulation from the LAD shows
revascularization distal to the occlusion of the right coronary
artery. a, b Three-dimensional images acquired with CT. 
c Catheter coronary CT angiography shows small collateral
vessels and revascularization of the distal right coronary vessel

b c

a

➞

Fig. 9.21 a-c Volume-rendering images obtained from a patient who
underwent a coronary artery bypass graft (CABG) procedure. The LAD
provides collateral circulation, with large and tortuous vessels (arrows),
to the occluded right coronary artery

b
c

a



9.6 Evaluation of Coronary
Artery Stenosis: A Review 
of the Literature

Coronary CTA exhibits a high sensitivity and
specificity in the definition of coronary artery
stenosis. The sensitivity in defining significant
stenosis (> 50% caliber reduction) is 93% for the
evaluation of single vessels and even higher on a
per patient basis, as shown in a recent meta-analy-
sis of literature data. Not surprisingly, the sensi-
tivity with 64-slice systems is much higher than
that obtained with 16-slice systems (83 vs. 93%),
a difference that may also be related to method-
ological improvements (more concentrated con-
trast agent, better injection protocol) or to the
faster rotational speed of the X-ray tube and ad-
vances in detector characteristics. Further im-
provements are expected with technical advances,
such as larger and more sensitive detector arrays
and even faster rotation times, leading to reduced
acquisition times of coronary images.

As far as specificity is concerned, the current
overall value is high, in the range of 96%. Another
important issue is related to the negative predictive
value, which is 97–98%. The significance of the lat-
ter is very important from a clinical point of view;
in fact, it defines the ability of coronary CTA to de-
termine whether the vessels are normal, i.e., free of
atherosclerotic involvement. Accordingly, if the ar-
teries are normal with respect to the CTA findings,
then there is a 98% certainty that the patient does
not have coronary atherosclerosis. This stresses the
important role that CTA plays – in symptomatic as

well as in asymptomatic at-risk patients – in screen-
ing patients without or with atherosclerotic in-
volvement. The first group consists of patients with
normal coronary arteries, in whom no further di-
agnostic evaluation is needed. In the second group
are patients with coronary artery disease, which
needs to be further characterize and staged by CTA,
either alone or, in the presence of clearly significant
stenosis, by means of catheter angiography. It is es-
timated that at least 30% of the catheter angiogra-
phy examinations currently performed identify a
normal coronary bed; thus, a large number of these
procedures could be avoided. At the same time,
once significant coronary disease has been diag-
nosed at CTA, it is not crucial whether the same
method is able to properly address the exact degree
of stenosis; rather, further definition and charac-
terization of the atherosclerotic vascular involve-
ment are left to catheter angiography.

9.7 Saving Lives

Radiologists, especially those who have only re-
cently gained experience in the field of cardiology,
should be well aware of the fact that there are a
number of truly asymptomatic patients who would
have never undergone catheter angiography, due to
a lack of clinical indications. In this group, only
the use of coronary CTA is able to show the pres-
ence of important coronary disease. These pa-
tients can thus be regarded as lives saved by CTA.

By being alert to such patients, we hope to
overcome the indifference with which some clini-
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Fig. 9.22 Ipsilateral
collateral circulation.
The right coronary
artery is occluded
(stent occlusion). 
The small tortuous
vessels providing
revascularization of the
distal right coronary
artery (arrow) are
readily seen on a CT
and b catheter coronary
angiographya b

➞ ➞



cians still regard coronary CTA. In fact, several de-
velopments advocate its increased use: (1) the
problem of high radiation exposure has been
solved (80% reduction with newer equipment, i.e.,
much less than the exposure associated with nu-
clear-medicine procedures); (2) the technology is
no longer primitive and the procedures have be-
come standard; and (3) the image quality is con-
sistent, facilitating good professional collaboration
between cardiologists and radiologists and thus
better-informed clinical diagnoses. The frequency
and ease with which CTA can be used should re-
assure the properly informed patient that he or
she is undergoing a standard, routine clinical pro-
cedure, not a dangerous examination. CTA is, in

this aspect, no different than, e.g., a CT scan of the
kidneys for the evaluation of kidney stones (which
has made intravenous pyelography almost com-
pletely obsolete) or magnetic resonance of the
brain (which has totally replaced the very invasive
procedures used by neuroradiologists until the
1970s). Indeed, “seeing” the coronary arteries, as
is possible with CTA, is the best approach to di-
rectly determine whether a patient has coronary ar-
tery disease. Every other diagnostic procedure
provides only indirect information.

In the following three representative cases, the
patients had highly significant CTA findings but
either absent or limited clinical findings and a
negative treadmill test.
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Fig. 9.23 a, b Bi-dimensional MPR images and c 3D images show 
a severe stenosis of the middle segment of the LAD due to 
a calcified plaque

a

c

b

Fig. 9.24 a Three-
dimensional image of
the stenosis. 
b Catheter coronary
angiography confirms
the diagnosis and the
absence of vascular
flow distal to the
diseased segment ba

Case 1

A 40-year-old patient with mild symptoms, related to the epigastric area. Negative endoscopy, nega-
tive treadmill test. Stenting of the stenotic lesion was performed (Figs. 9.23, 9.24).
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Fig. 9.25 Severe
stenosis of the LAD
evaluated on 
a bi-dimensional and 
b three-dimensional
images

a b
➞➞

Fig. 9.26 a-d
Bi-dimensional images
show occlusion of both
the right coronary
artery and the LAD.
There is also a
marginal plaque in the
middle segment of the
cirumflex artery, with
significant stenosis
(arrow)

a

c d

b

➞

Case 2

A 70-year-old patient with no symptoms and a negative treadmill test. The only indication for CTA
was the fact that his son had died of an acute cardiac arrest while playing football. The patient un-
derwent stenting of a stenotic lesion (Fig. 9.25).

Case 3

A 68-year-old asymptomatic patient with a negative treadmill test who requested CTA after learning
of the procedure in the media. A coronary artery bypass graft was performed after coronary angiog-
raphy (Figs. 9.26–9.28).
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Fig. 9.27 Three-
dimensional
volume-rendering
images show occlusion
of a the middle third of
the right coronary
artery and b the LAD.
The circumflex artery
is hypertrophic

a b

Fig. 9.28 Catheter coronary angiography shows occlusion of the LAD and
stenosis of the circumflex artery. a In late angiographic phase, there is 
re-vascularization of the distal LAD through collateral circulation. b The right
coronary artery is occluded (c) and the acute marginal artery is hypertrophic

a

c

b
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10.2 Indications for Surgery

The indications for CABG are based on the
comparative benefits of surgery relative to med-
ical treatment or coronary angioplasty percuta-
neous interventions [2]. According to the most
recent clinical evidence, based on over 40 years
of clinical experience in the management of
CAD, surgery is the best treatment option in 
the presence of lumen narrowing ≥50% in the
left main coronary artery, either as an isolated
lesion or in combination with narrowing in other
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10.1 Introduction

Atherosclerotic coronary artery disease (CAD)
may cause narrowing of the coronary arteries due
to the thickening and loss of elasticity of their
walls. The arterial narrowing, when significant,
will reduce  blood flow to the myocardium during
exercise and, in the presence of severe coronary ar-
tery disease, even at rest. Revascularization by
coronary artery bypass grafting (CABG) surgery
has been shown to offer symptomatic and prog-
nostic benefits [1].

Fig. 10.1 RCA right coronary artery, RM right marginal, RPD right posterior descending, LAD left anterior
descending, D1 first diagonal, D2 second diagonal

RCA Aorta

Right ventricle

RM RPD

Sinus node

Aorta
Left main

RCX LAD

D1

D2

F. Musumeci (�)
Department of Cardiac Surgery and Transplantation
San Camillo Hospital, Rome, Italy
e-mail: fr.musumeci@libero.it



 coronary arteries. Surgery provides better out-
come also in the presence of  three-vessel CAD,
particularly in diabetic patients. Surgery is also
indicated in patients with one- or two-vessel
CAD if there is critical proximal narrowing of
the left anterior descending coronary artery
(LAD). Finally, surgery has the best prognostic
impact compared to alternative treatments in
patients with multi-vessel CAD and impaired LV
function [3] (Fig. 10.1).

10.3 Conduits Used in Coronary
Surgery

10.3.1 Arterial Grafts

10.3.1.1 Internal Thoracic Artery

The use of the left internal thoracic artery (ITA) as
a bypass graft for the LAD has been demonstrated
to provide superior early and late survival and bet-
ter event-free survival after CABG surgery. The
histological and biological characteristics of the
ITA result in better clinical outcomes than achieved
with venous conduits, making the ITA the conduit
of first choice for myocardial revascularization.
The ITA is usually mobilized immediately after the
sternum has been opened, before heparin is ad-
ministered. The artery can either be dissected from
the chest wall within a pedicle with the internal tho-
racic veins, fat, muscle and pleura or it may be
skeletonized (Fig. 10.2). The remarkable remodel-
ing capacities of the ITA allows it to adapt its di-
ameter and flow to the demand for blood of the
supplied myocardium. In fact, the ITA increases its

flow in the same way as normal coronary arteries,
i.e., through an increase in velocity and caliber
mediated by the endothelium [4].

10.3.1.2 Radial Artery

The use of the radial artery (RA) as a conduit for
CABG surgery was originally described by Car-
pentier in the early 1970s. The initial results were
disappointing, with 32% of grafts occluded at 2
years. Acar and colleagues postulated that har-
vest injury was responsible for the graft occlusion.
Encouraging mid- and long-term results have been
demonstrated with the RA harvested as a pedicle
together with the surrounding tissues. RA har-
vesting is performed through an incision made in
the forearm beginning over the radial pulse at the
wrist. It is then extended proximally over the belly
of the brachioradialis for the necessary length.

10.3.1.3 Right Gastroepiploic Artery

The gastroepiploic artery (GEA) may be used in re-
operation for myocardial revascularization in the
absence of other suitable conduits, or as a second-
or third-choice arterial conduit to provide a total ar-
terial revascularization. To expose the right GEA,
the midline incision over the sternum is extended
over the upper abdomen. Dissection extends from
the pylorus along the greater curvature of the stom-
ach until a sufficient length is obtained.

10.3.2 Venous Grafts

The saphenous vein continues to be the most com-
monly used conduit in CABG. The greater saphe-
nous vein is, in fact, easy to harvest, readily avail-
able, and versatile. If the saphenous vein from the
lower leg is to be used, the initial skin incision is lo-
cated anterior to the medial malleolus. If the upper
portion of the vein is used, then the skin incision is
performed in the groin. In either case, a continuous
incision over the length of the vein is made. After
the vein has been exposed, the proximal end is
isolated and divided between ligatures (Fig. 10.3).

86 A. Montalto and F. Musumeci

Fig. 10.2 Preparation of the internal thoracic artery



Branches may be ligated with fine sutures and di-
vided, or divided between hemostatic clips.

10.4 Surgical Strategy

The objective of CABG is to obtain complete my-
ocardial revascularization by bypassing all criti-
cal coronary-artery narrowings in vessels having
a diameter ≥1 mm (Fig. 10.4). The most widely
used strategy in CABG involves routine grafting
of the left ITA to the LAD and segments of the
saphenous vein to the remaining diseased coro-
nary arteries. Vein graft can be used in different
combinations. The vein  can be anastomosed
end-to-side to a coronary artery, providing blood
supply only to the myocardial segment supplied
by that coronary branch. If additional coronary
branches need to be bypassed, sequential grafting
can be performed by connecting one venous seg-
ment to two or more coronary arteries using side-
to-side anastomoses. This technique is usually
employed for the circumflex coronary artery
when there is more than one obtuse marginal
branch, each with proximal narrowing. In this
setting, the grafted vein is anastomosed side-to-

side to one or more proximal marginal branches
and end-to-side to most distal marginal branches.
Sequential grafts to the circumflex system can be
extended to include the postero-lateral branch or
the posterior descending branch of the right coro-
nary artery (RCA).

The left ITA is most often used to bypass the
LAD. Sequential grafting using the left ITA may
include a diagonal branch of the LAD. In a bypass
of the RCA, the right ITA can be used either alone
or in combination with a left ITA graft to the LAD
system. Alternatively, the right ITA can be passed
through the transverse sinus and anastomosed to
one or more marginal branches of the left cir-
cumflex coronary artery (Fig. 10.5).

The right GEA may be used to bypass branches
of the RCA and the circumflex coronary arteries
in combination with an ITA graft to the LAD cir-
culation (Fig. 10.6).

A graft of the RA may be used as a sequential
graft to bypass arteries on the lateral and posterior
surfaces of the left ventricle. Proximally, the radial
artery can be anastomosed to the left ITA or di-
rectly to the ascending aorta. The RA may be used
to extend the right ITA to allow revascularization
of the arteries of the postero-lateral wall of the left
ventricle [5-9] (Fig. 10.7).
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Fig. 10.3 Example of aorto-coronary bypass grafting
using the saphenous vein Fig. 10.4 Standard end-to-side anastomosis



10.4.1 On-Pump Myocardial
Revascularization

A medial sternotomy is made and at the same time
a segment of the saphenous vein is harvested. He-
parin is administered after dissection of the ITA is
completed. Purse-string sutures are then placed at
the cannulation sites in the ascending aorta and
right atrial wall. Cardiopulmonary bypass is es-
tablished using a single venous cannula. The aorta
is clamped and the cardioplegic solution infused.

10.4.2 Off-Pump Myocardial
Revascularization

Off-pump coronary artery bypass gafting 
(OPCABG) is a recognized valuable alternative
to conventional CABG on a cardiopulmonary
bypass. Despite ongoing controversy over its rel-
ative benefits, OPCABG has been shown to re-

duce mortality in numerous prospective ran-
domized trials and in retrospective comparisons.
With the development of stabilization devices
that permit adequate and safe exposure of all
surfaces of the left ventricle in the beating heart,
OPCABG can be performed also in patients with
three-vessel disease and with left main coronary
artery disease [10] (Fig. 10.8).

10.5 Results

At 15 years post-operatively, a grafted left ITA
provides higher cumulative survival (p<0.01), less
early recurrence of angina (p<0.01), fewer recur-
rences of myocardial infarction (p<0.02), fewer 
re-operations (p<0.001), and better cumulative
event-free survival (p<0.01) than a saphenous vein
graft [11, 12]. Even better long-term results can be
achieved if both ITAs are used.
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Fig. 10.5 LIMA left internal mammary artery, LAD left
anterior descending artery

LIMA

LAD

Fig. 10.6 LIMA left internal mammary artery, LAD
Left anterior descending artery, RIMA right internal
mammary artery, MO obtuse marginal

LIMA

LAD

RIMA

MO



10.6 Conclusion

The left ITA to the LAD should be the graft of
choice in all patients undergoing surgical myo -
cardial revascularization. The use of both ITAs is
recommended to provide total arterial revascular-
ization of the left heart, in addition to being the pre-
ferred strategy of myocardial revascularization in all
patients up to 70 years of age.
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proved accuracy and safety of MDCT has re-
duced the need for catheter-based coronary an-
giography; in fact, an increasing number of pa-
tients undergo annual CABG patency assessment
with this non-invasive imaging technique [8].
The avoidance of unnecessary coronary angiog-
raphy through the use of MDCT is expected to re-
sult in overall cost savings along the diagnostic
pathway.

11.2 CABG Indications 
and Clinical History

Indications for CABG surgery include triple-ves-
sel disease, one- or two-vessel disease involving
the left anterior descending artery, and main
trunk disease. The rate of graft patency at 10
years is 50–60% for venous grafts and 80–90%
for arterial grafts [6, 7]. The arterialization of ve-
nous grafts over time following exposure to sys-
temic blood increases the risk of stenosis and
graft occlusion, due to intimal hyperplasia. Re-
current cardiac ischemia after CABG surgery
occurs in a significant proportion of patients,
demanding further investigations and re-inter-
vention. Early graft failure is the result of tech-
nical factors including graft kinking or stretching,
suboptimal conduit quality, competitive flow in
the native artery, or poor runoff distal to the anas-
tomosis. Diabetes, renal failure, and poor left
ventricular function are predictors of poor out-
come in graft patency.
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11.1 Introduction

Coronary revascularization, comprising coronary
artery bypass graft (CABG) surgery and percuta-
neous coronary intervention (PCI), is among the
most common major medical procedures pro-
vided by the US health care system, with more
than 1 million procedures performed annually [1,
2]. Several innovations in coronary revascular-
ization, such as drug-eluting stents, minimally
invasive CABG surgery, and “off-pump” CABG
surgery, have been adopted widely in the past
decade, with the promise of improved clinical
outcomes compared with older revascularization
technologies and techniques [3, 4]. However, with
the advent of PCI and the increased efficacy of
medical therapy, a constant decrease in the num-
ber of CABG procedures has been steadily ob-
served in the USA. Nonetheless, the results of the
recent SYNTAX trial indicated that CABG sur-
gery remains the better choice for coronary revas-
cularization among patients with previously un-
treated three-vessel or left main coronary artery
disease [5-7].

Multi-detector computed tomography
(MDCT) coronary angiography is well-estab-
lished as an excellent imaging technique in the
evaluation of graft patency after CABG. The im-
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11.3 CABG Classification

In CABG surgery, either venous or arterial grafts
can be used. The choice of graft type and anasto-
mosis depends on several factors, such as conduit
availability and target-vessel position.

Venous grafts are harvested from the saphenous
vein as free grafts and are then anastomosed prox-
imally to the aorta and distally to the target vessel.

Arterial grafts can be in situ grafts, usually
from the left internal mammary artery (LIMA)
but less frequently from the right internal mam-
mary artery (RIMA), or free conduits harvested
from other arteries. LIMA grafts are used to
revascularize the left anterior descending (LAD)
artery, while the RIMA is used to target the right
coronary artery (RCA). The right gastroepiploic
artery less frequently serves as the graft vessel,
i.e., only in case of redo surgery when no other
conduits are available. A LIMA graft is the pro-
cedure of choice for LAD revascularization based
on the anatomical and biological characteristics of
this artery (Fig. 11.1).

In sequential grafts, a proximal anastomosis is
established with one vessel followed by a distal
anastomosis with adjacent vessels in order to
revascularize multiple coronary branches using
only one conduit.

Two bypass conduits can be used to form a Y
(or T) graft to revascularize different vessels. In
most cases, a LIMA graft on the LAD is used with
a second venous graft that is laterally anastomosed
to a diagonal or marginal vessel [9, 10].

11.4 Current Indications for 
CABG Imaging with MDCT

The most recent document establishing appropri-
ateness criteria for the use of non-invasive cardiac
imaging with CT is that of the American College of
Cardiology Foundation [11]. In their report, a tech-
nical panel scored each indication on a numerical
scale of 1 to 9, considering scores between 7 and 9
as appropriate (imaging is generally acceptable and
is a reasonable approach for the indication), scores
between 4 and 6 as uncertain (imaging may be gen-
erally acceptable and a reasonable approach for the
indication, but more research and/or patient infor-
mation is needed to definitively classify the indi-
cation ), and scores between 1 and 3 as inappropri-
ate (imaging is not generally acceptable and is not
a reasonable approach for the indication).

According to this document (Table 11.1), MDCT
in CABG evaluation is considered appropriate in
symptomatic patients in order to demonstrate con-
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Fig. 11.1 Different types of CABG. a Venous grafts on the LAD (arrow) and the marginal vessel (black
 arrowhead). b Venous grafts on the RCA (arrow), diagonal (black arrowhead) and marginal vessels (white
 arrowhead). c LIMA graft on the LAD (arrow) and a venous graft the on RCA (arrowhead)

a b c



duit stenosis or occlusion. In clinical practice, the
detection of a chronic occlusion in a patient with
chest pain of sudden onset can avoid the need for
percutaneous graft recanalization attempts.

In asymptomatic patients evaluated for CABG
patency at least 5 years after surgery, MDCT is
considered uncertain; although there is increasing
evidence supporting the role of MDCT in this set-

ting, especially given the increasing availability of
new-generation scanners, in which radiation ex-
posure has been significantly reduced. In asymp-
tomatic patients who underwent CABG surgery
less than 5 years previously, MDCT imaging is
considered inappropriate (Fig. 11.2).

As reported in Table 11.2, MDCT demonstrates
high accuracy in the assessment of graft occlusion
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Table 11.1 Summary of the criteria for the appropriate use of cardiac multidetector computed tomography
(MDCT) imaging in patients with CABG. Modified from [11]

Clinical scenario Appropriate use score (1-9)

Symptomatic (ischemic equivalent) Evaluation of graft patency A (8)

Time of prior CABG surgery < 5 years  5 years

Asymptomatic Evaluation of graft patency I (2) U (5)

A appropriate, I inappropriate, U uncertain.

Table 11.2 Accuracy of 64- and 320-row MDCT in the assessment of graft patency compared with conven-
tional coronary angiography

Occlusion Stenosis

Author Pts N Arterial Venous Sens Spec PPV NPV Sens Spec PPV NPV

Malagutti [12] 52 109 45 64 - - - - 100 98.3 98 100
Pache [13] 31 93 22 71 - - - - 97.8 89.3 90 97.7
Ropers [14] 50 138 37 101 100 100 - - 100 94 92 100
Dikkers [15] 34 69 52 17 100 100 100 100 100 98.7 75 100
Jabara [16] 50 147 47 100 100 100 100 100 100 100 100 100
Feuchtner [17] 41 70 46 24 100 100 100 100 85 95 80 97
Meyer [18] 138 397 144 253 - - - - 97 97 93 99
Nazeri [19] 89 287 89 198 - - - - 98 97 95.5 99
Weustink [20] 52 111 48 63 - - - - 100 100 100 100
Lee [21] 44 137 31 108 100 100 100 100 94.1 97.6 88.9 98.8
De Graaf [22]a 40 89 28 61 100 94 85 100 96 92 83 98

a 320-row

Fig. 11.2 Criteria for
the appropriate use 
of cardiac MDCT
imaging in patients
with CABG. Modified
from [11]



or stenosis [12-22]. In a recent meta-analysis [23],
64-row MDCT enabled the assessment of graft ob-
struction (> 50% stenosis or occlusion) with a
sensitivity of 99%, a specificity of 96%, a positive
predictive value of 93%, and a negative predictive
value of 99% (Figs. 11.3–11.5). No significant dif-
ference was reported for 16- vs. 64-row MDCT,
due to the low heart rate of CABG patients, the
large size of the conduit, the relative immobility of
the vessel, and the absence of calcifications. How-
ever, the 64-row scanner is able to assess a greater
number of coronary artery segments [24, 25].

Chest pain in post-CABG patients may be caused
by disease progression in native coronary arteries or
in non-grafted or distal runoff vessels. Disease pro-
gression in non-grafted vessels was determined in up
to 40% of patients examined 5–10 years post-CABG
[26]. Although accurate for detecting bypass graft
disease, MDCT has significant limitations in the
evaluation of native arteries because of the typi-
cally severe vessel calcifications and the small di-
ameter of post-anastomotic segments [27, 28]
(Fig. 11.6). In patients with suspected disease

progression, the assessment of CABG patency
with MDCT should be followed by a stress test or
coronary angiography.

Coronary CT analysis of unprotected coronary
territories is also of prognostic value in CABG pa-
tients, adding to the overall clinical picture [29].

MDCT angiography can additionally be used
as a preoperative diagnostic tool for identifying
target vessels for CABG surgery and for choos-
ing the best site for anastomosis, particularly
when severely calcified vessels are observed [30].
It is also of interest in evaluating the length of the
required conduit.

MDCT imaging plays an important role in
redo intervention, assessing the relationship be-
tween the grafts, the aorta, the right ventricle, and
the thoracic wall [31]. Post-operative changes
and fibrosis can involve vascular structures in
close proximity with the sternum, which, in turn,
increases the risk of severe vascular injury dur-
ing sternotomy (Fig. 11.7). When performed be-
fore redo surgery, MDCT can modify the surgi-
cal approach and its use is associated with shorter
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Fig. 11.3 Asymptomatic
patient 5 years after the
CABG intervention. 
a Right coronary artery
CABG patency. 
b-d The distal
anastomosis is well-
depicted (arrowhead).
c Lumen analysis
shows no evidence of
intimal  hyperplasia

a b

c d
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Fig. 11.5 Asymptomatic patients 7 years after CABG
intervention. a, b, d Mild stenosis of the proximal graft
segment on the RCA (arrow). c The distal anastomo-
sis is well visualized (arrowhead)

a b

c d

Fig. 11.4 Symptomatic patient 3 years after CABG in-
tervention. Severe right coronary artery graft stenosis
(arrowhead)

Fig. 11.6 Evaluation of the native arteries in a CABG patient. a-c Severe calcified stenosis on the LAD artery
hampered the analysis of disease progression

a b c

Fig. 11.7 MDCT in
redo intervention
planning. Close
relationships between
the LIMA (a), the right 
ventricle (b), 
and the sternum

a b



perfusion and cross-clamp times, shorter ICU
stays, and less frequent perioperative myocardial
infarct [32, 33]. The increasing acceptance of
minimally invasive surgery further establishes
the need for preoperative imaging assessment.

11.5 Coronary CT Acquisition
Protocols for CABG

In CABG evaluation, the MDCT acquisition vol-
ume is larger than during analyses of the native
coronary arteries. The upper limit of the examina-
tion in patients with an arterial graft should be the
subclavian arteries, to allow complete evaluation of
the origin of the mammary arteries (Fig. 11.8). In
case of isolated venous graft, the acquisition should
nonetheless include the entire ascending aorta and
the aortic arch. In patients with an arterial bypass in
which the right gastroepiploic artery was used, the
imaging volume must include the upper abdomen.

In addition, if conventional MDCT systems are
used for coronary CT in the context of CABG as-
sessment, a heart rate of less than 65 beats per
minute is usually recommended [34-36]. However,
dual-source CT allows CABG evaluation in  patients

with a faster heart rate, yielding images of good
quality [37-39]. In patients who have undergone
revascularization, pre-medication is not usually re-
quired as beta-blocker therapy, and thus a low heart
rate, is routine in this group.

For the evaluation of severely calcified native
vessels or a LIMA with numerous metallic clips,
a high-convolution kernel (B46f) will reduce
beam-hardening artifacts [40].

Contrast material should be administered con-
tinuously through a right antecubital vein at a high
injection flow rate (4–6 ml/s) followed by a saline
chaser. Administration of contrast via the left arm
is not recommended because the resulting high
concentration in the innominate vein could ham-
per evaluation of the LIMA origin and cause streak
artifacts. As a general rule, the volume of contrast
medium for a coronary CT angiography exami-
nation is calculated as follows: volume of contrast
(ml) = scan time (s) × flow (ml/s) [41].

11.6 CABG Image Analysis

For stenosis assessment, each graft can be con-
sidered as consisting of three segments: the prox-
imal and distal anastomoses and the main body.

Radiologists should be aware of the surgical
technique used and the characteristics of the by-
pass in order to be able to assess all relevant fea-
tures. Otherwise, for example, a chronically oc-
cluded bypass can be easily missed.

Axial image analysis is important to obtain an
overall visualization of graft number and patency
as well as other significant characteristics, such as
conduit course and relationships between the graft
and adjacent structures, especially if redo surgery
has been planned.

Curved multiplanar reformations (cMPR) are
fundamental to assess and quantify graft stenosis.
Particular attention should be paid to the vascular
anastomoses, which should be accurately visual-
ized in order to confirm graft patency (Fig. 11.9).
Caution is required in case of contrast opacifica-
tion of the distal target vessel without direct as-
sessment of the graft anastomosis, as collateral-
vessel reflow can be mistaken for graft patency.
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Fig. 11.8 Coronary CT in a patient with LIMA and
venous CABG. a, b The upper limit of the examina-
tion should include the origin of the LIMA (arrow) to
allow a complete evaluation

a b



Venous conduits usually are of good caliber,
without the need for significant metallic clips,
hence allowing their easier evaluation than arterial
grafts. Surgical clips used during the harvesting of
arterial vessels are normally present along the graft
and may be responsible for heavy streak artifacts,
which can impair vessel analysis (Fig. 11.10).

The evaluation of native arteries is challenging
but essential in determinations of disease pro-
gression, especially in non-grafted vessels. Since
the occlusion of side-branch vessels can explain
the onset of new symptoms, the radiologist should
accurately evaluate any changes compared to the
previous coronary angiography or MDCT. In case
of dubious findings, a stress test or coronary an-
giography is recommended.

In CABG patients, evaluation of the cardiac
function index and cardiac volumes is particularly
important in assessing the development or pro-
gression of cardiac failure. Cardiac CT allows an
accurate evaluation of cardiac volumes and systolic
function and in these respects is comparable with
cardiac MRI [42, 43] (Figs. 11.11, 11.12). With the
latest-generation CT technology, morphological
and functional information can be obtained simul-
taneously in a “one-stop-shopping” acquisition in
which myocardial perfusion is assessed during
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Fig. 11.9 LIMA graft
on the LAD. a-c Distal
anastomosis
(arrowheads).
d Anastomosis patency
evaluated on a cross-
sectional image

a b c

d

Fig. 11.10 Surgical clips on the LIMA can impair ves-
sel analysis. a, b Severe metallic artifacts hamper
CABG evaluation. c LIMA with less extensive metal-
lic artifacts, allowing lumen visualization

a b

c
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Fig. 11.11 Left ventricle function
analysis. a, c Diastolic phase; 
b, d systolic phase

a b

c d

Fig. 11.12 Bulls-eye plots of wall
motion, thickening, and regional
ejection fraction

Fig. 11.13 a, b Left ventricle:
chronic infarct of the basal
postero-lateral wall (arrows)

a b



pharmacological stress testing [44]. Areas of
chronic myocardial infarction are also detectable as
subendocardial hypodense streaking (Fig. 11.13).

Finally, volume-rendering images play a funda-
mental role in the reporting process because of their
relevance for the cardiac surgeon or interventional
cardiologist in choosing the best surgical approach.
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the implantation of a stiff stent within the coronary
arteries may result in flexion or hinge points due to
the abrupt changes in vessel-wall rigidity at the ends
of the stent. These hinge points have been associated
with increased rates of re-stenosis and may increase
the risk of edge dissection and the need for additional
stent implantation. Other significant issues are lesion
coverage, to avoid plaque prolapse, and radial sup-
port, to prevent elastic recoil of the artery. Further-
more, the ability to easily access arterial side
branches through the struts of a deployed stent in bi-
furcation lesions has progressively gained impor-
tance. Finally, radiological visibility during angiog-
raphy is another crucial element in optimizing the
clinical benefits of a stent, especially during place-
ment, while the attenuation index must be consid-
ered if, for example, a computed tomography study
will be obtained in the follow-up after the procedure.

This chapter summarizes the components of
stent design that are important in terms of both the
biological response of the arterial wall and clinical
outcome. In addition, new stent platforms, mainly
represented by the biodegradable stent, are reviewed
since they are expected to provide a more “physio-
logical” answer to stent implantation, reducing vas-
cular injury and accelerating vessel healing with
consequent improvement in clinical outcome.

12.1.1 Types of Stents

In clinical practice, the international cardiologist
must decide which stent is most appropriate for
the patient and, even more importantly, for the lesion
to be treated. Although the “ideal” stent, i.e., one
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12.1 Introduction

Coronary stent technology is a crucial part of most
interventional procedures for percutaneous revas-
cularization. Previously, vessel-wall injury and
plaque fracture were the usual sequelae in response
to the mechanical effect of balloon angioplasty.
Nowadays, a sophisticated engineering tool serves
not only as a scaffolding platform but also as an ad-
vanced vector for local antiproliferative drug de-
livery to the arterial wall. The wide acceptance of
coronary stenting is based on the results of pio-
neering trials such as the BENESTENT and
STRESS trials, which showed the superiority of
stenting over balloon angioplasty in terms of a re-
duction in angiographic re-stenosis and the need for
repeated intervention. Since then, the growing use
of stents in ever more complex lesions and patients
has stimulated the introduction of a rapidly in-
creasing number of different stent designs. These
have been proposed in order to address physiolog-
ical concerns; indeed, a primary aim of stent de-
velopment is to reduce device profiles and increase
flexibility, thus facilitating safe delivery of the stent.

Percutaneous coronary stent implantation fre-
quently results in significant three-dimensional
changes in the geometry of native coronary arteries.
These changes may increase the risk of in-stent re-
stenosis due to altered vessel-wall compliance and
subsequent alterations in shear stress. Additionally,
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that is tailor-made to treat a given lesion or a par-
ticular subset of  patients, does not exist, the general
characteristics of the “perfect” stent can be sum-
marize as follows:
• Flexible
• Trackable
• Low unconstrained profile
• Radio-opaque
• Thromboresistant
• Biocompatible

• Reliably expandable
• High radial strength
• Circumferential coverage
• Low surface area
• Hydrodynamic compatibility.

In general, stents can be classified according to
several engineering variables that influence the
characteristics and biocompatibility of the stent as
well as patient outcome (Figs. 12.1, 12.2). These
variables are:
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Fig. 12.1 Scanning
electron micrographs
showing stents of 
a 8-strut and b 12-strut
design after balloon
expansion

a b

Fig. 12.2 Stent-design
pyramid showing 
the different materials 
and construction
characteristics



• Mechanism of expansion (self-expanding or
balloon-expandable)

• Materials (stainless steel, cobalt-based alloy,
tantalum, nitinol, inert coating, active coating,
or biodegradable)

• Forms (sheet, wire, or tube)
• Manufacturing methods (laser-cut, water-jet

cutting, photo-etching, etc.)
• Geometrical configurations/design (mesh

structure, coil, slotted tube, ring, multi-design,
or custom design)

• Additions (grafts, radio-opaque markers, coat-
ings, etc.).

12.1.2 Mechanism of Stent Expansion

Balloon-expandable stents are made from materi-
als that can be plastically deformed through the in-
flation of a balloon; after the balloon is deflated,
the stent remains in its expanded shape, except for
a slight recoil caused by the elastic portion of the
deformation. Self-expanding stents, by contrast,
are manufactured in the expanded shape, then
compressed and constrained in a delivery system.
Upon their release from the delivery system they
spring back, i.e., self-expand, to the pre-set diam-
eter. Indeed, this characteristic of a self-expandable
stent can be used when metallic struts are needed
to cover a soft plaque, in which case a larger stent
can be chosen that will not fully expand in the ves-
sel but will remain compacted among the different
cells, producing greater lesion coverage.

12.2 Materials

Materials for metallic balloon-expandable or self-
expanding stents must exhibit excellent corrosion
resistance and biocompatibility (Table 12.1); they
should be adequately radio-opaque and create min-
imal artifacts during MRI. For balloon-expand-
able stents, the ideal material for construction
should have a low yield stress (to make it de-
formable at manageable balloon pressures), a high
elastic modulus (for minimal recoil), and be work
hardened through expansion, and therefore of high
strength. The most widely used material for bal-

loon-expandable stents is stainless steel, typically
316L, a particularly easily deformable material of
low carbon content and additions of molybdenum
and niobium. Alternative materials for balloon-ex-
pandable stents are tantalum, platinum alloys, nio-
bium alloys, and cobalt alloys. Their advantages are
better radio-opacity, higher strength, improved cor-
rosion resistance, and better MRI compatibility.

For self-expanding stents, the ideal material
should have a low elastic modulus and a high yield
stress for large elastic strains. Currently, the most
widely used material is nitinol, a nickel-titanium al-
loy that can recover from an elastic deformation of
up to 10%. This unusually wide elastic range, com-
monly known as super-elasticity, is the result of a
thermo-elastic martensitic transformation.

12.2.1 Raw Material

Stents can be made from sheet, wire (round or
flat), or tubing. The latter two account for a large
majority of balloon-expandable and self-expand-
ing stents. Stents made from sheet metal have to be
rolled into a tubular configuration after the pattern
has been created.

12.3 Fabrication Methods

The choice of fabrication method depends mainly
on the form of the selected raw material. Wires can
be formed into stents in various ways using con-
ventional wire-forming techniques, such as coiling,
braiding, or knitting. The simplest shape for a wire
stent is a coil. All coil stents marketed today are
balloon-expandable. The wire-mesh stent (such as
the self-expanding Wallstent, Boston Scientific,
Natick MA) and the coil stent (such as the older Gi-
anturco-Roubin Flex/GR-II, Cook, Bloomington
IN; and the Wiktor, Medtronic, Minneapolis MN)
have been shown to have a high propensity for
thrombosis and re-stenosis and are thus no longer
used by cardiologists for coronary interventions.

The vast majority of coronary stents, and prob-
ably the majority of peripheral vascular stents, are
produced by laser cutting from tubing, typically,
Nd:YAG lasers. Balloon-expandable stents are cut
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Table 12.1 Overview of the materials used in the manufacture of balloon-expandable and self-expandable stents,
the different stent forms, stent fabrication, stent geometry, and stent additions

Materials Balloon-expandable stents Stainless steel 316L (vast majority)
Tantalum
Martensitic nitinol
Platinum iridium
Polymers
Niobium alloy
Cobalt alloy

Self-expanding stents Super-elastic
Nickel-titanium
Nitinol (majority)
Cobalt alloy )
Full hard (stainless steel)

Form Wire Wallstent (cobalt alloy)
Bridge, S7, S660, (stainless steel, welded rings)
Angiostent (platinum iridium)
Strecker (tantalum)
Expander (nitinol)

Tube (Vast majority)
Sheet NIR (stainless steel)

ZR1 (stainless steel)
GRII (stainless steel)
Endotex (nitinol)

Ribbon Horizon Prostatic (nitinol)
EndoCoil, Esophacoil (nitinol)

Fabrication Laser-cutting (Vast majority)
Photochemical etching NIR

Nitinol sheet
Coiled nitinol framework, ePTFE covering

Brading Wallstent (cobalt alloy)
Knitting Streaker (tantalum)
Vapor deposition
Water jet SCS, SCS-Z stent

Stent geometry Helical spiral Periodic peak-to-peak connections
Slotted tube/coil No/minimal connections

Axial spine
Integral with graft

Woven Braided
Knitted

Individual rings
Sequential rings Open cells Peak-to-peak connections

Peak-to-valley connections
Midstruts connections
Hybrids
Other

Closed cells Regular peak-to-peak connection
Non-flex connector
Flex connector
Combined connector
Hybrid

Coil
Additions Covering WallGraft; coiled nitinol framework, ePTFE covering

Radio-opaque markers Tabs (tantalum end, gold end, platinum within strut)
Sleeve (gold, platinum)
Welded (tantalum)

Radio-opaque coating Gold, silicone carbide over gold
Biocompatibility coatings Tantal7m coating, phosphorylcholine, carbon coating,

 silicone carbide
Drug-eluting coating Rapamycin, paclitaxel



in a crimped or near-crimped condition and only
require post-cutting deburring and surface treat-
ment, typically electropolishing.

Self-expanding nitinol stents can be cut either
in the “small” configuration, requiring post-cutting
expansion and shape-setting, or in the expanded
condition. In either case, these stents have to be de-
burred and polished. A cutting method that does
not produce a heat-affected zone is water-jet cut-
ting, in which a focused jet of water and an abra-
sive additive are used instead of a laser beam to cut
the pattern. Another interesting manufacturing
method is photochemical etching.

12.3.1 Geometry

Early designs were generally classified as either
slotted-tube geometries, such as the Palmaz stents,
or coil geometries, such as the Gianturco-Roubin
Flex stent. While the former had excellent radial
strength, they lacked flexibility. The opposite was
the case for coil designs. The subsequent evolution
of stent design led to the development of a rich va-
riety of stent geometries. These can be classified
into five main categories: coil, helical spiral, wo-
ven, individual rings, and sequential rings.

12.3.2 Closed Cell

In sequential ring construction, all internal inflec-
tion points of the structural members are con-
nected by bridging elements. This condition is
typically only possible with regular peak-to-peak
connections (Fig. 12.3). The primary advantages
of closed-cell designs are optimal scaffolding and
a uniform surface, regardless of the degree of
bending. However, these advantages result in a
structure that is typically less flexible than that
conferred by a similar open-cell design.

12.3.3 Open Cell

In this type of construction, some or all the inter-
nal inflection points of the structural members are
not connected by bridging elements. The uncon-
nected structural elements contribute to the lon-
gitudinal flexibility of the stent (Fig. 12.4). Peri-
odically connected peak-to-peak designs are
common among self-expanding stents, such as
the SMART stent, and in balloon-expandable
stents, such as the AVE S7.

12.3.4 Coatings

Several active compounds have been used to cover
stents in order to increase their biocompatibility,
thereby enhancing their safety and effectiveness.
Among the different compounds tested, heparin
was one of the first, based on its ability to reduce
the coagulation cascade (and thus possibly the
thrombogenic risk) following its release after stent
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Fig. 12.3 The Skylor is a balloon-expandable cobalt-chromium stent characterized by a closed cell and thin
struts pre-mounted on a rapid-exchange-type balloon catheter

Fig. 12.4 Coroflex Blue™, with its open-cell design,
represents a new-generation cobalt-chromium stent en-
dowed with characteristics of high flexibility and thin
struts (65 μm)



deployment. Other coatings, such as phosphoryl-
choline and silicon carbide, have been used in or-
der to reduce platelet activation and interaction,
with the goal of limiting platelet adhesion to the
struts of the stent during the acute phase of stent
re-endothelialization.

Passive coverage also has been shown to be
useful. Indeed, covered stents have been created in
which a polytetrafluoroethylene (PTFE) layer was
placed between two stents (Jostent graft, Jomed) or
one stent was covered by an inner and an outer
layer of PTFE (Symbiot, Boston Scientific). These
devices have been assessed in the treatment of de-
generated saphenous vein grafts containing a con-
siderable amount of friable atherothrombotic ma-
terial. Other useful indications for PTFE-covered
stents are coronary aneurysm exclusion and coro-
nary perforation. The MGuard coronary stent (In-
spire-MD, Tel-Aviv, Israel) is designed to protect
against a post-procedural embolic shower. This de-
vice presents a novel combination of a coronary
stent and an embolic protection device. To date, the
MGuard coronary stent has shown safety in human
coronary and vein-graft indications.

12.4 Additions

12.4.1 Radio-opacity Enhancements

To improve the X-ray visibility of stents made
from stainless steel or nitinol, gold, platinum, or
tantalum markers are added to the stent struts.
Electroplating (with gold) is another option.

12.4.2 Drugs

The combination of highly refined metallic-stent
designs and polymer materials has been the stan-
dard approach in several drug-eluting stent (DES)
initiatives. Stent-based drug delivery has been ac-
complished by three distinct mechanisms:
• Bio-absorbable polymeric stents can be loaded

with a drug that is eluted slowly over time.
• Metal stents can have a drug either bound to

their surfaces or embedded within macroscopic

fenestrations or microscopic nanopores, thus
providing more rapid drug delivery.

• Metal stents coated with an outer layer of poly-
mer (bio-absorbable or non-bio-absorbable)
can be drug-loaded, thus providing more con-
trolled and sustained drug delivery and, conse-
quently, more effective drug-tissue interactions.
In DESs in which the drugs have wide toxic-to-

therapeutic ratios, such as those loaded with mem-
bers of the sirolimus family (e.g., the sirolimus-
eluting Cypher stent; Cordis, Johnson & Johnson,
Miami Lakes, FL), the regularity of strut spacing
might be less important and adequate drug doses
can be applied to the stent surface so that, despite
broad variability in the delivery location, an ade-
quate dose is uniformly released.

For DESs containing drugs with narrower toxic-
to-therapeutic ratios (e.g., the paclitaxel-eluting
Taxus; Boston Scientific) (Fig. 12.5), inadequate
dosing may occur at sites where the stent struts lie
far apart, resulting in over-therapeutic or toxic dos-
ing at sites where the struts bunch together, due to
vessel curvature or asymmetric expansion. While the
Cypher stent has a closed-cell-design, the tandem ar-
chitecture of the Taxus stent features neither a
closed- nor an open-cell design; instead, there are in-
tervals with a shorter or longer axis to increase ra-
dial force. Both stents have inert and non-erodible
polymeric coatings. The Endeavor stent (Medtronic,
Minneapolis, MN) uses the non-erodible polymer
phosphorylcholine to release the sirolimus analogue
ABT-578; it is the first DES in which a non-
stainless-steel alloy serves as the foundation for a
polymer-coated DES, i.e., the thin-strut cobalt-
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Fig. 12.5 The Taxus (paclitaxel-eluting) stent (Boston
Scientific, Natick, MA)



chromium alloy (Driver). The platform of the Xience
V stent is a L-605 cobalt chromium (CoCr) balloon-
expandable stent that is remarkably similar to its suc-
cessful bare metal stent (BMS) equivalent, the
Multi-Link Vision (Abbott Laboratories), whose
main characteristics are low strut thickness, high
flexibility and deliverability, an acceptable degree of
compliance, recoil, and risk of plaque prolapse, and
overall good radio-opacity. Everolimus (Certican,
Novartis, Basel, Switzerland) is a sirolimus ana-
logue and it has a useful role in the prevention of al-
lograft rejection after organ transplantation. With its
potent suppression of reactive neointimal ingrowth,
this drug has been shown to significantly reduce
neointimal proliferation. Specifically, 3-year data
from the SPIRIT I, II, and III trials demonstrated no
significant increase in major adverse cardiac events
or late stent thrombosis in patients treated with the
everolimus-eluting stent Xience V.

The Platinum trial compared the Promus with
the Promus Element stent (stent platform Element,
Boston Scientific, and the drug everolimus) while
the Taxus Perseus trial evaluated the TAXUS Ele-
ment (stent platform Element and the drug pacli-
taxel). In the Taxus Element, the polymer is SIBS
(polymer translute) while in the Promus Element it
is a fluorine copolymer (PVDF-HFP). The delivery
system of the Element stent (Fig. 12.6) and its plat-

inum-chromium steel composition improve the de-
liverability, flexibility, and radial force of the device,
reducing elastic recoil and offering the thinnest
strut profile among the various DESs (Fig. 12.13).

Recently, a new DES stent has been introduced
into clinical practice. The ORSIRO (Biotronik)
represents a unique solution for the treatment of
de novo coronary stenosis (Figs. 12.7–12.10),
with its combination of active and passive com-
ponents. The passive component consists of the
covered stent struts, which avoid contact between
stent and tissue. The active component is a ma-
trix of bioabsorbable polymer and the drug
sirolimus. The Pro Kinetic Energy platform (strut
thickness 60 μm) provides optimal deliverability
for this hybrid device. The BIOlute polymer con-
sists of polylactic acid (PLLA), a biodegradable
polymer (with CO2 and H2O as the degradation
products) used in many clinical applications and
chosen for this device because of its high bio-
compatibility and controlled drug release. Clini-
cal data on the safety and feasibility of the OR-
SIRO stent have been obtained from clinical stud-
ies such as the BIOFLOW-1, a first-in-humans
(n=30 patients), prospective, multicentric single-
arm study carried out for Certification  Experts
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Fig. 12.6 A 3D view of the MGuard coronary stent
(Inspire-MD, Tel-Aviv, Israel). Its ultra-thin PET sleeve
is designed to provide embolic-shower protection dur-
ing and after the procedure

Fig. 12.7 Illustration of a hybrid design of the stent,
showing a close-up of a stent strut implanted in a ves-
sel. The strut is represented by the metallic object in the
center. Here, the PROBIO passive coating is the very
thin layer surrounding the surface of the stent, shown
in blue, green, and gold. On top of the passive coating
is the BIOlute active coating, shown as a translucent
outer coating, that elutes drug and is absorbed over time



(CE) approval; BIOFLOW INDIA (n=100 pa-
tients), a pivotal study for ORSIRO approval in
India; BIOFLOW-2 a prospective, multicentric,
randomized trial (n=400 patients) that conclud-
ed non-inferiority of ORSIRO vs. Xience V; and
BIOFLOW-3 (n=1500 patients) a prospective
multicentric study that evaluated the absence of
major adverse cardiac events (MACE), post-

marketing surveillance, and the long-term out-
come of patients treated with ORSIRO stent im-
plantation.

Another polymer-free DES recently intro-
duced into clinical practice is the CRE8, an ex-
clusive technology of the manufacturer (CID
SpA) that couples abluminal reservoir technolo-
gy, which  allows controlled and directed drug
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Fig. 12.8 a, b Non-
dilated stent sections
are covered by a
uniform non-
crystalline coating
associated with a non-
covalent mode to stent
surface

a b

Fig. 12.9 a, b The ORSIRO stent reduces the incidence of allergic reactions to metal ions by the tissues. Ac-
cording to the literature, 10–12% of women and 6% of men suffer adverse reactions to nickel. The PROBIO
coating avoids contact between electrolytes and struts of the stent, thus reducing the inflammatory response (a).
Sirolimus is eluted over a period of 12–14 weeks, with a drug dosage of 1.4 μg/mm2 of stent struts, with release
kinetics similar to those of Cypher and Resolute. b ML-VISION without coating

a b

Fig. 12.10 The polymer coating as seen on histology at 12 months (a). Note that at 24 (b) and 36 months (c)
the PLLA is completely degraded

a b c



elution, with an amphilimus formulation (for-
mulated sirolimus with an organic acid), which
results in improved homogeneous drug distribu-
tion, and a bioinducer surface that helps to ac-
celerate endothelialization and strut coverage
(Fig. 12.11). Six-month angiographic data from
the NEXT study showed that for the CRE8, the
in-stent late lumen loss was 0.14 ± 0.36 where-
as it was 0.34 ± 0.40 for the Taxus stent (p < 0.0001)

(Fig. 12.12). With Avantgarde, the bioinducer
surface I carbofilm showed optimal results in
terms of endothelialization and strut coverage,
based on optical coherence tomographic results
at 4–7 days follow-up. The exclusive polymer-
free ART (abluminal reservoir technology) allows
consistent drug loading onto the stent platform,
providing directed elution to the vessel wall and
eliminating any interaction with the blood.
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Fig. 12.11 CRE8:
distinctive features
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Fig. 12.12 NEXT
study. The aim was to
demonstrate non-
inferiority in late
lumen loss of the
CRE8 vs. the Taxus
and Liberté stents



12.4.3 Stent Coating

Stents with an active coating of gold, a highly ra-
diovisible and biocompatible material, were shown
to be inferior to plain stainless steel stents in four
randomized trials. Coating stents with silicon car-
bide, a potentially less thrombogenic and more
compatible material than stainless steel, also did
not improve angiographic and clinical outcomes
compared with BMS in two recent randomized tri-
als. Other randomized trials reported similar re-
sults with phosphorylcholine-and heparin- coating.
Indeed, in all these studies there was no angio-
graphic or clinical benefit compared to BMS.

12.5 Bioabsorbable and
Biocompatible Stents

Promising results have been obtained with DESs de-
signed with biodegradable polymer technologies. An
attractive alternative to these stents is certainly rep-
resented by the bioabsorbable stents; however, it re-
mains to be determined whether this technology
will address the issues of delayed endothelialization
and late thrombosis, re-stenosis at the edges, un-
avoidable inflammatory reaction, and impaired ves-
sel healing, all of which are normally encountered
after stent implantation. Novel materials used as

stent coatings include biocompatible though not
biodegradable phosphorylcholine, a natural com-
ponent of the cell membrane, and biodegradable
PLLA and polylactic-co-glycolic acid (PLGA). As
noted above, the latter two are fully metabolized to
water and carbon dioxide, leaving in situ a BMS af-
ter the active compound is released. Promising re-
sults have been reported in the CREATE and CU-
RAMI trials on three different stainless steel stents
covered with PLLA and sirolimus (Table 12.2). Bi-
olimus A9, a potent rapamycin derivative, has been
evaluated in two PLLA-coated stainless steel stents:
the Biomatrix (Biosensors International, Singapore)
and the Nobori (Terumo, Japan).

12.5.1 Polymer-Free Solutions

Data on the possible pro-thrombotic effects, by de-
layed endothelial healing, of the permanent poly-
mers integrated into first-generation DESs has mo-
tivated research into new stent platforms along two
directions: (1) the development of biocompatible
polymers and (2) the search for modern stent plat-
forms that do not include a polymer coating. In a
randomized trial examining the titanium-nitric ox-
ide-coated stent (TiNOX), quantitative coronary
 angiography at 6 months revealed lower late lumen
loss (0.55 ± 0.63 vs. 0.90 ± 0.76 mm, p = 0.03) and
percent diameter stenosis (26 ± 17% vs. 36 ± 24%,
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p = 0.04) in lesions treated with the TiNOX-coated
rather than with the control stents. To avoid polymer
application, micro- and nanoporous stent platforms
have been designed with the aim of allowing im-
pregnation with active drug, thus customizing drug
doses and/or combinations of different drugs. A
nanoporous hydroxyapatite (a biocompatible crys-
talline derivative of calcium phosphate) coating is
currently under investigation.

12.5.2 Biodegradable Platforms

Fully degradable stents are an attractive alternative
to stents with a novel polymer coating. However,
important characteristics need to be fulfilled in or-
der to meet the expectations of modern interven-
tional cardiology, such as the ability of controlled,
sustained drug release and sufficient mechanical
strength to prevent negative vessel re-modeling

and to avoid stent deformity/strut fractures. The
major theoretical advantage of this type of stent
should, hopefully, be a lower risk of stent throm-
bosis and, subsequently, the possibility to eliminate
prolonged dual anti-platelet therapy. In addition,
vasomotion is restored after stent degradation,
which may be an advantage in case of the neces-
sity for repeat percutaneous or surgical revascu-
larization.

12.5.3 Magnesium Alloy

An absorbable metal stent (AMS, Biotronik,
Bülach, Switzerland) composed of a magnesium
alloy is a promising alternative to polymer plat-
forms. Unlike traditional metallic stents, the AMS
is completely radiolucent, with two radio-opaque
markers at its ends, and erodes completely in 
30–60 days. However, the results of the first-in-
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Table 12.2 Novel biodegradable and biocompatible stents

Stent name DES/BMS Active Stent Manufacturer Study
drug platform

Biodegradable/biocompatible polymer

PLLA Exel DES Sirolimus SS JW Medical Systems CREATE
Cura DES Sirolimus SS Orbus Neich CURAMI
Supralimus DESSupralimus Supralimus Matrix SS Sahajanand PAINT
Infinnium DES Placlitaxel Matrix SS Sahajanand PAINT
Biomatrix DES Biolimus A9 SS Biosensors Int. UI
Nobori DES Biolimus A9 SS Terumo NOBORI
S-stent DES Biolimus A9 SS Biosensors

PLGA CoStar DES Paclitaxel SS Conor Medsystems
Mahoroba DES Tacrolimus CoCr Keneka UI
SymBio DES Pimecrolimus+Paclitaxel SS Conor Medsystems UI
Synchronnium DES Sirolimus+heparin SS Sahajanand UI

No polymer Tinox BMS SS+Ti/NO alloy TiNOX
Nanoporous AlO DES Tacrolimus SS+AlO UI
Nanoporous 
hydroxyapetite BMS SS UI

Biodegradable platform

No PDLLA Igaki-Tamai BMS Self-expandible PLLA Igaki Medical Planning
Absorb DES Everolimus PLLA Abbott ABSORB
Dreams DES Pimecrolimus Mg Biotronik UI

PDTECI REVA DES Paclitaxel Tyrosine REVA RESORB
poly-carbonate

PLLA polylactic acid, DES drug-eluting stent, PLGA polylactic-co-glycolic acid, CoCr cobalt chromium, 
BMS bare metal stent, SS stainless steel, PDLLA DL polylactic acid



humans study with the non-drug-eluting AMS were
disappointing. In the “Biotronik Absorbable Metal
Stent Below the Knee” (BEST-BTK) trial, the rate
of re-stenosis in peripheral arteries was approxi-
mately 50%.

12.6 Impact of Stent Design 
on Clinical Outcome

12.6.1 Acute Outcome

Lesion-related (vessel diameter and length, ostial
or bifurcational position, implantation technique,
IVUS-guidance), and patient-related (diabetes,
clinical presentation) variables are major determi-
nants of acute, sub-acute, and long-term clinical
outcomes. Although the immediate performance of
the stent may be improved by increasing strut thick-
ness (which increases radio-opacity, radial strength,
and arterial-wall support), excessive strut thickness
may impart greater vascular injury, trigger more ex-
tensive intimal hyperplasia, and engender a higher
risk for re-stenosis than thinner struts. In recent
years, active drug coating (e.g., with sirolimus or
paclitaxel) has emerged as a major determinant in
the reduction of angiographic re-stenosis and re-
peated revascularization of the target lesion. The
choice of a particular type of stent design is mainly
influenced by the specific familiarity of the surgeon
with one device or another and by the potential per-
formance of that device in a specific lesion. Indeed,
the observation that different lesions behave in dif-
ferent ways after stent deployment supports the
use of a different stent type with each type of le-
sion. For example, tortuous lesions necessitate the
use of particularly conformable and flexible stents,
while in ostial lesions stents with strong radial
support and good radiological visibility are often
preferable. For bifurcation lesions, the possibility
to rewire the side branch through the stent struts af-
ter stent deployment in the main branch is a major
factor determining a good result, while chronic to-
tal occlusions constitute a subset of lesions in
which good lesion coverage and favorable radial
support are important. Furthermore, small vessels
require stents with good flexibility, very thin strut

structure, and good trackability in the case of very
distal lesions.

The most threatening acute complication of a
stenting procedure, stent thrombosis, has been re-
duced to < 1–2% (compared to 5–7% in the initial
trials) due to the introduction of high-pressure de-
ployment of the device and double anti-platelet
therapy. However, there are substantial differences
in the hemodynamic and wall rheological charac-
teristics of implanted stents of different designs;
accordingly, the “hydrodynamic compatibility” of
a stent is now recognized as an important feature
of ideal stent design.

12.6.2 Long-Term Outcome

The wire-mesh stent, e.g., the self-expanding Wall-
stent (Boston Scientific), and the coil stent, e.g., the
older Gianturco-Roubin Flex/GR-II (Cook) and
Wiktor (Medtronic) stents, have a high propensity
for thrombosis and re-stenosis, because of the
high metal to surface area ratio of the former and
the high degree of elastic recoil (associated with
poor radial strength) and tissue prolapse of the lat-
ter. Better results have been obtained with other
stent designs, such as the tubular Palmaz-Schatz
(Johnson & Johnson, NIR, Boston Scientific) and
Crown (Cordis, Johnson & Johnson) stents and the
multicellular model (Multi-Link, Guidant, Boston
Scientific), than with wire-mesh and coil stents.
However, none of these stents are still used in
clinical practice. Clinical studies have confirmed
the direct relationship between strut thickness and
arterial-wall reaction. In the ISAR-STEREO-2
trial, the ACS RX Multi-Link stent (Guidant, Ad-
vanced Cardiovascular Systems), with 0.05-mm
struts, elicited less angiographic and clinical re-
stenosis than the BX Velocity stent (Cordis, John-
son & Johnson), with a strut thickness of 0.14 mm.

The ideal DES should have a large surface area
of contact with the vascular wall, minimal inter-
filament gaps, robust radial support, and sym-
metrical expansion to ensure uniform drug elution.
At the same time, the stent needs to be slim, flex-
ible, and conformable to enable successful de-
ployment in complex lesions. The potential for
long-term adverse effects of the synthetic poly-
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mers often used as carriers for anti-mitotic drugs
is a major concern. Synthetic polymers may in-
duce an enhanced inflammatory reaction and, pos-
sibly, a pro-thrombotic response. Late stent throm-
bosis, late stent apposition, and coronary
aneurysm formation are thus real possibilities.

12.7 Conclusions

Although stents are currently considered the “gold
standard” for the treatment of narrowed coronary ar-
teries, there is experimental and clinical evidence to
indicate that “a stent is not just a stent”. Different
stent models have different structural properties,
with their own inherent advantages. Tubular or cor-
rugated stents are better than coil or wire-mesh
stents in terms of better acute and mid-term out-
comes. Stents with thinner struts and lower metal
density are associated with a lower risk of re-steno-
sis than stents with thicker struts and should be
used for high-risk lesions such as those located in
small vessels, where the risk of re-stenosis is often
magnified. The availability of new, highly biocom-
patible, and more radiovisible alloys with the same
if not superior tensile strength as stainless steel will
enable the production of low metal density stents
that may further improve the anatomical and clini-
cal outcomes obtained with current stainless steel
stents. Furthermore, stents coated with anti-prolif-
erative agents, in particular sirolimus and pacli-
taxel, have opened a new era in interventional car-
diology. The re-stenosis rates of these stents are
unrivaled by other BMS models. However, several
important questions regarding their cost-effective-
ness, long-term safety, and durability need to be ad-
dressed in order to clearly understand their poten-
tial impact on daily practice. Moreover, as even
these devices may be unsuccessful, the progressive
understanding of the causes of their failures and of
their different performances in various anatomical
and biochemical settings becomes of pivotal im-
portance. As scientists and companies continue to
develop new types of stents containing different
anti-proliferative drugs, it is entirely foreseeable
that most interventional procedures will eventually
involve DESs – containing sirolimus, paclitaxel, or

even more effective drugs, with both anti-mitotic
and anti-thrombotic actions – impregnated onto
highly biocompatible carrier vehicles and mounted
onto a stent design with uniform expansion and pro-
grammable, controllable drug-eluting capability. It
is also possible that a co-action of different drugs,
i.e., a paclitaxel-eluting stent and oral rapamycin
given systemically, will further improve the clinical
outcome in terms of re-stenosis. Finally, new stent
platforms, such as biodegradable stents or en-
dothelial progenitor cell capturing stents, may soon
provide a more “physiological” answer to stent im-
plantation, thus reducing vascular injury and ac-
celerating vessel healing with consequent im-
provements in clinical outcome. Given the wide
variety of devices currently under investigation and
the prompt response of the industry to the requests
of interventional cardiologists looking for their
“Holy Grail”, the road to finding the “ideal stent”
is gradually becoming shorter.
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pharmacological agents to diminish the occurrence
of re-stenosis, which remains the primary problem
of percutaneous revascularization [11]. The long-
term results of an implanted coronary artery stent
depend on several factors, including the clinical
setting, coronary anatomy, morphology of the coro-
nary lesion, associated medical therapy, and stent
manufacturing material and design. Stents are
made of various materials: stainless surgical steel,
cobalt-chromium alloy, elgiloy (cobalt alloy), niti-
nol, tantalum, etc. The majority are balloon-ex-
pandable but some are self-expandable. Stent strut
thickness may vary from 0.064 to 1 mm while the
diameters and lengths range from 2.5 to 5 mm and
from 4 to 35 mm, respectively [12]. In 2007, an es-
timated 622,000 patients underwent PCI proce-
dures in the United States, with coronary stent
placement accounting for 560,000 of these [1].
Approximately 76% of stents implanted during
those PCIs were drug-eluting stents, with the re-
maining 24% being bare-metal stents [13].

Not infrequently, patients with previous coro-
nary stent implantation develop recurrent symp-
toms, which may reflect intra-stent re-stenosis or
coronary atherosclerosis progression. Due to its
high spatial and temporal resolution, conventional
coronary angiography remains the standard of ref-
erence to establish coronary stent patency. Among
non-invasive imaging techniques, computed to-
mography (CT), first with electron-beam CT sys-
tems [14] and more recently in the form of multi-
detector computed tomography (MDCT) [15], has
proven to be a valuable tool in the assessment of
stent patency and in establishing the presence of
in-stent re-stenosis. Magnetic resonance imaging

13CT Angiography of Coronary Stents

Gorka Bastarrika, Carlo Nicola De Cecco and U. Joseph Schoepf

115

13.1 Introduction

Coronary heart disease is a challenging socio-epi-
demiological problem in developed countries. In
the United States, for example, the total prevalence
of coronary heart disease in adults is 7.0%, with an
annual incidence of myocardial infarction of
610,000 new attacks and 325,000 recurrent at-
tacks. In 2007, mortality due to coronary heart dis-
ease was 406,351, with an estimated direct and in-
direct cost of $177.5 billion to the American
healthcare system [1].

Percutaneous coronary intervention (PCI) was
first performed in 1977 [2]. Since then its use has
continuously grown such that it has become the
coronary artery revascularization procedure of
choice for an increasing number of clinical condi-
tions [3]. Indeed, PCI has replaced traditional coro-
nary artery bypass surgery for specific indications
[4, 5], especially after the development of coronary
artery stent implantation [6]. Compared with bal-
loon angioplasty, coronary artery stenting has been
shown to reduce the incidence of coronary re-
stenosis, improve the rate of procedural success,
and reduce the need for revascularization of the
original coronary lesion [7]. Advances in stent
technology have led to the development of drug-
eluting stents [8, 9] and biodegradable drug-eluting
stents [10]. Both types of devices are coated with
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(MRI) has also shown promise in coronary status
determination after PCI, although its use is still un-
der vigorous research [16, 17].

13.2 Indications for Percutaneous
Coronary Intervention

Large controlled randomized trials previously
demonstrated the superiority of stent implantation
over percutaneous transluminal angioplasty in na-
tive coronary arteries [7, 18] and by-pass grafts
[19] with respect to long-term vessel patency. Since
those initial steps, the use of PCI for the treatment
of coronary artery disease has increased signifi-
cantly and the number of indications has expanded
dramatically. Two guidelines summarize the most
recent indications for coronary revascularization,
one published under the auspices of the European
Society of Cardiology and the European Associa-
tion for Cardio-Thoracic Surgery (EACTS) [5]
and the other by the American Heart Association
together with key specialty and subspecialty soci-
eties [4]. The clinical indications for PCI include
the entire range of coronary heart disease, from sta-
ble coronary artery disease to acute coronary syn-
dromes with or without ST segment elevation. The
latest recommendations and appropriateness crite-
ria for PCI are reviewed in [4, 5].

13.3 Technical Advances in the CT
Assessment of Coronary Stents

From the initial electron-beam CT systems, non-in-
vasive cardiac CT has rapidly evolved. The devel-
opment of mechanical MDCT systems was ac-
companied by retrospective ECG synchronization
and high acquisition speeds, advantages that have
allowed high-resolution coronary artery imaging.
The 4-detector-row systems have now been sur-
passed such that 64-detector-row MDCT technol-
ogy is the current benchmark for cardiac CT imag-
ing. With these newest-generation machines,
volumetric acquisition of data is achieved in < 10 s,
with isotropic voxels of 0.4 mm spatial resolution,

a 165-ms temporal resolution, and a gantry rota-
tion time of 330 ms [20].

More recently, technical development in MDCT
equipment has progressed along two different lines.
Complete volume coverage of the heart within a
single heartbeat is now possible as the number of
detector rows has continued to increase. The latest
320-detector-row scanner enables complete cover-
age of the heart in a single heartbeat and eliminates
stair-step artifacts, reducing patient radiation dose
and the amount of contrast agent required for car-
diac studies [21, 22]. At the same time, with the ad-
dition of a second X-ray tube into 64-row MDCT
scanners, so-called dual-source computed tomog-
raphy (DSCT), the temporal resolution of CT has
significantly improved [23]. This device provides
a constant temporal resolution of 83 ms with a
gantry rotation time of 330 ms, obviating the need
for pharmacological heart rate control prior to car-
diac CT examinations [24] and expanding the abil-
ity of CT to study individuals with high resting
heart rates [25]. The combination of wide detector
coverage and a two-tube configuration has opened
up new pathways in the assessment of cardiac
function, myocardial perfusion [26], and the si-
multaneous acquisition of high and low X-ray en-
ergy spectra within a single examination that also
allows tissue characterization [27, 28]. The recent
development of a second-generation DSCT system
with two 128-slice acquisition detectors, a 280-ms
gantry rotation time, and a temporal resolution of
75 ms has introduced the single heartbeat, prospec-
tively ECG-triggered, high-pitch (3.4) spiral ac-
quisition mode for cardiac CT imaging [29, 30].
Examinations performed with this technique in
stent phantom models have shown that the high-
pitch mode allows visualization of the coronary in-
stent lumen with a quality comparable to that ob-
tained with standard-pitch mode [31]. However,
even with this system in-stent lumen narrowing is
still too high for routine stent evaluation in clinical
practice [32].

Nonetheless, in terms of image acquisition,
new strategies have been developed to reduce the
radiation dose necessary for cardiac CT imaging.
In this setting, sequential CT acquisition with
prospective ECG-synchronization yields coronary
CT angiograms of high diagnostic accuracy but
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with a low radiation dose [33-35]. During this ac-
quisition mode, the table remains stationary while
the X-ray tube rotates around the patient and the
tube current is restricted to predefined time points
of the cardiac cycle: ordinarily diastole in patients
with low heart rates and systole in those with fast
heart rates [36]. The table is advanced for the fol-
lowing acquisition only when data acquisition is
completed, thus preventing slice overlap. The ma-
jor drawbacks of ECG-synchronization include
the inability to evaluate cardiac function and the
restricted use in patients with severe arrhythmia.
Moreover, the ability to retrospectively change
the reconstruction interval to more suitable phases
of the cardiac cycle is limited. Minor heart rhythm
irregularities that may occur during the study ac-
quisition may be solved partially with the use of
recently developed adaptive online monitoring of
the ECG [37]. In the field of coronary stent im-
aging, phantom experiments [38, 39] as well as hu-
man studies demonstrated that, compared with the
traditional retrospectively ECG-gated technique,
prospective coronary CT angiography offers im-
proved image quality and reduces the effective ra-
diation dose in evaluations of in-stent re-stenosis
[40, 41] (Fig. 13.1). In a study by Andreini et al.
[40], both the occurrence of blooming artifacts and
the radiation dose were significantly lower in the

prospectively ECG-triggered coronary CT an-
giography group than in the retrospectively ECG-
gated group. Reduction of the blooming effect is
due to the sequential nature of the prospectively
ECG-triggered acquisition mode. Moreover, with
140-kVp prospectively ECG-triggered coronary
CT angiography protocols, coronary in-stent re-
stenosis is visible at a lower radiation dose than is
possible with conventional 120-kVp retrospec-
tively ECG-gated examinations [42].

Finally, in the field of image reconstruction, de-
velopment of iterative reconstruction algorithms
may provide better detection of the intra-stent lumi-
nal area than is the case with conventional filtered
back-projection reconstruction techniques, thus im-
proving the assessment of coronary stents [43].

13.4 Cardiac CT Acquisition
Protocols for Stent Imaging

Coronary CT examinations for stent evaluation are
acquired with the patient in the supine position and
at end inspiration. Although the more recently de-
veloped scanners allow patients with high and ir-
regular heart rates to undergo scanning, the regular
use of premedication to control the heart rate before
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Fig. 13.1 Contrast-enhanced prospectively ECG-triggered coronary CT angiography in a 74-year-old man with
previous stent implantation in the left anterior descending coronary artery (LAD) and atypical chest pain. a, b
Curved multiplanar reformats and c conventional coronary angiography. The CT examination revealed in-stent
re-stenosis, confirmed by conventional coronary angiography (arrow)

a b c



the examination significantly improves diagnostic
quality and minimizes radiation exposure during 64-
row MDCT scanning. For coronary CT angiography
using conventional MDCT systems a heart rate of <
65 beats per minute is usually recommended [44].
In the clinical setting this is achieved by oral and/or
intravenous administration of selective 1-adrenore-
ceptor antagonists, such as metoprolol tartrate; al-
ternatively, calcium-channel blockers may be used.
Sublingual administration of a tablet of 0.4 mg ni-
troglycerin is recommended to obtain significant di-
lation of the coronary arteries, allowing more distal
and smaller-caliber vessels to be visualized [45],
thus further improving the diagnostic accuracy of
coronary CT angiography [46].

Coronary CT examinations are usually per-
formed with 120 kVp. The tube current is specif-
ically adjusted to the patient size but is typically
750–850 mAs for conventional 64-row MDCT
scanners. For DSCT, a current of 330 mAs for
each tube is used. Tube-current modulation tech-
niques allow significant lowering of the radia-
tion dose and should be employed whenever pos-
sible. The thinnest possible collimation (0.6 mm)
and the fastest gantry rotation time are required
for adequate imaging of coronary stents. The use
of ECG-gated tube-current dose modulation is
mandatory to maintain the radiation dose at a
reasonable level [47].

High and homogeneous enhancement of the
coronary arteries requires appropriate contrast dy-
namics [48]. Contrast material should be admin-
istered continuously through a right antecubital
vein at a high injection flow rate (4–6 ml/s). Re-
gardless of the technique used for contrast timing
(automated bolus tracking or test bolus technique),
the contrast should reach its peak attenuation dur-
ing the acquisition and the contrast plateau should
last for the duration of the entire study. Intra-
venous contrast should be followed by a saline
flush chaser to compact the contrast bolus, extend
the plateau phase of contrast enhancement, and
avoid streaks artifacts that may hamper coronary
artery evaluation [49]. A bolus consisting of a
mixture of saline and contrast material may be
used if opacification of the right heart chamber is
advantageous [50]. As a general rule, the contrast
volume for a coronary CT angiography examina-

tion is calculated as follows: Volume of contrast
(ml) = scan time (s) × flow (ml/s) [51].

Image reconstruction is performed with a field
of view confined to the heart, using 0.75-mm sec-
tion thickness and a 0.4- to 0.5-mm increment
within the optimal reconstruction window [52].
The reconstruction window is usually set in a di-
astolic phase in individuals with low heart rates and
in a systolic phase in patients with high heart rates
[53]. For the evaluation of coronary artery stents,
a high convolution kernel (B46f) is recommended.
This provides stronger edge-enhancement with
better delineation of metallic stent struts. Conse-
quently, beam-hardening artifacts are minimized
and in-stent intimal hyperplasia and re-stenosis
may be identified more accurately [54]. Examples
of coronary CT acquisition protocols for 64-row
MDCT and DSCT are shown in Table 13.1.

13.5 Coronary Stent Imaging 
with CT

Accurate depiction of the in-stent lumen is neces-
sary to establish stent patency and to diagnose in-
stent re-stenosis secondary to intimal hyperplasia.
Reliable assessment of re-stenosis requires, how-
ever, appropriate knowledge of the inherent limi-
tations of CT technology, which may hamper coro-
nary stent evaluation [55].

The most common types of artifacts that may
impede accurate coronary stent evaluation are those
due to motion, partial-volume averaging, and beam
hardening. Motion artifacts are the most frequent
reason for non-assessable stented segments. As a
general rule, CT systems with high temporal res-
olution are mandatory for coronary stent imaging.
Fast gantry rotation speed allows image recon-
struction at optimal time points of the cardiac cy-
cle, thereby avoiding cardiac motion and image
blurring. Equally important is the appropriate se-
lection of candidates with regular sinus rhythm,
which is necessary to obtain high-quality coro-
nary CT angiograms. If the available CT equipment
is of relatively low temporal resolution, then pre-
medication of the patient with a β-blocker may be
necessary to control the heart rate prior to exami-
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nation. Partial-volume averaging may adversely
affect in-stent luminal evaluation by providing in-
correct CT attenuation values, which may result in
a loss of the sharp border delineating the stent and
the lumen. This artifact is more pronounced in
small-caliber (< 3 mm) coronary stents. The beam-
hardening artifact is produced by the X-ray beam
as it penetrates the metal of the stent and results in
blooming artifacts. Consequently, as demonstrated
by in vitro studies, the stent struts appear thicker
than they actually are, the diameters of the visible
stent lumen decrease, and attenuation values inside
the stent lumen increase, thus interfering with the
ability to assess the presence and severity of disease
[12, 56-58]. These limitations may be partially
overcome by reducing the voxel size, selecting a
field of view confined to the heart, using the
thinnest collimation available for image acquisi-
tion, and employing sharp, edge-enhancing con-

volution filters (kernels) for image reconstruction
(Fig. 13.2). A sharp coronary reconstruction filter
improves lumen visibility [54, 59] and stenosis
delineation but at the expense of a higher noise
level [57]. High intraluminal contrast enhance-
ment may compensate for the increased image
noise [60]. From a technical point of view, dedi-
cated specific noise-reduction filters [54] or the
newly developed advanced iterative reconstruction
algorithms [43] can be used to resolve this problem.

13.6 Coronary Stent Imaging
Interpretation

The interpretation of cardiac CT examinations
performed for coronary stent assessment does
not significantly differ from the interpretation of
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Table 13.1 Coronary 64-row MDCT and dual-source CT acquisition protocols for coronary stent evaluation

64-row MDCT Dual-source CT

Preparation Venous access Injection site Right antecubital vein Right antecubital vein
Needle size 18 G 18 G

Medication Beta-blockers If heart rate >65 bpm Not necessary
Nitroglycerine 0.4 mg sublingual 0.4 mg sublingual

(spray or tablet) (spray or tablet)

CT parameters Exam Range Carina to diaphragm Carina to diaphragm
Direction Craniocaudal Craniocaudal
Duration ~ 9-12 s ~ 8-10 s

Tube settings Tube voltage 120 kVp 120 kVp
Tube current 850 mAs 330 mAs for each tube
Dose modulation ECG-pulsing ECG-pulsing

Acquisition Slice collimation 0.6 mm 0.6 mm
Acquisition 64 x 0.6 mm 64 x 0.6 mm
Rotation time 330 ms 330 ms
Pitch 0.2 0.2-0.5,

depending on heart rate
Reconstruction Slice thickness 0.75 mm 0.75 mm

Reconstruction 0.4 mm 0.4 mm
increment
Reconstruction B46f B46f
kernel

Contrast Contrast Iodine 400 mg I/ml 400 mg I/ml
administration concentration

Volume 80 ml 80 ml
Flow rate 4-5 ml/s 5-6 ml/s
Triphasic 50 ml mixture (30% 50 ml mixture (30%

CM / 70% S) + 50 ml CM / 70% S) + 50 ml
S at 4-5 ml/s S at 5-6 ml/s

bpm Beats per min, CM contrast medium, FR flow rate, S saline.



conventional coronary CT angiograms. The stented
coronary segments are initially assessed using
axial source images with wide window settings.
Narrow window settings will preclude accurate
evaluation of the in-stent lumen [60]. Various
post-processing techniques are then applied for
comprehensive evaluation of the stent as well as
the non-stented coronary segments. These tech-
niques include multiplanar reformats (MPR),
curved MPR, and 3D-volume rendered (VR) im-
ages (Fig. 13.3). Virtual endoscopy may be useful
in particular cases. In particular, curved MPR
and sectional images acquired perpendicular to
these curved reformats become very helpful in de-
termining stent patency and establishing the de-
gree of intimal hyperplasia and re-stenosis. Three
dimensional VR images well-demonstrate the

 location of the stent and are especially useful for
further therapeutic planning. Unlike conventional
CT angiograms, maximum intensity projection
images are not suitable for in-stent lumen assess-
ments as the stent material has a higher attenua-
tion than the contrast in the vessel.

As noted above, due to imaging artifacts asso-
ciated with coronary MDCT angiography, the stent
struts tend to appear significantly thicker than their
actual size, such that there is a density increment
all along the lumen, with lower attenuation in the
center of the stented coronary segment and higher
attenuation at the vessel wall [58]. Sharp coronary
reconstruction filters should be used routinely to
improve visualization of the in-stent lumen, as they
minimize beam-hardening artifacts and maintain
an optimal degree of edge enhancement for visu-
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Fig. 13.2 Contrast-
enhanced coronary CT
angiography in a 51-
year-old asymptomatic
man with prior
implantation of four
coronary stents in the
right coronary artery. 
a Curved multiplanar
reformat of a
reconstruction
performed with a
regular soft-tissue
convolution filter
(B26f). b Curved
multiplanar reformat 
of a reconstruction
performed using a
sharp edge-enhancing
convolution filter
(B46f). c Three-
dimensional volume-
rendered image and 
d virtual endoscopic
view of the inner
vessel surface. Note
the superiority of the
edge-enhancing
reconstruction filter in
the assessment of the
in-stent lumen. This
examination ruled out
significant in-stent re-
stenosis

a c

b d



alization of the vessel lumen and wall, with ade-
quate contrast resolution [54].

In coronary CT imaging, the stent occlusion
usually appears as an area of low-density inside the
lumen, compared with the high attenuation values
of the contrast-enhanced proximal coronary seg-

ment. In initial studies performed with electron-
beam CT, the coronary stent was defined as patent
if the distal segments of the same vessel were
opacified and their attenuation values were simi-
lar to those of other segments of comparable size
[14]. Similarly, initial observations with MDCT
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Fig. 13.3 Contrast-
enhanced coronary 
CT angiography 
in a 65-year-old
asymptomatic man
with prior stent
implantation in the
LAD 6 years earlier
due to acute coronary
syndrome. a Curved
multiplanar reformat
and b detail. 
c-f Three-dimensional
volume-rendered
images. The study
revealed the patency
of the coronary stent a b

c d

e f



suggested that the absence of contrast material in
the distal portions of the stented vessel reflected
severe in-stent re-stenosis or occlusion; conversely,
the presence of intravenous contrast in the coro-
nary segments distal to the implanted stent was in-
terpreted as stent patency. However, this definition
does not consider that the presence of contrast in
the distal run-off does not necessarily mean stent
patency and could instead be secondary to retro-
grade filling by collateral vessels (Fig. 13.4).

Nowadays, with newer-generation CT scan-
ners, providing sub-millimeter spatial resolution,
a coronary stent evaluation should include an as-
sessment of in-stent luminal narrowing. In-stent
intimal hyperplasia is seen as a low-attenuation
rim located between the stent wall and the con-
trast-enhanced vessel lumen (Fig. 13.5). In-stent
re-stenosis presents as a localized lesion, com-
monly associated with vessel size, lesion length
[61], discontinuity in stent coverage [62], and
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Fig. 13.4 Contrast-enhanced
coronary CT angiography in a 
71-year-old asymptomatic heart
transplant recipient. The patient
underwent stent implantation in the
proximal segment of the LAD due
to cardiac allograft vasculopathy. 
a Curved multiplanar reformat, 
b with maximum intensity
projection. c Three-dimensional
volume rendered image. The CT
examination revealed complete
occlusion of the LAD proximal to
the stent (arrow), which also
appeared occluded (arrowhead).
Note the presence of contrast in the
distal run-off of the LAD
secondary to retrograde filling by
collateral vessels (open arrow)

a

cb

Fig. 13.5 Contrast-enhanced coronary CT
angiography in a 39-year-old woman with
hypertension and diabetes who was admitted
for atypical chest pain. She had a past
history of PCI consisting of the placement of
two stents in the proximal and mid segments
of the LAD. a Curved multiplanar reformat
of the coronary CT angiography performed
one year earlier. b Curved multiplanar
reformat of the follow-up examination. 
The most recent study revealed patency of
the coronary stent implanted in the proximal
segment of the vessel (arrow). The stent
located in the mid segment of the LAD
developed significant in-stent intimal
hyperplasia (arrowheads). Conventional
coronary angiography confirmed the CT
findingsa b



stent type [63]. Edge re-stenosis may occur more
frequently in the proximal stent border [62], is
frequently associated with local trauma outside the
stent, and may be influenced by incomplete lesion
coverage by the stent. As a general rule in coronary
CT examinations, a reduction in luminal diameter
> 50% is defined as significant in-stent re-stenosis.

13.7 Accuracy of CT in Assessing
Coronary Stent Patency

The successful implementation into clinical prac-
tice of coronary artery stent placement in the treat-
ment of coronary artery disease requiring revas-
cularization has markedly increased the number of
patients considered for PCI. However, a substan-
tial number of patients with coronary stents will
develop in-stent intimal hyperplasia and therefore
in-stent re-stenosis or complete obstruction [64].
While conventional coronary angiography is the
standard of reference for the evaluation of stent pa-
tency and the exclusion of in-stent re-stenosis,
CT has emerged as a potentially valid alternative
for this purpose.

Preliminary studies performed with electron-
beam CT showed modest sensitivity and speci-
ficity values for the evaluation of stent patency
compared with conventional coronary angiogra-
phy [14, 65, 66]. MDCT revolutionized non-inva-
sive cardiac imaging by allowing submillimeter
section-thicknesses and dedicated ECG-gated
 reconstruction  algorithms capable of accurately

 assessing the coronary tree. Preliminary studies
performed with 4-row MDCT systems, however,
failed to demonstrate the reliability of this approach
in the detection of in-stent re-stenosis in percuta-
neously treated coronary vessels [58, 67-69]. The
advent of 16-row MDCT scanners with 420-ms ro-
tation times increased the potential for the detection
of in-stent re-stenosis, with reported sensitivity and
specificity values in the ranges of 54–100% and 67–
100%, respectively [70, 78] (Table 13.2). Nonethe-
less, the number of assessable segments remained
relatively low, with up to 51.2% of the lumens be-
ing non-interpretable in detectable stents [72].

The higher spatial and temporal resolutions of
64-row MDCT scanners increased the sensitivity
and specificity for the detection of in-stent re-
stenosis [79-94] (Table 13.3). A recent meta-analy-
sis designed to define the role of 16-row and 64-
row MDCT scanners for the diagnosis of coronary
in-stent re-stenosis demonstrated a pooled sensi-
tivity of 82% and 85% and a specificity of 92%
and 91% for studies performed using 16-row and
64-row MDCT, respectively [15]. Similarly, other
meta-analyses analyzing the diagnostic perform-
ance of 64-row MDCT angiography for the de-
tection of in-stent re-stenosis in the coronary ar-
teries showed sensitivity and specificity values of
86–90% and 84–93%, respectively [95, 97]. Con-
sequently, since a large proportion of stents re-
mains non-interpretable with 64-MDCT, the use of
this technology may not be generalized to rule-out
in-stent luminal narrowing; rather, it may serve as
a potentially non-invasive alternative to exclude in-
stent re-stenosis only in selected patients.
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Table 13.2 Accuracy of 16-row MDCT vs. conventional coronary angiography for the assessment of stent pa-
tency (in-stent re-stenosis)

Author Total number Number Sensitivity Specificity 
of stents of assessable stents (%) (%)

Schuijf [77] 65 50 78 100
Cademartiri [70] 76 2 83 99
Kitagawa [75] 61 42 100 100
Gilard [73] 29 27 100 92
Kefer [74] 73 73 67 98
Chabbert [71] 134 121 92 67
Watanabe [78] 42 35 83 90
Ohnuki [76] 20 19 75 88
Gilard [72] 232 126 54 100



Better visualization of coronary artery stents
was achieved with DSCT. Oncel et al. [98] evalu-
ated 35 consecutive patients with 48 stents, all of
which were found to be assessable. The authors re-
ported 100% sensitivity, 94% specificity, 89%
positive predictive value, 100% negative predictive
value, and 96% accuracy for the detection of in-
stent re-stenosis and occlusion. In a similar study,
Pugliese et al. [99] analyzed 100 patients with
chest pain subsequent to coronary artery stent im-
plantation. For stents ≥ 3.5 mm in diameter, 100%
sensitivity and specificity were determined
whereas for stents ≤ 2.75 mm in diameter the cor-
responding values declined to 84% and 64%, re-
spectively. Pflederer et al. [100] examined a total
of 112 patients with 150 previously implanted
coronary stents (≥ 3 mm diameter). All stents > 3
mm were found to be assessable by DSCT whereas
19% of the stents 3 mm in diameter were not.
Among the assessable stents, a sensitivity of 84%,
specificity of 95%, positive predictive value of
73%, and negative predictive value of 97% were
determined for the detection of in-stent re-steno-
sis compared with quantitative coronary angiog-
raphy. Finally, in a recent study. a volumetric 320-
row MDCT system was used to evaluate 53
patients with 89 stents [101]. Seven of the stents
were of non-diagnostic image quality; overall, the
sensitivity, specificity, and positive and negative

predictive values on a stent basis were 92%, 83%,
46%, and 98%, respectively.

Thus, given these results it currently seems
reasonable to confine the use of coronary CT an-
giography to patients in whom the patency of
proximal and large-diameter coronary stents must
be established.

13.8 Summary and Current
Indications for Stent Imaging
with MDCT

Coronary stents continue to pose a technical chal-
lenge for non-invasive coronary CT imaging. The
current literature suggests that in individuals with
large-diameter stents and good image quality ex-
aminations, 64-row MDCT systems or newer-gen-
eration CT scanners can be used to assess stent pa-
tency and to exclude with confidence significant
in-stent re-stenosis [102].

The most recent appropriateness criteria for the
use of non-invasive cardiac imaging with CT are
those of the American College of Cardiology Foun-
dation [103]. In their report, a technical panel
scored each indication on a numerical scale of 1 to
9, considering a score of 7–9 as appropriate (test is
generally acceptable and is a reasonable approach
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Table 13.3 Accuracy of 64-row MDCT vs. conventional coronary angiography for the assessment of stent pa-
tency (in-stent re-stenosis). Modified from [104]

Author Total number Number Sensitivity Specificity 
of stents of assessable stents (%) (%)

Van Mieghem [90] 70 70 100 91
Cademartiri [79] 192 14 95 93
Carrabba [81] 87 87 84 100
Rist [87] 46 45 75 92
Oncel [86] 39 39 89 95
Manghat [84] 114 103 85 86
Ehara [83] 125 110 92 81
Rixe [88] 102 59 86 98
Das [82] 110 107 97 88
Schuijf [89] 76 65 100 100
Carbone [80] 74 21 75 86
Hecht [91] 132 132 94 74
Nakamura [85] 75 64 67 92
Andreini [92] 179 170 87 98
Wykrzykowska [93] 75 48 33 92
Abdelkarim [94] 122 106 91 95



for the indication), a score of 4–6 as uncertain (test
may be generally acceptable and may be a reason-
able approach for the indication, more research
and/or patient information are needed to classify
the indication definitively), and a score of 1–3 as
inappropriate (test is not generally acceptable and
is not a reasonable approach for the indication). Ac-
cording to this document, MDCT evaluation of
coronary stent status is considered a function of
several conditions, including the patient’s clinical
symptoms, the time from revascularization, and
stent size. Non-invasive stent imaging with MDCT
is considered appropriate only in asymptomatic
patients with a prior left main coronary stent of di-
ameter ≥ 3 mm. In non-symptomatic individuals at
least 2 years from the PCI and with large-caliber
stents (≥ 3 mm), and in symptomatic patients with
a prior coronary stent of diameter ≥ 3 mm, coro-
nary MDCT imaging is considered uncertain. In
asymptomatic patients with coronary stent im-
plantation less than 2 years earlier or with coronary
stents <3 mm diameter and in symptomatic patients
with stent caliber < 3 mm or unknown diameter,
non-invasive coronary MDCT imaging is consid-
ered inappropriate [103]. Table 13.4 summarizes
the criteria for the appropriate use of cardiac
MDCT imaging in patients with prior coronary
stent implantation.
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fact, the low amount of X-rays used in diagnos-
tic examinations cannot have an immediate effect
on human tissues (unless there has been contin-
uous exposure, as in repeated and prolonged ex-
posure during cardiac catheterizations). Direct
damage by ionizing radiation can, however, be
exactly forecasted and  documented for thera-
peutic irradiation in radiotherapy, in the use of
nuclear weapons (Hiroshima and Nagasaki), and
in the course of unforeseen events at nuclear
power stations (Chernobyl). In these cases, the
immediate or delayed effect of ionizing radiation
can be defined with precision, with the more ra-
diosensitive organs, i.e., those with more active
metabolism and high  cellular turnover, being the
most vulnerable.

In the diagnostic use of ionizing radiation,
the damage is hypothetical and cannot be evalu-
ated immediately. Brenner and Hall, in a study
published in 2007, concluded that, following the
atomic bombing of Hiroshima, approximately
25,000 people who were far from the central area
of atomic fall-out were exposed to an amount of
radiation similar to that used during diagnostic
CT. However, the comparison is not entirely valid,
since radiation exposure due to atomic fall-out is
continuous in time and involves the entire body
uniformly; the exposure during diagnostic CT, by
contrast, is controlled, with X-ray exposure of
only a limited part of the body (collimated ex-
posure) and for a very short time (in the range of
seconds). Thus, such claims have to be evaluated
with extreme care, and scientific proof of the
damage caused by diagnostic exposure to X-rays
remains to be definitively determined.

14X-Ray Exposure in Coronary
CT Angiography
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In coronary CT angiography (CTA), X-ray radi-
ation is delivered through an X-ray tube from
which the amount of radiation emitted can be
carefully controlled. Recently, the use of X-rays
for diagnostic purposes has been the subject of
important and renewed attention, with the aim of
limiting radiation exposure and thus its negative
consequences on human health. The potential on-
cological impact of X-rays is well-known. Earlier
generations of radiologists used diagnostic equip-
ment often without the protection that has since
become routine. Consequently, they often suf-
fered dermatological problems on their hands as
well as an increased frequency of tumors, mostly
of the hematopoietic series. In the following, we
focus on the unintentional exposure that occurs
during a diagnostic evaluations, i.e., for coronary
artery disease.

14.1 Damage from Ionizing
Radiation

The damage induced by ionizing radiation can
lead to tumor development. While this is a well-
known fact, neither a definitive and consistent
cause-and effect relationship nor the incidence of
tumors induced by exposure to diagnostic exam-
inations can be measured or defined properly. In
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14.2 X-Ray Dose During CT

Table 14.1 provides a direct comparison of the 
X-ray dose used in frequently performed cardiac
diagnostic procedures, including coronary CTA, as
measured in mSievert (m Sv). Overall, coronary
CTA exposes patients to a high dose of X-rays, in
the range of 7–13 mSv. In fact, with current pro-
cedures, X-rays are emitted throughout cardiac
image acquisition, despite the fact that the com-
puter, during image reconstruction, utilizes only a
small portion of the data acquired, i.e., those ob-
tained in the telediastolic part of the ECG. There-
fore, for clinical purposes, a consistent part of
cardiac irradiation is unnecessary and corresponds
to an excess X-ray dose of over 80%.

14.3 Techniques for Limiting X-Ray
Exposure in Coronary CT
Angiography

New techniques aimed at drastically reducing the
amount of X-ray exposure during coronary CTA
have recently been proposed. Here, we consider
three that have been used successfully.

The first technique is available as part of every
type of CT equipment and allows a proportional
reduction of X-ray exposure according to the pa-
tient’s size and weight. The procedure is fully au-
tomated and evaluates body thickness and tissue
consistency (in terms of X-ray penetration) in or-
der to reduce, slice by slice and moment by mo-
ment, the amount of X-rays emitted, measured in
milliamperes. For example, higher doses are re-

quired for the abdomen than for the chest, which
contains air. This technique reduces unnecessary
X-ray exposure by 30–40%. Furthermore, for thin-
ner patients, the radiologist can manually reduce
X-ray exposure by reducing the kV values.

In the second, recently proposed technique, 
X-ray exposure is controlled and it is limited to the
telediastolic phase through the use of a prospective
gating procedure. In this so-called snap and shoot
approach, each data packet, corresponding to an
anatomic area containing a thick slice of the heart
(4 cm for 64-slice CT), is acquired during an ax-
ial rotation of the X-ray tube, with emission only
in the telediastolic phase. Immediately afterwards,
the table is moved to the next anatomic area and
the data are again acquired (the spiral procedure is
therefore not used during data acquisition). These
steps are repeated four to five times until the en-
tire anatomical area containing the heart has been
scanned (Fig. 14.1). This technique reduces the X-
ray dose from 15–20 mSv to 2–3 mSv, according
to patient configuration. Its one major limitation
is that it excludes the use of spiral acquisition and
instead requires single axial acquisitions, possibly
leading to overlap artifacts in the single thick
slices acquired during each telediastolic phase.

An alternative to this technique uses a prospec-
tive gating procedure, but rather than obtaining
axial slices with stepwise movement of the patient
table, it allows spiral acquisition of the data. The X-
ray tube continuously emits radiation during the ac-
quisition procedure, but emission is very low dur-
ing the cardiac cycle (only 4% of the standard
emission) and increases to the amount needed for
diagnostic imaging only in the telediastolic phase
(Fig. 14.2). There are no artifacts arising from the
overlap of each thick volume (as in the previous
technique), since the acquisition is fully spiral. A
dose reduction of 50–60% has been estimated.

Figure 14.3 illustrates a case in which, with the
patient’s consent, a snap and shoot acquisition
was followed by a second acquisition using spiral
technique with dose reduction. In the three-di-
mensional and bi-dimensional images, there are no
major differences in the image quality and diag-
nostic evaluation of the coronary arteries. The
dose exposure was 2 mSv with snap and shoot and
12 mSv using the spiral procedure.
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Table 14.1 Typical organ radiation dose from various
cardiological diagnostic examinations (from Dowe D
(2006) Radiological Society of North America)

Procedure Dose
(mSv)

Coronary catheter angiography 6-9
Coronary CTA 7-13
Interventional coronary procedure 20
SPECT Thallium, Persinakis et al (2002) 25.3
SPECT sesta-MIBI, Persinakis et al (2002) 12.2



Large-array detectors, with single-slice acquisition
of the entire anatomical area containing the heart,
modulate X-ray emission, limiting patient exposure
to the telediastolic phase and avoiding overlap-type
artifacts in the acquisition of thick volumes.

Lately a new raw-data reconstruction tech-
nique, referred to as “iterative reconstruction”,
has been developed to reduce the radiation dose
and to increase image quality. In CT, iterative re-
construction achieves both an improvement in
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Fig. 14.1 Snap and
shoot axial acquisition:
X-rays are emitted by
the tube only during
telediastole (blue stripe
in the ECG gating
scheme of the console)

Fig. 14.2 Spiral
acquisition with
reduced X-ray exposure.
During systole, 4% of
the radiation dose is
emitted, whereas during
the time frame when
telediastole is expected
(light blue area in the
scheme) the full dose is
emitted. Thus, it is
possible to define the
width of the area of
maximal exposure



image quality and a reduction in the radiation
dose relative to the currently used filtered back
projection techniques. The most noticeable ben-
efit of  iterative reconstruction is that it is able to
incorporate into the reconstruction process a
physical model of the CT system that can accu-
rately characterize the data acquisition process,
including noise, beam hardening, and scatter.
This ability allows for dramatic improvements in
image quality, especially in the case of low-dose
CT scans, in which the propagation of non-ideal
data during image reconstruction becomes more
significant than in routine CT scanning. Iterative
reconstruction is also superior to filtered back
projection in handling insufficient data. Recent
advances in iterative reconstruction allow a sig-
nificant reduction in the number of required pro-
jection views, while still producing acceptable
image quality. The use of iterative reconstruction
techniques thus has the potential to substantially
reduce the radiation dose in CT. With computa-
tional power growing quickly, the clinical im-
plementation of iterative reconstruction algo-
rithms is within delivery.

14.4 X-Ray Exposure and Patient Age

The damage caused by X-rays is directly related to
the age of the patient. In children, the radiosensi-
tivity of growing organs and the fact that exposure
has occurred before the patient reaches his or her
adult years, together with the fact that he or she
will almost inevitably undergo further X ray di-
agnostic procedures in the future, allow a more de-
finitive cause-and-effect relationship to be estab-
lished. Pediatric radiologists are fully aware of
this problem and thus of the need to use alterna-
tive diagnostic procedure, e.g., magnetic reso-
nance imaging and ultrasound.

In elderly patients, damage due to ionizing ra-
diations is statistically less relevant and the statis-
tical incidence of oncological problems is corre-
spondingly lower. In the evaluation of the heart by
coronary CTA, only a limited area of the body is
exposed and X-ray emission is controlled and col-
limated, with protection of contiguous anatomic
areas through the use of more effective diaphragms
that exclude the irradiation of nearby tissues. Thus,
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Fig. 14.3 a-d A 74-year-
old female patient. Data
acquisition using (a, c)
snap and shoot technique
(2 mSv exposure) and 
(b, d) spiral acquisition
(12 mSv exposure).
Image quality is basically
the same. a, b Three-
dimensional volume-
rendering image. 
c, d Bi-dimensional
images of the same 
data setsa

c

b

d



in coronary CTA, irradiation is limited to the por-
tion of the lungs surrounding the heart, and, for fe-
male patients, the breast tissues. To further re-
duce unwanted irradiation, bismuth-based mildly
radio-opaque breast shields are available.

14.5 Conclusion

In considering the relationship between coronary
CTA and the tissue damage ensuing from the ra-
diation exposure that is an integral part of this ex-
amination, several points must be mentioned.

Firstly, there is the option of using less radia-
tion. Initial techniques employed a high dose of X-
ray radiation, with exposures similar to those in-
curred with cardiac catheterization and nuclear
medicine procedures. Nowadays, prospective gat-
ing procedures allow a dose reduction of 60–80%,
resulting in the controlled and limited exposure of
a defined anatomic area and to exposure amounts
that are similar to those of other current and widely
used CT diagnostic procedures.

Secondly, there is the matter of exam repeti-
tion. In the USA, patients are frequently and re-
peatedly exposed to X-rays due to repetitions of
diagnostic examinations (this is particularly true
in traumatology and oncology). It has been cal-
culated that, during a patient’s recovery in the
hospital, the total X-ray radiation exposure is
20–40 mSv. CTA, however, is an examination
that is performed only once, to evaluate the
anatomic status of the coronary arteries. If repe-
tition of the exam is deemed necessary, it will not
be until many years later.

Thirdly, the patient’s age must be considered.
Coronary CTA is indicated for the evaluation of

atherosclerotic disease; thus, the patients are older,
usually 55–65 years. In this population, the ra-
diosensitivity of the organs is reduced and the po-
tential oncological risk due to ionizing-radiation
exposure is limited if not irrelevant, when careful
exposure is performed.

Finally, there are risk-benefit considerations.
When proposing CTA to a patient, the cardiologist
and the radiologist have to evaluate the benefit that
may come from a proper evaluation of the ather-
osclerotic burden on the coronary arteries, the ad-
vantage gained by properly characterizing a plaque
in terms of the correct pharmaceutical approach,
and the possibility to identify vascular stenosis,
which may be amenable to stenting or re-vascu-
larization procedures. Therefore, the proper, lim-
ited use of ionizing radiation is to be proposed in
the presence of well-defined clinical indications
for this procedure.
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The penetration depth of OCT is between 0.5
and 2.0 mm in most tissue types and remains the
chief limitation of the technique, because optical
scattering losses and tissue attenuation limit light
penetration and focusing in vascular tissues. Nev-
ertheless, many OCT experts agree that a slight
improvement in the penetration depth of FD-
OCT compared to TD-OCT can be appreciated in
most tissues.

15.1.1 Image Acquisition

As TD-OCT will soon be universally replaced by
FD-OCT, the focus here is restricted to aspects of
OCT acquisition obtained with the latter system.

The main obstacle to the adoption of OCT im-
aging in clinical practice is that OCT cannot im-
age through a blood field, as infrared light cannot
penetrate red blood cells. Therefore, unlike IVUS,
OCT requires the clearing or flushing of blood
from the lumen.

The acquisition technique of FD-OCT has been
optimized following the concept specifically de-
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Table 15.1 The main differences between TD-OCT
and FD-OCT

TD-OCT FD-OCT

Pull-back speed, mm/s 3 20
Frame rate, fps 20 100
Lines per frame 240 500
Axial resolution, μm 10–20 10–20
Lateral resolution, μm 25–30 25–30
Penetration depth, mm 1.5–2 1.5–2
Scan diameter, mm 7 10

15.1 Physical Principles of OCT
and Technical Issues

Optical coherence tomography (OCT) is an im-
aging modality that uses light instead of sound and
offers significantly better resolution than obtained
with intravascular ultrasound (IVUS) [1, 2]. In
fact, as a result of the very short wavelength of the
imaging light, OCT resolution is 10–15 μm and
thus about 10 times higher than that of IVUS.
There are two main technologies that can be used
to obtain OCT images: time domain (TD) and fre-
quency domain (FD) [2-4].

TD is the older technology; it consists of long
and complicated procedures to clear the vessel of
blood and has a lower resolution than FD-OCT
(Table 15.1). Images are obtained with the M3
LightLab OCT wire (Imagewire), which has an
outer diameter of 0.048 cm and contains a 0.015-cm
fiber-optic imaging core (< 0.4 mm in diameter).
The distal radio-opaque spring tip of the TD-OCT
image-wire is similar to conventional guide-wires.

The FD-OCT catheter is designed for rapid-ex-
change delivery and is compatible with a conven-
tional 0.036-cm angioplasty guide-wire, inserted
in a short monorail lumen at the tip. The main ad-
vantage of FD-OCT is that the technology en-
ables rapid imaging of the coronary artery, with
long coronary segments scanned in a few seconds
at a maximum pull-back speed of 25 mm/s.
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veloped for the non-occlusive modality of acquisi-
tions carried out with TD-OCT [2]. Contrast
 solution, due to its viscosity, can displace blood cells
for a sufficient period of time such that OCT images
can be recorded from the coronary segment of in-
terest. Obviously, the fact that FD-OCT images can
be obtained at speeds up to 25 mm/s implies the ac-
quisition of long coronary segments in a very short
time. The size of the OCT image is first calibrated
by adjusting the z-offset, i.e., the zero-point setting
of the system. In FD-OCT systems, the calibration
procedure can be done in a fully automated modal-
ity. To maintain accurate measurements, the z-off-
set must be readjusted prior to off-line analysis and
monitored throughout the longitudinal segment.

The OCT probe is first positioned over a reg-
ular guide-wire, distal to the region of interest.
Identification of the pull-back starting point is a
simple task, as a dedicated marker identifies the
exact position of the OCT lens, located 10 mm
proximal to the marker itself. The acquisition of
a rapid OCT image sequence with fast pull-back
can be automatically started by the injection of a
bolus of contrast medium through the guiding
catheter, with the acquisition speed set between 5
and 25 mm/s. The infusion rate of contrast is usu-
ally set to 3–4 ml/s for the left coronary artery and
2–3 ml/s for the right coronary, but it can be mod-
ified based on vessel run-off and size.

Pull-back can begin automatically when blood
clearance is distally recognized, but manual acti-
vation is also possible. At an acquisition speed of
20 mm/s, 200 cross-sectional image frames can be
obtained over a 4- to 5-cm length of artery in 3.5
s, with a total infused volume of 14 ml of contrast.
In percutaneous interventions (PCIs), this is a def-
inite advantage of FD-OCT since both the stent
and the landing zones can be evaluated quickly.
Since the FD-OCT pull-back speed is too fast to
interpret the run during the acquisition, the
recorded images are stored digitally for later re-
view in a slow playback loop.

15.1.2 Comparison with IVUS

The assessment of target lesions by IVUS is fre-
quently demanding. IVUS probes tend to occlude
the lumen in tight lesions during the time required
to acquire pull-back images at low pull-back speed
(0.5–1.0 mm/s); consequently, symptoms and
signs of myocardial ischemia may develop, while
blood stagnation can complicate subsequent image
interpretation. In OCT, however, the high acquisi-
tion speed and the miniaturization of the OCT
probes, which have a slightly thinner profile than
IVUS probes, make vessel imaging more user-
friendly (Table 15.2).

Although recent papers have shown the ability
of FD-OCT to image the left main coronary artery,
this tract of the coronary tree still represents a
limitation of the technique, due to the relatively
wide dimension of this artery, which complicates
the clearing of blood from the vessel during image
acquisition.

15.2 Safety and Effectiveness

Previous experiences with TD-OCT technology,
either occlusive or non-occlusive, showed OCT
acquisition to be safe and effective [2]. OCT
provides excellent differentiation between the
lumen and the arterial wall, facilitating the de-
termination of lumen areas and volumes as well
as the depiction of stent struts with high accu-
racy [2]. Furthermore, early studies in which lu-
men, stent, and neointimal areas were quantita-
tively measured revealed a high reproducibility,
primarily driven by the high resolution of the
technology [2].

Preliminary data on the safety of FD-OCT
technology are even more promising. In an early
study based on 14 patients [4] and a more recent
one on 90 patients with coronary artery disease no

138 F. Prati and L. Di Vito

Table 15.2 Differences in plaque assessment between IVUS and OCT

Resolution (μ) Fibrous cap Lipid Calcium Thrombus

IVUS 150-200 + ++ +++ +
OCT 15-20 +++ +++ ++ ++



complications were reported. In fact, no ischemic
ECG changes or arrhythmias developed during
the short injection period. This was attributed to
the marked simplification of the acquisition pro-
cedures and the consequent reduction in the re-
quired contrast volume [4, 5]. Thus, FD-OCT
was judged to be highly effective, as it allows the
study of longer segments with clearer images
than obtained with TD-OCT [4, 5]. However, as
with TD-OCT, FD-OCT image quality depends
on an accurate acquisition technique and proper
guiding-catheter engagement in order to optimize
directional contrast flushing.

In general, OCT can negotiate tortuous cal-
cific arteries better than IVUS. In our experience,
comprising over 400 vessels imaged with OCT,
only very diffuse calcific arteries are not suitable
for OCT imaging. Also, after stenting, the OCT
probe may become stuck at the proximal edge
due to a non-complete apposition. In such cases,
gentle maneuvers are often successful in pushing
the probe downward, unless there is a very tortu-
ous and calcific anatomy.

15.3 Assessment of the Vessel
Wall and Atherosclerosis

15.3.1 Normal Coronary Morphology

Unlike IVUS, OCT can both clearly distinguish
the intimal from the medial layer of the coronary
arterial wall and measure its thickness, which is
125–350 μm (mean 200 μm) [2]. The media ap-
pears as a dark band, delimited by the internal
elastic lamina and external elastic lamina. How-
ever the assessment of a normal intima is beyond
the resolution of OCT because the intimal layer is
only approximately 4 μm thick, which corre-
sponds to a small sub-endothelial collagen layer
and a single layer of endothelial cells that in the
normal vessels of children and young people is
flattened. This limitation is of utmost importance
in the study of stent follow-up, as OCT can iden-
tify the presence of strut coverage but not the
presence of a physiologic stent surface covered
with endothelial cells.

The limited penetration of OCT does not con-
sistently enable the study of vessel remodeling,
which is well addressed by IVUS. Remodeling is
defined as medial thinning in the areas of plaque
accumulation as a result of asymmetric expan-
sion of the vessel wall.

Nearly all coronary arteries of adults show
some grade of intimal thickness, as it increases
with age.

15.3.2 Assessment of Atherosclerosis

As noted above, OCT allows the study of plaque
components at a very high resolution; however,
this comes at the cost of limited penetration such
that the assessment of deeper structures is difficult.
Jang et al., in one of the first comparisons between
OCT and IVUS, found that the former led to a
more precise measurement of the thickness of the
fibrous cap and improved the study of structures
located behind superficial macro-calcification [2].
Furthermore, OCT was able to identify with high
accuracy tissue components such as intimal hy-
perplasia and lipid-rich plaques.

It is well known that angiography is of poor
sensitivity in the detection of calcific deposits, es-
pecially when their radial extension is < 180°.
IVUS is able to identify calcium with a high de-
gree of accuracy, although the shadowing effect
caused by these deposits prevents measurement of
their thickness. Infrared light better penetrates
calcium, but calcific components with a thickness
> 1–1.3 mm can prove impossible to penetrate.
Thus, calcium deposits with a deep intra-plaque
location may be missed with OCT. However this
event is rather uncommon as calcium deposits
are often sub-endothelial.

Unlike angiography or IVUS, however, OCT is
able to identify thrombi, measuring their dimen-
sions and guiding their removal (Fig.15.1) [6].

15.3.3 Qualitative Descriptions

The distinction at OCT between calcium and a
lipid pool is not easy as these tissue components
have a similar appearance. Calcifications are seen
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as well-delineated, low back-scattering heteroge-
neous regions [2] whilst necrotic lipid pools most
often appear as diffusely-bordered, signal-poor re-
gions (lipid pools) with overlying signal-rich bands,
corresponding to fibrous caps [2]. Fibrous plaques
consist of homogeneous high back-scattering areas
[2]. OCT can also identify superficial micro-cal-
cifications, as small calcific deposits that subtend
an angle < 90° and are separated from the lumen by
a rim of tissue < 100-μm thick [2].

In contrast to IVUS, OCT identifies thrombi
with high accuracy. The appearance of thrombi on
IVUS is similar to that of lipid components but
thrombi may be recognized as relatively echolu-
cent formations. However, a stagnant blood flow
can simulate a thrombus such that the diagnosis of
thrombus by IVUS should always be considered
presumptive [7]. The ability of OCT to identify
thrombi is extremely important as they are the ul-
timate events leading to acute coronary syndrome,
and OCT is the ideal technique to identify culprit
lesions in uncertain cases.

Thrombi are identified by OCT as masses pro-
truding into the vessel lumen that are discontinu-
ous from the surface of the vessel wall. Red

thrombi consist mainly of red blood cells; the rel-
evant OCT images show high-backscattering pro-
trusions with signal-free shadowing. White
thrombi consist mainly of platelets and white
blood cells and are characterized by signal-rich,
low-backscattering billowing projections protrud-
ing into the lumen [2].

15.3.4 Quantitative Descriptions

It must be emphasized that the identification
and quantif ication of atherosclerotic plaque
components by OCT both depend on the pene-
tration depth of the incident light beam into the
vessel wall. The depth of penetration is greatest
for fibrous tissue and least for thrombi, with
 calcium and lipid tissue having intermediate
values.

OCT is able to penetrate superficial calcium de-
posits and measure their thicknesses if they do not
exceed 1.0–0.5 mm. As OCT does not penetrate su-
perficial necrotic lipid pools as well as it does cal-
cified and fibrous tissues, the thickness of lipid
pools cannot be measured in the majority of lesions
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Fig. 15.1 Examples of
plaque components at
OCT. OCT penetration
(lines in all quadrants)
is affected by plaque
composition



[2]. However, OCT does allow measurement of
the thickness of the fibrous cap that delimits su-
perficial lipid pools. Fibrous-cap thickness can be
obtained either as a single measurement at the
cross-section where its thickness is considered
minimal or as the average of multiple (three or
more) samples [2].

The arc (in degrees) and the longitudinal extent
of calcific deposits or superficial necrotic lipid
pools can be measured (in degrees) with a pro-
tractor positioned in the center of the lumen [2]. A
semi-quantitative grading system is used to clas-
sify these plaque components according to the
number of quadrants they subtend [1-4].

OCT can also be applied to identify inflam-
matory cells, such as clusters of macrophages.
Streaks of macrophages or foam cells are seen as
bands of high reflectivity in OCT images. When
they are located in a plaque with a lipid pool,
macrophage streaks become visible within the
 fibrous cap covering the lipid pool. To identify
inflammatory cells with sufficient specificity
and sensitivity, dedicated algorithms should be
applied [8].

15.4 Pathophysiology of Acute
Coronary Syndromes

Acute plaque ulceration or rupture can be detected
by OCT as a ruptured fibrous cap that connects the
lumen with the lipid pool. These ulcerated or rup-
tured plaques may occur with or without a super-
imposed thrombus. When signs of ulceration are
present without evidence of thrombosis, the lesion
cannot be defined as a “culprit” with certainty, un-
less clinical criteria provide evidence that the le-
sion is responsible for the acute events. The use of
thrombolysis, IIb-IIIa GP inhibitors, or other anti-
thrombotic drugs facilitates clot degradation and
in some circumstances will lead to the complete
disappearance of the clot.

The identification of erosion as a mechanism of
plaque instability is a challenge even for a tech-
nique with a resolution below 20 μm. A thrombo-
sis with an apparently normal endothelial lining
underneath may be indicative of erosion.

15.5 Localization of Plaques with
High-Risk Morphology

Pathological studies carried out in patients who
died due to acute coronary syndromes identified
the morphology of vulnerable plaques. In line
with previous data, OCT studies confirmed that
culprit plaques of patients with acute coronary
syndrome (ACS) have a higher lipid content, a
thinner fibrous cap, and greater macrophage con-
centration than non-culprit sites [9]. In addition,
patients with acute myocardial infarction were
more likely to have thrombus and thin cap fibrous
atheromas in the non-culprit lesion. OCT con-
firmed the histological finding that ruptured
plaques are mainly located in the proximal seg-
ments (proximal 30 mm) of the vessel [2].

Moreover, morphological differences are not
restricted to patients with or without ACS, but are
also present between different presentations of
ACS. According to Tanaka et al., plaque rupture in
exertion-onset ACS is associated with greater fi-
brous cap thickness and is more often located at
the shoulder of the plaque [10].

15.6 Plaque Morphology,
Vulnerability and
Progression

Changes in plaque volume in response to specific
treatments aimed at regression or the cessation of
progression are mainly identified by IVUS. In this
setting, OCT may prove to be an important addi-
tion because it can discriminate among the differ-
ent plaque components, whose changes may be
important in serial studies.

Preliminary data indicate that statin therapy is
associated with certain plaque characteristics. In
fact, patients under statin therapy have a lower in-
cidence of plaque rupture than control patients.
Furthermore, in a prospective study with 3-month
follow-up OCT examination, statin therapy was
shown to increase the thickness of the fibrous cap
in the culprit lesions of patients with stable angina.
This occurred only in the presence of a thin fibrous
cap at baseline assessment [11].
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However, robust validation studies are needed
to verify whether OCT is capable of measuring se-
rial changes in plaque components indicative of
vulnerability, such as fibrous cap thickness or
lipid pool extension. It is possible that OCT will
one day play a role in assessing the risk of my-
ocardial infarction. Also, due to its ability to ad-
dress plaque components, OCT can be used to re-
late plaque morphology to clinical characteristics.
Surprisingly, plaque composition is similar among
diabetics and non-diabetics.

15.7 Current Clinical Applications.
Advantages and
Disadvantages of
OCT vs. IVUS

15.7.1 Evaluation of Intermediate
Stenoses and Ambiguous
Lesions

Normal angiograms or angiograms with minimal
irregularities are found in around 10–15% of pa-
tients undergoing coronary angiography for sus-
pected coronary artery disease. Like IVUS, OCT
can confirm the absence of significant athero-
sclerosis or indicate the degree of subclinical ath-
erosclerotic lesion formation. This is of impor-
tance to defer coronary intervention.

Suboptimal angiographic visualization im-
pairs the accurate assessment of stenosis sever-
ity. This may happen in the presence of inter-
mediate lesions of uncertain severity, very short
lesions, pre- or post-aneurysmal lesions, ostial or
left main stem stenoses, disease at branching
sites, sites with focal spasm, or angiographi-
cally hazy lesions. OCT has the potential to be-
come a routine clinical tool to guide interven-
tional procedures as it provides accurate luminal
measurements of lesion severity due to a better
delineation of the lumen-wall interface than
achieved with IVUS.

Like IVUS, OCT is able to quantify lesion
severity more accurately than quantitative coro-
nary angiography by measuring a minimal lumen
area < 2.4–3.0 mm2. This should be considered
the significant cut-off threshold for flow-limiting
stenosis in appropriately sized (> 3 mm) vessels,
excluding the left main coronary artery [12]. In
the presence of left main disease, the most com-
monly used threshold is 6.0 mm2. Further valida-
tion studies may be needed to corroborate these
values (Fig. 15.2).

In particular, OCT is indicated for the as-
sessment of angiographically hazy lesions and
focal vessel spasm. In the former, OCT often de-
tects ruptured plaques with thrombus attached to
the site of rupture of the fibrous cap over a par-
tially emptied lipid pool. Under these circum-
stances the decision to proceed with treatment is
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Fig. 15.2 OCT details
vessel anatomy of a
moderate distal left
main disease at
angiography (a). OCT
shows a significant
lesion of the distal left
main, with a minimal
lumen area of 5.4 mm2

(b), and reveals a non-
significant lesion 
(3.7 mm2) at the left
circumflex ostium
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b
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more often based on these morphologic obser-
vations than on the absolute measurement of
 lumen area.

15.7.2 Post-intervention Assessment:
The Rationale for Using
Imaging Modalities

Optimization of stent expansion is of critical im-
portance in the prevention of late in-stent re-steno-
sis, based on the concept that measurement of min-
imum stent area is the most powerful predictor of
long-term patency and clinical outcomes. For bare
metal stents, multiple studies have addressed the
use of IVUS-guided expansion to reduce re-steno-
sis and thrombosis. While the results have been
conflicting, meta-analyses identified a potential
advantage, particularly in complex lesions [13].
The same considerations apply to drug-eluting
stents (DESs); in fact, a threshold of absolute min-
imal lumen cross-sectional area within the stent of
at least 5.0–5.5 mm2 has been advocated as the tar-
get minimum stent area to prevent failure. A sig-
nificant difference in mortality was also observed
between IVUS and angiographic guidance after
left main stenting [13].

A further motivation to rely on intravascular
imaging modalities to improve clinical results and
safety is the fact that stents, including DES, rarely
achieve the nominal area, with the average being 66
± 17% of the predicted minimal lumen area [13].

15.7.3 The Potential of OCT in Stent
Guidance

Using OCT, the minimal stent area can be easily
compared with the reference area, which is the
most-often used IVUS criterion for optimal stent
expansion. Unlike IVUS, OCT has sufficient res-
olution to detect mild levels of malapposition, to
visualize small intra-stent thrombotic formations,
and to perform a per-strut analysis of the thickness
of intimal coverage. In the presence of stent under-
expansion or haziness within the stent or at the
stent edges, which may be due to plaque prolapse
or edge dissection, OCT can precisely identify
and quantify these phenomena (Figs. 15.3, 15.4).

Malapposition can contribute to stent throm-
bosis by disturbing the normal laminar blood flow
along the vessel wall and promoting the deposition
of platelets and fibrin. Also, the persistence of
acute and late-acquired malapposition is associ-
ated with reduced re-endothelialization and neoin-
tima formation, which may lead to platelet adhe-
sion and subsequent thrombotic stent occlusion.
However, to date, the role of malapposition as a
cause of stent thrombosis is unclear. Based on
IVUS data, stent malapposition does not increase
the risk of major adverse cardiac events . This
may be due to the fact that IVUS identifies only
gross malapposition.

OCT is capable of detecting very small throm-
botic depositions on stent struts, a common find-
ing in patients with ACS after stenting of the
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Fig. 15.3 Deployment
of a drug-eluting stent
in the right coronary
artery. OCT shows a
well expanded stent (b)
and a dissection distal
to the stent edge (c),
that was missed by
angiography (a)
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culprit lesion [1]. Although the clinical signifi-
cance of this finding is still unknown, it is rea-
sonable to hypothesize that the presence of
thrombus after stenting elevates the risk for acute
and sub-acute stent thrombosis. This may also in-
fluence the decision to use adjuvant pharmaco-
logical therapies, including glycoprotein IIb/IIIa
receptor antagonists, at the time of stenting.

15.7.4 Stent Follow-Up

Conventional stents develop circumferential cov-
erage with an average thickness of 500 mm or

more and are thus well visualized with IVUS and
angiography. By contrast, in DESs the hyperplas-
tic response is delayed or even prevented, so that
the average late lumen loss for these stents can be
< 100 mm, which means that this amount of inti-
mal thickening will not be detectable by IVUS.
Further, although coronary angioscopy is able to vi-
sualize strut tissue coverage, this highly specialized
technique is not quantitative and is therefore not
used in practice, except in a few research centers in
Japan. Hence, OCT is an attractive alternative as it
is able to circumvent many of these limitations
and to assess the in-vivo tissue response following
stent implantation (Fig. 15.5).
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Fig. 15.4 Optimal
angiographic result
after deployment of a
drug-eluting stent in
the right coronary
artery (a). OCT shows
an under-expanded
stent. At the site of
minimal stent area (c),
the stent is smaller than
the distal reference (b)
and the proximal
reference (e) and
exhibits some tissue
prolapse (arrows). 
In the proximal portion,
the stent appears non-
apposed (arrows in d)
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Fig. 15.5 OCT
detection of covered
stent struts (a), and
uncovered stent struts (b)
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DES technology has been associated with a
small but statistically significant increase in late
and very late stent thrombosis. Delayed healing
and poor endothelialization are common findings
in pathologic specimens of vessels treated with
DES. In addition, recent post-mortem studies
demonstrated that late stent thrombosis is highly
associated with the ratio of uncovered/total stent
struts [14]. OCT anecdotal studies in patients
with stent thrombosis revealed a high incidence
of strut non-coverage. OCT is now an estab-
lished method to verify the presence of stent
coverage despite the fact that it is unable to iden-
tify the endothelium [1]. Follow-up OCT data re-
vealed that most of the DESs were covered with
a thin neointima, but complete coverage was rare
[15]. The DETECTIVE study [16] reported a
high percentage of stent coverage in the early
phase (4–7 days after implantation). OCT follow-
up studies showed that the frequency of uncov-
ered stent struts was l5% at 3 months but only
5% two years after stenting with sirolimus-elut-
ing stents. Zotarolimus-eluting stents showed a
very high incidence of strut coverage at 6 months
on a per patient analysis [15].

Recent data revealed that incomplete stent
apposition and the absence of tissue coverage 
are more frequently detected by OCT in patients
presenting with ACS. This finding likely re-
flects the presence of thrombus, a milieu that fa-
cilitates the malapposition of stent struts and
hampers the process of vessel healing. Further-
more, in patients with ST elevation myocardial
infarction, DES deployment was shown to in-
crease the risk of incomplete strut apposition
and lack of coverage.

It is difficult to offer any recommendation at this
stage for the use of OCT in the late follow-up of in-
dividual patients. Instead, these are anecdotal cases
of OCT applications to rule out the prolongation of
dual antiplatelet treatment in patients requiring
non-deferrable surgery. Currently, the main appli-
cation is the comparison of different stent plat-
forms, assuming that a more uniform strut cover-
age is expected to improve late outcome.
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ED, leading to overwork, the need for more staff,
and a longer waiting time for other patients. 

Recently, integration of the diagnostic triage
of chest pain with coronary CT scan has been
proposed [4] in order to obtain an anatomic as-
sessment of the coronary arteries that may allow
a quick diagnosis and thus an early discharge
[5]. A coronary CT scan may also help in identi-
fying patients with other serious conditions, in-
cluding aortic dissection and lung embolism [6].
This chapter provides a review of the current ev-
idence regarding the use of multislice CT in this
setting and its pro and cons compared with other
widely used diagnostic techniques.

16.2 Causes of Acute Chest Pain

In clinical practice, only 15–20% of patients com-
ing to the ED for acute chest pain have a final di-
agnosis of heart disease, whereas the large ma-
jority do not (Table 16.1). On the other hand, the
ECG may be non-diagnostic in many patients
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16.1 Introduction

Acute chest pain is one of the most frequent symp-
toms reported by patients evaluated in emergency
departments (EDs). In the USA, approximately 8
million people with acute chest pain are seen an-
nually in an emergency setting [1, 2]. The diagno-
sis of an acute coronary syndrome (ACS) is often
difficult, and studies have suggested that 2–6% of
ACS patients are inappropriately sent home from
the ED, leading to increased morbidity and mor-
tality. This is also an increasing motive for mal-
practice claims. The protocol for the evaluation of
this group of patients includes ECG and the as-
sessment of myocardial damage markers (includ-
ing CK/MB and troponin) [1]. Unfortunately, there
is also a minority of patients with normal ECG and
cardiac enzymes at admission who still have an
ACS. These patients require a time-consuming and
expensive protocol, with serial ECG and cardiac
enzyme assessments [1-3]. In case of persistently
negative results, patients often undergo a stress
test. Sometimes additional tests are also performed
to rule out other, possibly fatal causes of chest
pain, including aortic dissection and lung em-
bolism. Nonetheless, mistakes are still possible
even after this complex protocol, which has an es-
timated annual cost of $10–13 billion in the USA
alone [3]. Finally, a large number of patients with
no serious disease are kept for many hours in the

Table 16.1 Final diagnosis of patients with acute chest
pain who were seen by a general practitioner or at an
emergency department. Modified from [6]

General Emergency 
Practitioner Department

Cardiac 20% 45%
Musculoskeletal 43% 14%
Gastrointestinal 5% 6%
Psychiatric 11% 8%
Pulmonary 4% 5%
Other 16% 26%
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Chief Interventional Cardiology, San Filippo Neri Hospital,
Rome, Italy
e-mail: giuliospeciale@yahoo.it



with acute myocardial infarction and in most
patients with unstable angina. According to the
ACC/AHA guidelines, all patients presenting to
the ED with acute chest pain should be assessed
with both ECG and a cardiac biomarker (prefer-
ably a cardiac-specific troponin, i.e., troponin-I
or troponin-T). Patients with a negative ECG
should undergo a serial ECG assessment to eval-
uate dynamic ECG changes (initially at 15- to 30-
min intervals). Similarly, patients with normal
cardiac biomarkers should undergo a repeat
blood test 8–12 h after symptom onset [7]. Neg-
ative ECG and normal troponin identify a low-
risk population; however, even patients with per-
sistently normal troponin may have significant
coronary disease. In this group, the diagnosis of
coronary disease may require functional tests,
such as ECG stress test, a stress-echocardiogram,
or nuclear imaging. However, none of these tests
has optimal sensitivity or specificity (Table 16.2)
[8-10]. Accordingly, 10–15% of patients with a
diagnosis of ACS who are submitted to coronary
angiography have normal coronary arteries,
which underlines the limits of the current diag-
nostic methods.

16.3 Multislice CT Scan in Acute
Chest Pain

Over 30 studies assessing the diagnostic accuracy
of CT scan in identifying coronary disease have
been published, with over 2,000 patients enrolled.
Studies using a per-patient analysis (1,329 pa-
tients, examined by 16- or 64-slice CT scan) re-
ported a  mean sensitivity and specificity of 97%
and 84%, respectively [11], with a sensitivity and
specificity of 98% and 93%, respectively, for 64-
slice CT studies (Table 16.3). However, the most
interesting result was the negative predictive value
(NPV) of over 97%, which is much better than that
reported for any other non-invasive diagnostic
test. This excellent NPV makes CT a very attrac-
tive modality for ruling out coronary disease in pa-
tients seen in the ED. Nonetheless, it should be
kept in mind that CT may have a lower diagnostic
accuracy in patients with pre-existing coronary
disease, who often have extensive coronary calci-
fications and coronary stents (which may produce
artifacts on CT scan). These patients are already
considered to be at high-risk when they come to
the ED. Thus, instead, CT may be an invaluable as-
set for the evaluation of low-intermediate risk pa-
tients with acute chest pain (which are the large
majority of ED patients). 

These observations have formed the basis of
several studies aimed at assessing the specific role
of CT in patients with acute chest pain. Thus far,
seven studies on the use of 64-slice CT, enrolling
a total of 376 ED patients, have been published
[12]. All of them included low- to intermediate-
risk patients with acute chest pain, normal cardiac
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Table 16.2 Diagnostic accuracy of non-invasive tests
for identifying coronary disease (results adjusted for re-
ferral bias) [7-9]

Sensitivity Specificity

CECG-stress test 45% 85%
Echo-stress test 78% 85%
Myocardial perfusion 82% 59%
imaging

Table 16.3 Diagnostic accuracy of 64-row CT scan for identifying >50% coronary stenoses

Patients (n) Sensitivity Specificity Negative predictive value

Leshka 67 97% 94% 99%
Raff 70 95% 86% 98%
Leber 59 97% 88% 99%
Mollet 52 95% 99% 99%
Ropers 82 93% 95% 99%
Fine 66 96% 95% 95%
Budoff 230 95% 83% 99%
Meijboom 360 99% 64% 97%



biomarkers, and no ischemic ECG changes (two
studies excluded patients with a previous history
of coronary disease). The results of the CT exam-
ination allowed significant coronary disease to be
correctly excluded, with a mean NPV of 99%.
These findings strongly support the use of CT to
identify low-risk patients who can be safely dis-
charged. In particular, a study from William Beau-
mont Hospital (Royal Oak, MI) reported a trial
consisting of 197 patients randomized to early CT
in the ED vs. a standard diagnostic protocol (ser-
ial cardiac biomarkers, etc.): patients with no
stenosis as determined on CT (< 25%) were im-
mediately discharged; patients with significant
stenosis (> 75%) underwent early coronary an-
giography; and patients with intermediate stenosis
(25–75%) received a stress test [13]. In the CT
group, two-thirds of the patients were discharged
immediately after the CT scan and none of them
had any adverse event at 6 months follow-up
(NPV: 100%). CT was non-diagnostic due to the
presence of intermediate lesions or suboptimal
imaging in 24% of patients, who then received a
stress test; while in 8%. CT identified significant
coronary lesions (with a positive predictive value
of 85%). The CT-based approach was much
quicker (time to diagnosis 3.4 h vs. 15.0 h in the
standard diagnosis group) and significantly re-
duced costs (-15%) (Table 16.4) [13].

Recently, the CT-STAT trial compared CT with
rest-stress myocardial perfusion imaging in the
evaluation of acute low-risk chest pain in over
700 patients presenting to the ED [14]. The results
showed that CT allows a more rapid and cost-ef-
ficient, safe diagnosis than obtained with rest-
stress myocardial perfusion imaging. Interestingly,

median costs were reduced from $3,548 to $2,137,
while the incidence of cardiac events remained
very low in both groups (0.8% with CT scan and
0.4% with myocardial perfusion imaging). These
recent findings support the use of CT for ruling
out coronary disease in lower risk patients pre-
senting to the ED. 

Conversely, a simple assessment of the cal-
cium score by CT is insufficient to correctly iden-
tify patients who present in the ED with coronary
disease, since patients with acute chest pain have
mostly noncalcified coronary plaques, which can
be identified only by multislice CT scan  [15]. The
possible limits of this latter technique (discussed
in other chapters of this volume) include its con-
traindication in patients with a fast heart rate (> 65
bpm) and arrhythmias (in particular, atrial fibril-
lation). Although it is common to treat patients un-
dergoing multislice CT with beta-blockers to re-
duce the heart rate to < 65 bpm, these drugs are
contraindicated in up to 15% of patients seen in the
ED. Finally, all patients should be screened for a
history of iodine allergy and for renal failure.

16.4 The Triple Rule-Out Protocol

Multislice CT scan (64-slice and more) allows
rapid scanning not only of the heart and coronary
arteries, but also of the entire lung and thoracic
aorta, as a complete scan of all these areas can be
performed in less than 20 s. These technical im-
provements have led to the use of multislice CT to
identify coronary disease, aortic dissection, and
lung embolism as well [12]. Thus, a single scan
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Table 16.4 Comparison of 64-row CT scan and a stan-
dard diagnostic protocol in the emergency department
(data from [13])

CT scan Standard P
protocol

Time to diagnosis (h) 3.4 15 <0.001
Total cost (US$) 1586 1872 <0.001
Need for re-evaluation 
at 6 months 2% 7% 0.29

Table 16.5 Comparison of 64-row CT scan and nu-
clear imaging for identifying coronary disease in pa-
tients with acute chest pain in the emergency depart-
ment (data from the CT-STAT Trial)

CT scan Nuclear P
imaging

Time to diagnosis (h) 2.9 6.2 <0.001
Total cost (US$) 2137 3458 <0.001
Cardiac events 
in patients with 
negative tests (%) 0.8 0.4 0.29



can rule out three potentially fatal causes of acute
chest pain, referred to as the “triple rule-out.”
However, these scans can be technically challeng-
ing because they require optimal and simultaneous
contrast intensity in both the left (coronary and
aorta) and the right (pulmonary) circulation, while
avoiding artifacts due to the presence of contrast in
the right atrium and ventricle, which may reduce the
accuracy of coronary imaging. The use of a dedi-
cated protocol of contrast injection with two con-
trast boluses, one for the coronary arteries and the
other for the pulmonary arteries, followed by a
saline injection to clear contrast from the right heart
chambers can yield good imaging of all three ar-
teries in a single scan. While this protocol is very at-
tractive and has been introduced in several hospitals,
it has not yet been tested in clinical trials. In par-
ticular, since aortic dissection and lung embolism
are much less frequent than coronary disease, it is
unclear whether the large-scale use of this protocol,
especially since it requires an increased radiation
dose, has a positive risk/benefit ratio in unselected
populations. Nonetheless, it may be a very impor-
tant asset in patients in whom aortic dissection or
lung embolism is clinically suspected. 

From a technical point of view a triple rule-out
protocol requires the use of a 64-slice CT scanner
(or better). A 16-slice scanner would require a pa-
tient breath-hold > 30 s in order to acquire images
of both the heart and the lungs (from the apices to
the diaphragm), whereas with a 64-slice scan the
breath-hold is reduced to < 15–20 s [12,16]. It is also
technically challenging to obtain optimal contrast in-
tensity in both the pulmonary and the coronary sys-
tem. Several protocols of contrast injection have
been developed to optimize visualization of the pul-
monary and coronary arteries while reducing arti-
facts. Usually these entail a bolus of saline to quickly
remove contrast from the right heart.  The protocol
of Vrachliotis et al. [17] consisted of a triphasic in-
jection with a total of 100 ml of contrast at 5 ml/s,
then an injection of 30 ml at 3 ml/s (for optimal vi-
sualization of the pulmonary arteries), followed by
a saline injection. The authors performed a caudal-
cranial scan rather than the usual cranial-caudal se-
quence in order to improve visualization of the dis-
tal pulmonary branches at the base of the lungs,
which are the most difficult to visualize.

As noted above, the use of a triple rule-out
protocol may increase radiation exposure. In fact,
the radiation dose is about 50% higher than that as-
sociated with a standard coronary CT scan [12,
16]. This increase in exposure must be taken into
account, especially in younger patients. Clearly,
the risk/benefit of a triple rule-out scan must be
weighed according to individual risk. The identi-
fication of patients who will benefit most from this
technique should be addressed in further studies.
However, an important consideration is that with
the new high-yield scanners (128-slice or even
320-slice) the total radiation exposure can be sig-
nificantly reduced; in some settings, exposure is
even lower than that of a simple coronary scan
with a 64-slice CT. 

The clinical benefit of a triple rule-out scan
compared with a simple coronary scan should be
carefully considered for each patient. Among pa-
tients with acute chest pain, the incidence of
coronary disease is overwhelming compared with
the incidence of lung embolism, aortic dissection,
or other conditions that can be assessed with a
triple rule-out scan. Whether the routine use of
this protocol vs. a simple coronary scan in an un-
selected population presenting with chest pain is
of clinical benefit remains to be determined. In
a recent study, Madder et al. [18], compared 272
patients assessed with triple rule-out scan vs.
1796 patients examined with a standard coro-
nary CT scan. No significant differences were
found between the two groups (diagnosis of lung
embolism of 1.1% with triple rule-out vs. 0.2%
with coronary CT, with no cases of aortic dis-
section in either group). Triple rule out scans re-
sulted in increased radiation exposure (12±5.6
mSv vs. 8.2±4 mSv) and, somewhat surprisingly,
an increased request for a standard pulmonary
CT scan to rule out lung embolism [18]. There
was no difference in clinical events. Thus, with
current technologies, it seems appropriate to limit
the triple rule-out scan to patients with a higher
risk of non-coronary disease. However, with fur-
ther technological advances and the routine use
of high-speed scans (128 and 320-slice), the ben-
efits of this protocol over a coronary CT scan
may increase the appeal of this comprehensive
approach.
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16.5 Conclusions

Multislice CT scan is an ideal diagnostic test to
rule-out coronary and possibly other vascular
 thoracic diseases in low-risk patients. Diagnostic
assessment of acute chest pain in the ED may be
an optimal setting to use this new diagnostic
method. Randomized studies have confirmed that
integrating multislice CT scan into the diagnostic
protocols in the ED not only results in excellent di-
agnostic accuracy, but also in shorter hospital stay
and reduced costs. Although the CC/AHA guide-
lines for the assessment of patients with acute
chest pain do not yet include multislice CT, there
is evidence supporting its use as a diagnostic tool
in ED protocols. The potential of a triple rule-out
scan to rule out aortic and pulmonary diseases
awaits the development of well-defined diagnos-
tic protocols regarding its application.

Patients coming to the ED with acute chest
pain should first undergo a complete clinical as-
sessment, with ECG and cardiac biomarkers.
High-risk patients with an ECG suggestive of is-
chemia and/or positive biomarkers do not require
multislice CT and should be immediately admit-
ted and treated. Patients with a negative ECG and
biomarkers at admission may benefit from a di-
agnostic CT scan, as it would avoid the waiting
time associated with serial ECG and biomarkers,
thus allowing the early identification of patients
without coronary disease who could therefore be
safely discharged. The traditional diagnostic pro-
tocol, consisting of serial ECG, biomarkers and
possible stress test, should be reserved for pa-
tients with suboptimal imaging at multislice CT or
with intermediate-grade stenosis.
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should not be prepped with steroids. Patients with
a history of a reaction to one of the current-gener-
ation non-ionic contrast agents should be prepped
with oral steroids and an antihistamine. If there is
a history of a  reaction including symptoms of air-
way compromise, the patient should have his or her
exam, with a steroid prep, in a hospital setting
with respiratory therapy on site.

Renal insufficiency can be an absolute con-
traindication. The cutoff point varies with the in-
stitution [1]. Hoffman et al. use a serum creatinine
cutoff of > 1.5 mg/dl. An alternative, less conser-
vative approach is a cutoff of >2.0 mg/dl or a cre-
atinine clearance <3 0 ml/min/1.73 m2. This cut-
off of creatinine clearance mirrors the guidelines
used for magnetic resonance imaging (MRI)
gadolinium contrast agents in order to avoid the
complication of nephrogenic systemic sclerosis. In
this author’s experience, these MRI-based cutoffs
of serum creatinine and/or creatinine clearance
have proven to be extremely safe and are highly
recommended.

Patients with a history of recent pulmonary
emboli or strong suspicion of pulmonary emboli
may decompensate if given beta-blockers, as
tachycardia may occur in response to the decreased
stroke volume caused by the obstruction emboli.
This poses some risk when a triple rule-out CCTA
is contemplated.

Acute congestive heart failure may be an ab-
sol ute contraindication, depending on the sever-
ity. These patients may have difficulty handling
the volumes of contrast agent and saline neces-
sary for CCTA. Accordingly, great care should be
taken to determine that the patient can tolerate the
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17.1 Introduction

Computed tomography (CT) technology has un-
dergone major advances over the last decade, with
no advance being more important than the devel-
opment of 64-slice multidetector CT (MDCT)
scanners. In parallel, the contraindications to
coronary CT angiography (CCTA) have de-
creased, although there are still several absolute
contraindications to this procedure. This chapter
addresses the absolute contraindications to CCTA
with respect to the medical/technical aspects of
the exam, as well as the clinical absolute con-
traindications.

17.2 Medical/Technical Absolute
Contraindications

The most important medical contraindication is a
known hypersensitivity to current-generation, non-
ionic contrast agent. In patients with a hypersensi-
tivity to the older ionic versions of contrast, this
history can be largely ignored. Instead, these pa-
tients should be interviewed regarding the nature of
the hypersensitivity reaction. If it occurred prior to
1990, it can safely be assumed that it was second-
ary to an injection of ionic contrast; these patients
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administration of beta-blockers or additional
beta-blockers. The use of beta-blockers may need
to be omitted and the exam instead performed
with retrospective gating.

The patient’s inability to perform a breath-hold
for 6 s is also an absolute contraindication. How-
ever, this is mostly a theoretical limitation, as even
patients with severe COPD can perform a breath-
hold for this brief interval.

Severe arrhythmias may be an absolute con-
traindication, although the definition of severe in
regards to performing CCTA has changed over
time secondary to the development of sophisti-
cated algorithms that allow post-exam editing of
the ECG tracing. Thus, a rogue premature ventric-
ular contraction can be easily deleted and the im-
ages reconstructed without it. However, in the pres-
ence of numerous aberrant beats, such as occurs
with bigeminy or trigeminy, deletion of all of them
will obviously hinder image reconstruction. In ad-
dition, these algorithms have removed atrial fibril-
lation from the absolute contraindication territory.
Consequently, patients with atrial fibrillation can be
scanned by applying retrospective gating, which
provides a sufficient number of phases to recon-
struct the entire coronary artery circulation.

17.3 Absolute Clinical
Contraindications

The recently published 2010 Appropriateness Cri-
teria for Performing Cardiac Computed Tomogra-
phy provide excellent guidance regarding the ap-
propriate conditions for CCTA [2]. It is important
to note that these guidelines have been agreed
upon by multiple societies from both disciplines,
radiology and cardiology. The published guidelines
consider the use of CCTA in different clinical sce-
narios as (1) appropriate, (2) inappropriate, and (3)
uncertain. The following discussion critically con-
siders only the inappropriate indication category.

The guidelines define an inappropriate indication
as the detection of coronary artery disease (CAD) in
symptomatic patients without known heart disease
if the patient has an interpretable ECG, is able to ex-
ercise, and has a high probability of having CAD

based on the Framingham Risk Evaluation. In this
author’s opinion, this definition is questionable as
even in high-risk patients chest pain and shortness
of breath are just as likely, or even more likely, to be
caused by conditions other than CAD. Based on
personal experience, many of these patients will
have a CCTA consistent with negative or mild dis-
ease (stenosis < 50%), which is very helpful in
streamlining their subsequent workup.

The most important absolute contraindication is
the use of CCTA for the detection of CAD in a
symptomatic patient with a proven myocardial in-
farction, by ECG and/or serum enzyme markers for
myocardial necrosis, e.g. troponin. These patients
do not need a diagnostic CCTA as their diagnosis
has been reached with near certainty by clinical
means. Instead, they should undergo catheter coro-
nary angiography, which brings with it the option
of a percutaneous coronary intervention.

Currently considered an absolute contraindi-
cation is the detection of CAD in low- and inter-
mediate-risk asymptomatic patients. This is based
on the low probability of their having significant
CAD. Perhaps in the future, CCTA will be insti-
tuted as a screening test for CAD [3].

While CCTA may be used for pre-operative
clearance, it is not recommended in patients in
need of this procedure for non-cardiac surgery if
they are at high risk. Once again, however, in this
author’s opinion a negative CCTA can greatly in-
fluence and streamline the workup for suspected
CAD in these patients.

CCTA has a limited role in the evaluation of pa-
tients with new-onset atrial fibrillation as it has a
very low yield in this category. Instead, cardiac CT
plays a role mainly in pre-ablation mapping of
the pulmonary veins.

If there are prior tests, their results can limit the
utility of CCTA. If a patient has had an exercise
ECG test with low-risk findings, it may be more
appropriate to halt further testing if the clinical
suspicion for CAD is low. Alternatively, if this
test yields high-risk findings with a high clinical
suspicion, then proceeding to catheter angiography
rather than pursuing a diagnostic CCTA may be
more prudent.

If the prior stress test is an imaging stress test it
is considered inappropriate to pursue CCTA in pa-
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tients with moderate or severe ischemia. However,
in this author’s opinion, if the test was a single pho-
ton emission CT (SPECT) myocardial perfusion
study, there is considerable overlap between is-
chemia and well-known artifacts such as breast or
diaphragm attenuation. Thus, if there is no urgent
clinical fact supporting immediate catheter an-
giography, CCTA can have great value in prevent-
ing a negative, diagnostic catheterization.

CCTA is considered contraindicated in the re-
peat testing of patients who are asymptomatic or
have stable symptoms and have undergone prior
stress imaging or coronary angiography, regard-
less of risk category as well as the date of the
prior exam.

CCTA, even with the latest generation of high-
definition CT scanners, has difficulty imaging the
lumen of small stents. For this reason, it is con-
traindicated in symptomatic patients with a prior
coronary stent with a diameter < 3 mm. This rec-
ommendation also applies to asymptomatic pa-
tients regardless of when the stent was placed.

CCTA with retrospective gating can yield
functional information. However, since retro-

spective gating cannot be done with lowest radi-
ation techniques, CCTA is not indicated as the
initial test, as functional information can be ob-
tained without any radiation exposure with
echocardiography. Likewise, CCTA is not indi-
cated as the initial test for the workup of intra- or
extra-cardiac masses, as these can also be evalu-
ated without radiation by echocardiography
and/or MRI.
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18.2 Diagnosis

Invasive coronary angiography is the current ref-
erence standard diagnostic test for defining the
presence and severity of obstructive coronary ar-
tery disease (CAD) based on luminal stenosis.
However, this refers more to the demonstrated
value of coronary angiography in defining prog-
nosis and guiding treatment than to its documented
ability to provide an accurate and reproducible
assessment of the extent and severity of coronary
atherosclerosis. Other technologies that can image
the diseased vessel wall, such as intravascular ul-
trasound (IVUS), cardiac magnetic resonance im-
aging (CMRI), and optical coherence tomography
(OCT), may actually be more appropriate refer-
ence standards in the assessment of some aspects
of the diagnostic performance of CT angiography
(CTA), given the latter's ability to image the ves-
sel wall in addition to the lumen.

Noninvasive multidetector CT coronary an-
giography (MDCT-CA) is a technique with high
diagnostic accuracy in the detection of signifi-
cant coronary stenosis in patients with atypical
pain or stable angina and low to intermediate risk.
Given the low disease prevalence in this popula-
tion, MDCT-CA may become an ideal screening
tool to exclude the presence of critical coronary
disease, thereby obviating the need for coronary
angiography in a subset of patients.

The use of CTA raises two important safety is-
sues: (1) the amount of radiation absorbed by the
body tissues, and (2) the exposure to iodinated
contrast agents, with the risk of allergic reaction
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18.1 Introduction

Multidetector computed tomography (MDCT)
with the latest-generation scanners (64- and 128-
slice) allows evaluation of the entire coronary
tree (main vessels and their collateral and mar-
ginal branches). Validation studies performed to
date have focused on patient populations with a
high pretest likelihood of coronary disease
(range: 50–80%). However, several concepts that
conflict with those results are emerging in clin-
ical practice, influencing the indications and rec-
ommendations for the clinical use of MDCT.
Both the recent guidelines of the European So-
ciety of Cardiology and a recent consensus state-
ment on the appropriateness criteria for cardiac
CT and cardiac magnetic resonance imaging
(MRI) suggest that the appropriate use of MDCT
includes patients at low to intermediate risk and
with a doubtful, unfeasible, or inconclusive
stress test.

In the last few years, several studies have ex-
amined the role of MDCT in diagnosing coro-
nary stenosis and in the prognosis of patients with
ischemic cardiomyopathy, to prevent the devel-
opment of acute coronary syndrome. Specifically,
CT may have a role in evaluating the prognosis and
in guiding therapy, both of which are influenced,
in turn, by its diagnostic capability.
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and acute renal injury. MDCT-CA may provide a
means to “fill in the detection gap”, defined as the
difference between coronary heart disease cases or
events currently detected and the total burden of
disease or events among the population [1].

18.2.1 Asymptomatic and Low-Risk
Patients

An intriguing possibility of coronary CT is its use
in the determination of occult atherosclerosis
and as a tool in the early detection of atheroscle-
rosis in asymptomatic individuals. Since CT
coronary imaging comprehensively evaluates the
(calcific and non-calcific) composition of coro-
nary plaques, it may be able to provide prognos-
tic evidence independent of and incremental to
simple CT calcium scoring. So far, MDCT has
not been explored extensively in asymptomatic
individuals, and only a few reports have been
published indicating the feasibility of the tech-
nique [2, 3]. Since approximately 50% of all
acute coronary syndromes occur in previously
asymptomatic patients, there obviously is a need
to identify these individuals before coronary ath-
erosclerosis becomes clinically manifest and ir-
reversible damage occurs by progression to my-
ocardial infarction or cardiac death [4]. It is
customary to initially estimate a risk of cardio-
vascular death or myocardial infarction with tra-
ditional risk factors, including age and gender, to
derive a risk score, for instance, the Framingham

Risk Score or the European Risk Score (Sys-
temic Coronary Risk Evaluation). However,
asymptomatic individuals generally have a low
risk score while those with more than one risk
factor may nonetheless be only at intermediate
risk. In low-risk populations, the prognostic ac-
curacy of screening is far from perfect and the in-
corporation of CT atherosclerotic imaging data
into a CAD risk score might improve existing al-
gorithms for risk stratification (Fig. 18.1).

18.3 Prognosis

Coronary CTA (CCTA) is a novel imaging
modality with high sensitivity for the detection
of atherosclerosis. Studies have suggested the su-
perior prognostic value of CCTA in patients with
traditional risk factors [5, 6]. While CCTA car-
ries the risks inherent to contrast and radiation
exposures [7], it may have a role in the nonin-
vasive assessment of patients with symptoms
[8] as well as in the screening of certain higher-
risk asymptomatic subgroups. Nonetheless, the
consequences of CCTA testing need to be con-
sidered [9].

Given the potential for the greater widespread
use of CCTA in cardiac risk evaluation, River et al.
evaluated the downstream implications of CCTA
testing in a cohort of asymptomatic patients who
had already undergone CCTA as part of a prior
study [10, 11]. They prospectively followed this
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Fig. 18.1 Female patient with atypical chest pain and a non-diagnostic stress test; only coronary CT showed a
plaque in the proximal left anterior descending artery



CCTA group along with a matched control group
drawn from the same screening program. This was
the first study to examine the implications of
CCTA screening in a large matched cohort study,
including its effect on physicians’ prescribing prac-
tices and patients’ use of medications, as well as
the impact on downstream secondary testing and
cardiac events.

A screening CCTA suggesting coronary ath-
erosclerosis was associated with a sustained in-
crease in aspirin and statin use. However, an ab-
normal result was also associated with more
intensive secondary tests and invasive revascu-
larizations outside of evidence-based guidelines.
The clinical implications of these results may
add to the debate regarding the utility of statins
and aspirin in primary prevention. Randomized
trials of CCTA use with longer follow-up are
needed to assess whether these effects can alter
outcomes [12].

At present, data on the prognostic value of
CCTA using 64-channel or greater systems are
quite limited. Furthermore, there have been no
large-scale studies directly comparing long-term
outcomes following conventional diagnostic im-
aging strategies versus strategies involving
CCTA. As with invasive coronary angiography,
the results of CCTA are often not concordant
with stress single-photon emission computed to-
mography (SPECT) myocardial perfusion imag-
ing (MPI). The differences in the parameters
measured by MPI (function or physiology) and
CTA (anatomy) must be considered in patient-
management decisions. Of note, a normal MPI
does not exclude the presence of coronary ather-
osclerosis although it does signify a very low
risk of future major adverse events over the short
to intermediate term. Conversely, CCTA allows
the detection of some coronary atherosclerotic
plaques that are not hemodynamically signifi-
cant. The optimal management of this disease as-
pect has not been established. At present, neither
test can identify with any reasonable clinical
probability the risk of future rupture of non-ob-
structive coronary plaques and therefore the sub-
sequent likelihood of an acute myocardial in-
farction. Invasive coronary angiography has
similar limitations [13].

18.3.1 Vulnerable Plaque and 
Thin-Capped Fibroatheroma

The role of CCTA may be important in the study
and prevention of acute coronary syndrome
(ACS). It is known that in the majority of cases
ACS is the result of a complication in an athero-
sclerotic plaque that had not caused a reduction in
the bloodstream prior to the episode. The presence
of a stenosis, even if appreciable, does not nec-
essarly lead to ischemia in the area supplied by the
stenotic vessel. Even the presence of a complete
obstruction does not automatically imply that the
area downstream will become necrotic. In two-
thirds of ACS patients, there is fragmentation of
what is referred to as a “vulnerable plaque.” About
three-quarters of plaques complicated by rupture
involve 50% of the vessel diameter and in ap-
proximately half of the cases > 75%. In two-thirds
of the patients, the lipid core occupies > 25% of
the volume of the lesion, while in 80% it expands
to occupy > 50% of the thickness of the vessel
wall. The situation is further complicated by the
fact that enlargement of the necrotic core is asso-
ciated with a high probability of rupture. Disrup-
tion of a vulnerable plaque characterized by a
thin fibrous cap, large lipid pool, and macrophage
infiltration, the so-called thin-capped
fibroatheroma (TCFA), is a primary culprit in
ACS. Detection of a TCFA before plaque rupture
remains a challenge for cardiologists. The in-
creased detection of vulnerable plaque rupture
may allow better risk stratification in patients
with known or suspected CAD.

Several imaging techniques have been applied
for the detection of vulnerable plaques, including
IVUS, OCT, and MDCT. Among these, OCT has
recently emerged as a highly informative imaging
method for plaque characterization in vivo. A his-
tology-controlled study (Circulation 2002) has
shown that OCT is well able to detect TCFAs and
may therefore serve as a useful technique to assess
vulnerable plaques. However, OCT as a diagnos-
tic procedure is both invasive and costly, pre-
cluding its use in the routine clinical settings.
MDCT has been proposed as a noninvasive im-
aging technique that not only can evaluate coro-
nary artery stenosis but can also detect and clas-
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sify coronary plaques in vivo. Several studies
have suggested that MDCT findings can be re-
lated to plaque instability. These findings include
a low CT density value, positive vessel remodel-
ing, spotty calcification, and the signet-ring-like
appearance of the suspected lesion. Such obser-
vations underline the diagnostic importance of a
noninvasive method to identify the characteristics
that make a plaque vulnerable.

In 1996, Agatston proposed the use of a CT
electron beam to quantify coronary calcium.
Many studies have since demonstrated that a
high Agatston score, i.e., a high calcium con-
tent, is associated with a high incidence of coro-
nary episodes. The annual incidence of adverse
episodes in individuals without significant cal-
cium content in the coronary tree is approxi-
mately 2 out of every 1000 such patients. With a
coronary artery calcium (CAC) score > 400,
however, the incidence of coronary episodes rises
ten-fold, which translates into 20–50 episodes
for every 1000 such patients. In a primary pre-
vention study, Budoff et al. [14] analyzed the
impact of the CAC score on the prognosis of
25,000 asymptomatic patients, with an average
follow-up period of about 7 years. Six score
classes, 0, 1–10, 11–100, 101–400, 401–1000,
and > 1000 were defined. CAC proved to be an
independent predictor of mortality. The relative
risk of cardiovascular mortality was 2.2, 4.5, 6.4,
9.2, 10.4, and 12.5 times per score of 11, 100,
101, 299, 300–399, 400–699, 700–999, and >
1000, respectively (p < 0.0001), compared with
a CAC score of 0. The 10-year survival rate was
99.4% for a score of 0 and 87.8% for a score >
1000 (p < 0.0001).

Autopsy and IVUS have indicated that positive
vessel remodeling is associated with plaque vul-
nerability and ACS. Increased oxidative stress is
closely associated with positive vessel remodeling
and plaque vulnerability, as determined using si-
multaneous examination with IVUS and im-
munohistochemistry analyses. Recent studies re-
ported that low CT attenuation and positive vessel
remodeling, detected using MDCT, may be re-
lated to plaque vulnerability. Motoyama et al. [15]
reported that a low-attenuation (30 HU) plaque
and positive vessel remodeling were frequently

observed in ACS culprit lesions and both were
characteristics of plaques subsequently resulting in
ACS. In a comparative study with IVUS, Tanaka
et al. [16] reported that ruptured plaques had a low
mean CT density of 46.8 HU and a large remod-
eling index of 1.11. In studies using OCT and
IVUS, Raffel et al. [17] and Kashiwagi et al. [18]
found that plaques exhibiting positive remodeling
had a thinner fibrous cap and there was a signifi-
cant association between positive remodeling and
the presence of TCFA. In a serial IVUS and OCT
study, Yamada et al. [19] reported that positive ar-
terial remodeling was related to thinning of the
fibrous cap. Tsuyoshi et al. [20] concluded that a
higher lipid content was associated with a lower
CT density and a larger remodeling index. Fur-
thermore, fibrous cap thickness was negatively
correlated with CT density value and positively
correlated with the remodeling index, which
confirmed published data suggesting that low CT
attenuation and a large remodeling index are the
CT characteristics of a vulnerable plaque. Tanaka
et al. [16] reported that a semicircular thin en-
hancement around the plaque (ring-like) as seen on
CT may be an indicator of a rupture-prone plaque.
There are three possible explanations for this
specific image: First, it may reflect the occupation
of most of the plaque by lipid. Given that the CT
density values of the vascular wall and fibrous
plaque contents are higher, a vessel wall or fibrous
component around a large lipid core may confer a
signet-ring-like appearance to the plaque. Second,
it may indicate intraplaque vaso vasorum, as pre-
vious studies have shown that new vessel forma-
tion is related to plaque vulnerability. Finally, it
may be due to microcalcification within the
plaque, which is thought to be associated with a
vulnerable plaque.

In a recent study [20], a signet-ring-like ap-
pearance was more frequently observed in patients
with TCFAs and was a potential predictor of TCFA
formation, but there was no relation between spotty
calcification and plaque vulnerability. In that study
it was unclear whether the plaque observed in an
ACS lesion was identical to a TCFA. Since some
clinically stable patients have TCFAs, it is difficult
to characterize these plaques precisely when based
only on clinical status (Table 18.1).
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18.4 Conclusion

The potential of MDCT to identify TCFA is con-
troversial. Density-based software is able to de-
fine the features of the plaque and identify the
necrotic core. The best currently available low-
contrast, high resolution, and minimum slice
thickness (64 × 0.5) hardware should allow bet-
ter differentiation of fibrous from soft plaques.

Coronary MDCT has an adequate sensitivity
(83–99%), a high specificity (93–98%), a low
positive predictive power (81%), and a high neg-
ative predictive power (95–100%) in its ability to
diagnose coronary stenosis and is therefore ade-
quate to diagnose coronary atherosclerosis as well;
however, it is not efficient enough to evaluate the
grade of coronary stenosis. In the quantification of
stenosis, MDCT (64-slice scanner) has limitations
due to its spatial resolution of 0.4 mm and tem-
poral resolution of 164 ms. A high spatial and
temporal resolution is a prerequisite for visuali-
zation of the coronary arteries. A more invasive
technique, catheter coronary angiography has a
spatial resolution of 0.2 mm, twice that of CTA,
and a temporal resolution 8 ms, corresponding to
the acquisition of 12–30 images/s. The implication
is that the quantification of a stenosis by means of
CCTA cannot be as precise as obtained through
catheter angiography. However, with the new 128-
slice machines, the entire heart can be imaged in

4–5 s, with a spatial resolution of 0.24 mm, suffi-
cient to reveal small anatomic structures.

Cardiovascular risk is currently determined by
the Framingham Risk Score, according to which
around half the population is at low risk. This
means that the chance of a coronary episode is <
5% over 10 years (< 0.5% per year); 40% of the
population is considered at intermediate risk (5–
20% in 10 years, 0.5–2% per year); and 10% is at
high risk (> 20%, > 2% per year).

The gold standard of diagnostic tests is the
combination of various exams. In the study of
van Werkhoven et al. [21], the combined use of
MDCT and MPI resulted in significantly im-
proved prediction of the composite hard end-
point of all-cause mortality and nonfatal myo -
cardial infarction (log-rank test, p < 0.005). In
256 patients with none or mild CAD (MDCT
< 50% stenosis) and a normal MPI (summed
stress score, SSS, < 4), the annualized event rate
was 1.0%, with an annualized hard event rate of
0.6%. In 72 patients with none or mild CAD
(MDCT < 50% stenosis) but an abnormal MPI
(SSS ≥4), the corresponding values were 3.7%
and 2.2%, whereas in the 57 patients with sig-
nificant CAD (MDCT ≥ 50% stenosis) and a
normal MPI (SSS < 4) they were 3.8% and 3.8%.
Interestingly, the event rates between patients
with none or mild CAD (< 50%) stenosis and an
abnormal MPI and patients with significant
CAD (MSCT ≥ 50% stenosis) did not differ sig-
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Table 18.1 Diagnostic evaluation of thin-capped fiberoatheroma by MDCT (from [20])

Variable Sensitivity Specificity Positive Negative 
predictive predictive 

value value

Mean computed tomographic density ≤62.4 30/37 (81%) 61/85 (72%) 30/54 (55%) 61/68 (90%)
Remodeling index ≥1.08 28/37 (76%) 71/85 (84%) 28/42 (67%) 71/80 (89%)
Signet-ring-like appearance 24/37 (65%) 71/85 (84%) 24/38 (63%) 71/84 (85%)
Mean computed tomographic density ≤62.4 24/37 (65%) 77/85 (91%) 24/32 (75%) 77/90 (86%)

and remodeling index ≥1.08
Remodeling index ≥1.08 and signet-ring-like 20/37 (54%) 81/85 (95%) 20/24 (83%) 81/98 (82%)

appearance
Mean computed tomographic density ≤62.4 19/37 (51%) 80/85 (94%) 19/24 (79%) 80/98 (82%)

and signet-ring-like appearance
Mean computed tomographic density ≤62.4, 24/37 (65%) 77/85 (91%) 24/32 (75%) 77/90 (86%)

remodeling index ≥1.08, and signet-ring-
like appearance



nificantly. In the 54 patients with both signifi-
cant CAD (MDCT ≥ 50% stenosis) and an ab-
normal MPI (SSS < 4), the annualized event
rate was 9.0% and the annualized hard event
rate 6.0%) [21].

In conclusion MDCT may be able to detect
vulnerable plaques and therefore to guide the
choice of appropriate therapy. It should be kept in
mind that the concept of the “vulnerable plaque”
has been accompanied by the recognition of the
“vulnerable patient.” This is a person at high risk,
with multiple pathologies, including coronary, pe-
ripheral, and cerebral vasculopathies and diabetes
mellitus. In this setting, MDCT has the potential
to diagnose vulnerable plaque and to determine an
adjustment in therapy.
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19.1 Asymptomatic or Mild Symptomatic CAD

Case 1
Severe Coronary Artery Disease in an Asymptomatic Football Referee with
One Risk Factor

Patient: 52-year-old asymptomatic white male with hypercholesterolemia.

Case Description

Left main equivalent disease is depicted in Figure 1a-c. Asymptomatic, severe CAD is present in this ath-
letic male patient. “Left main equivalent” refers to simultaneous disease of the proximal LAD and LCX.

Again, left main equivalent disease is seen in Figure 2a,b.

Fig. 1 a-c Left main equivalent disease

a b c

David A. Dowe
Atlantic Medical Imaging, Galloway, NJ, USA
e-mail: ddowe@atlanticmedicalimaging.com

Paolo Pavone
Radiology Department, Casa di Cura Mater Dei
Rome, Italy
paolo.pavone@materdei.it

Massimo Fioranelli
Heart Center
Casa di Cura Mater Dei
Rome, Italy
massimo.fioranelli@gmail.com



Fig. 2 a, b Left main equivalent disease

a b
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Fig. 1 a, b Soft plaque: severe stenosis of the right
coronary artery. c, d Diffuse atheromas of the left ante-
rior descending artery (LAD). Severe stenosis is caused
by the soft plaque (hypodense at CT angiography)

Case 2
Two-Vessel Severe Stenoses in a Completely Asymptomatic Patient

Patient: 63-year-old male, heavy smoker with a cholesterol of 280, hypertension and other generic risk
factors. Coronary CTA was performed in the context of a screening protocol. He subsequently had an
EKG and a treadmill test (up to 150 Watts).

Case Description

Figure 1a, b shows a focal segmental stenosis of the right coronary artery (a angiography, b coronary
CTA). Diffuse LAD disease is seen in Fig. 1c, d. Multiple calcific plaques are evident but the focal se-
vere (90%) stenosis is due to a fibrolipidic plaque (arrow). The two stenotic segments were stented soon
after coronary CTA.

a b

c

d
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Case 3
Three Asymptomatic Patients with Significant Stenosis Diagnosed 
in a Routine Screening Program

Patients: These three patients underwent coronary CTA in a standard screening procedure offered by
a large electrical company. Every employee over 45 years of age was offered coronary CTA. None of
these three patients had symptoms or important risk factors.

Case Description

As seen in Fig. 1a–f, the imaging findings in these three completely asymptomatic patients, none of
whom had important risk factors, are very similar. There is focal atheromatous involvement of the LAD,
with significant stenosis. Consistent with the very similar imaging findings, all three underwent stent-
ing of the LAD, with positive clinical outcomes.

a b

c

Fig. 1 a-f (cont. →)

D.A. Dowe et al.168



d e

f

Fig. 1 a-f (continued)
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Case 4
High Grade Stenoses in an Asymptomatic, High Performance Athlete

Patient: 38-year-old white male. Risk factors consisted in HTN, hypercholesterolemia, +FHX. The pa-
tient was asymptomatic, and a high-performance athlete.

Case Description

Figure 1a-c shows high-grade tandem RCA stenoses, LAD plaque, and normal LCX. Tandem RCA
stenoses are depicted in Figure 2a,b.

This proves that asymptomatic high-performance athletes may harbor significant CAD. This raises
the question of possibly using CCTA as a screening test in marathon runners, as an example.

Fig. 2 a, b Tandem RCA stenoses

a b

Fig. 1  a-c High-grade tandem RCA stenoses, LAD plaque, and normal LCX

a b c
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Case 5
High Grade Stenosis in an Asymptomatic, High Performance Athlete with
No Risk Factors for Coronary Artery Disease and Silent Ischemia

Patient: 55-year-old male, asymptomatic, with no family history. Serum cholesterol = 205. Runs 3.5
miles per day (Fig. 1a-d). In particular, Figure 1d shows severe stenosis with vessel expansion, con-
sistent with the presence of thrombus.

Case Description

Inferior wall ischemia was seen on myocardial perfusion imaging (Fig. 2).
High grade-stenosis was also present, with numerous small collateral vessels (Figs. 3, 4). Figure 5

shows no residual stenosis status after percutaneous coronary stent placement.

Fig. 1 a-d Severe stenosis with vessel expansion

a b

c d
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Fig. 2
Inferior wall
ischemia as
seen on
myocardial
perfusion
imaging

Fig. 3 High grade-stenosis with numerous small col-
lateral vessels

Fig. 4 High grade-stenosis with numerous small col-
lateral vessels

Fig. 5 No residual stenosis status after percutaneous
coronary stent placement
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Case 6
High Grade Stenosis in an Asymptomatic Helicopter Pilot

Patient: 39-year-old, asymptomatic white male, helicopter pilot. Risk factors consisted in +FHx and mild
hypercholesterolemia.

Case Description

Figure 1a-c shows >70% stenosis at mid-RCA. The Figure 1a-c, displays symptomatic  significant CAD
in a patient with an occupation that could put others at risk. This raises the question of using CCTA as
a screening exam.

Normal LCX and LAD were seen in this patient (Fig. 2a-c)

Fig. 1 a-c Stenosis at mid-RCA
>70%)

a b c

Fig. 2 a-c Normal LCX and LAD

a b c
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Case 7
Distal Stenosis of the Right Coronary Artery in Three Patients with Mild
Symptoms During Intensive Exercise

Patients: Three relatively young patients (ages 48, 53, and 56) who experienced mild chest pain dur-
ing intensive exercise (running). They had no risk factors, were non-smokers, and had normal choles-
terol values. Their treadmill tests were negative.

Case Description

The MPR (Fig. 1a–c) and VRT (Fig.1d–f) images show very similar findings: a soft plaque in the dis-
tal segment of the right coronary artery. All other coronary artery segments are completely normal. In
these patients, stenting was performed following coronary CTA. No residual symptoms occurred af-
ter stenting.

Fig. 1 a-f 

a b

c

d e

f
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Case 8
Incidental Finding of LAD Occlusion in a Patient with an Inconsistent
History of Myocardial Infarction

Patient: 65-year-old male with intermediate risk factors, including high cholesterol, hypertension, fam-
ily history. He had never been clinically diagnosed with myocardial infarction. Coronary CTA was per-
formed as a screening procedure.

Case Description

Figure 1a, b shows an occlusion of the third proximal segment of the LAD. The diffuse atheromatous
plaques of the right coronary artery did not cause significant stenosis (Fig. 1c). The large right coro-
nary artery and the large circumflex artery account for the development of collateral circulation and
the recanalization distal to the chronic occlusion of the LAD.

Fig. 1 a, b Occlusion of the third proximal segment of the LAD. c Diffuse atheromatous plaques of the right 
coronary artery: no significant stenosis

a b

c
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19.2 CAD Risk Factor Evaluation

Case 9
Unreliability of Framingham Risk Factors in Predicting Coronary Artery
Disease

Patient: 44-year-old white female with chest pain and total cholesterol = 350.

Case Description

Figure 1a,b shows normal RCA and posterior descending artery (PDA). LAD and LCX also have a nor-
mal appearance (Fig. 2a,b). Framingham risk factors correlate poorly with plaque burden, as seen on
CCTA.

Fig. 1 a, b Normal RCA and PDA

a b

Fig. 2 a, b Normal LCX

a b
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Case 10
Unreliability of Framingham Risk Assessment

Patient: 50-year-old white female with familial hyperlipidemia. Total cholesterol has been >500 “for
years”, and has now decreased to 350 after one year of statins.

Case Description

Imaging shows minimal plaque burden (Fig. 1a-c), which means that there is poor correlation of plaque
burden as seen on CCTA with Framingham Risk Factors.

Fig. 1 a-c Minimal plaque burden

a b c
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Case 11
Radiation Therapy as a Risk Factor for Coronary Artery Disease

Patient: 31-year-old white male with atypical chest pain. The patient is a smoker with a history of me-
diastinal radiation therapy (RT) for Hodgkin’s lymphoma.

Case Description

Prior radiation therapy is a risk factor for ostial and proximal vessel CAD (Figs. 1a,b, 2a,b).

Fig. 1 a, b Prior radiation therapy as a risk factor for ostial and proximal vessel CAD

a b

Fig. 2 a, b Prior radiation therapy as a risk factor for ostial and proximal vessel CAD

a b
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Case 12
Mixed Plaque in a Patient Undergoing Screening Coronary CTA

Patient: 49-year-old  male with no symptoms of cardiac disease and negative EKG and treadmill tests.
The only known risk factor was heavy smoking (up to 50 cigarettes a day).

Case Description

The MPR and VRT images of Fig. 1a, b show the mixed plaque, with a central calcium core and ex-
tended fibrolipidic content. There is a high degree of stenosis of the proximal LAD at the origin of a
diagonal branch. Atheroma was not detected in the other coronary vessels.
One week after stenting of the coronary lesion, the patient experienced referred chest pain and thus again
underwent coronary CTA. Figure 1c, d shows the optimal result, with patent stent, good distal flow, and
patency of the diagonal branch.

Fig. 1 a, b Atheromatous plaque: fibrolipidic with calcified core. 90%stenosis. c, d CT angiography control af-
ter stenting: no residual stenosis

a b

c d
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Case 13
Calcified and Non-calcified Plaques: Relative Importance in Severe Stenotic
Disease

Patient: 65-year-old male, heavy smoker but without symptoms. A routine CTA of the coronary arter-
ies was performed as a screening procedure.

Case Description

Figure 1a, b shows the heavy atheromatous burden in the proximal LAD. Most of the plaques are cal-
cified, causing significant “blooming” artifacts on the 2D images. The area of significant stenosis
(>70%) of the LAD is related to the only non-calcified (soft) plaque. In most patients, both calcified
and non-calcified plaques are present. As a rule, the radiologist should focus on the non-calcified plaque,
which in most cases is the site of severe stenosis due to plaque growth.

Fig. 1 a, b MIP and VRT images show diffuse LAD plaques. Blooming effects of calcified plaques. Vascular steno-
sis is only evident at site of the soft plaque (arrows)

a b
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Case 14
Female Smoker with Coronary Artery Disease

Patient: 64-year-old female, heavy smoker (up to 2 packs a day for over 30 years). She came to our at-
tention during lung cancer screening and agreed to undergo a coronary CTA study as well. She had no
cardiac symptoms and both her at-rest EKG and her treadmill test were negative.

Case Description

The MPR and VRT images of Fig. 1a, c show extensive atherosclerotic involvement of the left de-
scending coronary artery. A concentric severe stenosis of the right coronary artery is seen in Fig. 1b,
d. The severe stenotic involvement was due to a soft plaque, i.e., with a fibrolipidic content, which
carries an increased risk of plaque complications (hemorrhage, dissection ) and acute occlusion. The
patient underwent stenting of both arteries, considered by the angiographist to be life-saving in this
case.

Fig. 1 a, c Soft plaques of the LAD are the cause of se-
vere stenosis. b, d A soft plaque in the right coronary ar-
tery also caused severe stenosis

a b

c d
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Case 15
Important Atherosclerotic Disease in a Heavy Smoker

Patient: 52-year-old male who smoked up to 50 cigarettes a day. He agreed to a screening CTA procedure.

Case Description

Important and diffuse atheromatous involvement of the proximal LAD is seen in Fig. 1b, d. Mixed
plaque components (partially calcific, partially made up of soft plaques). As in most such cases, the
calcific plaques are parietal, eccentric, and are usually not the cause of the stenosis. A severe reduc-
tion in vessel caliber, if present, in the distal part of a plaque can typically be attributed to a soft, non-
calcific plaque. In the same patient, an anomalous, very angulated origin of the right coronary artery
was also diagnosed (Fig. 1a, c). Usually, this type of vascular anomaly is not the cause of symptoms;
however, it must be described in the coronary CTA report.

Fig. 1 a, c Angulated origin and stenosis of the right coronary artery. b, d Diffuse LAD plaques and severe stenosis

a b

c d
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Case 16
Non-specific Chest Pain in a Female Heavy Smoker

Patient: 56-year-old female, heavy smoker (30 cigarettes a day). She complained of non-specific and
periodic episodes of chest pain. Her EKG was normal.

Case Description

The MPR (Fig. 1a) and VRT (Fig. 1b) images show single-vessel involvement. The plaque in the mid-
dle LAD is characterized by a fibrolipidic component and a calcific internal core. Significant steno-
sis (over 60%) is evident.

Fig. 1 a, b Fibrolipidic plaque with calcified core of the LAD resulting in 50% stenosis

a b
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Case 17
Minimal Coronary Artery Disease in a Patient with Severe Smoking History

Patient: 57-year-old white male with chest pain. The patient had a 120 pack-year history of smoking,
hypercholesterolemia, and hypertension.

Case Description

Imaging shows a high-risk patient with minimal CAD (Fig. 1a-c).

Fig. 1 a-c High-risk patient with minimal CAD

a cb
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Case 18
Two Cases of Severe Coronary Disease and a Negative Calcium Score

Patient 1: 45-year-old asymptomatic male with negative EKG and treadmill tests. His father had died
of myocardial infarction at age 43. The patient had never smoked and his cholesterol values were nor-
mal, as was his blood pressure. He came to us for routine screening due to his positive family history.

Case Description

Figure 1a–d shows a severe stenosis of the LAD caused by a concentric soft plaque. Minimal parietal
calcification is also present.

Fig. 1 a-d Multiple view of the LAD. Arrow shows a severe (> 85%) focal concentric stenosis due to a soft plaque

a b

c

d
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Patient 2: 67-year-old heavy smoker who agreed to undergo coronary CTA as a screening procedure.

Case Description

Figure 2a, b shows a concentric soft plaque with severe, subocclusive stenosis of the mid portion of
the LAD. In the images, there is no evidence of parietal calcium. The other vessels were normal. The
stenosis was stented (Fig. 2c, d).

Comment

If these two patients had been evaluated on the basis of the calcium score, their results would have been
normal. These two cases show the value of coronary CTA compared to calcium-score screening.

Fig. 2 a, b Severe concentric LAD stenosis; soft plaque (arrow). c, d Control follow-up 1 year after stenting

a b

c d



18719 Clinical Cases

Case 19
Symptomatic, High Risk Patient with a Normal Coronary CTA

Patient: 55-year-old white female who had suffered from IDDM for 35 years. Risk factors consisted
in HTN, hypercholesterolemia, and a weak family history with chest pain and shortness of breath.

Case Description

Figure 1a-c shows minimal (if any) plaque burden. It is common for high-risk, symptomatic patients
to have no significant CAD on CCTA. Therefore, coronary catheterization should not be hastily per-
formed in these patients unless the electrocardiogram (EKG) or troponin levels are abnormal.

Fig. 1 a-c Minimal (if any) plaque burden

a cb
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19.3 CAD and Associated Diseases

Case 20
Coronary Artery Disease Associated with an Early Presentation of Erectile
Dysfunction

Patient: 41-year-old white male with erectile dysfunction. No risk factors for CAD were reported.

Case Description

Figure 1a-c shows single-vessel LAD disease. Early-onset erectile dysfunction may be on the  basis of
atherosclerosis. Patients with these dysfunctions may also be harboring asymptomatic CAD.

Fig. 1 a-c Single-vessel LAD disease

a b

c
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Case 21
Significant Coronary Artery Stenosis as an Incidental Finding Prior to Aortic
Valve Surgery

Patient: 65-year-old male who underwent coronary CTA prior to surgery for aortic valve stenosis.

Case Description

The VRT (Fig. 1a) and MIP (Fig. 1b) images show a soft concentric plaque of the middle segment of
the LAD causing a lumen stenosis of > 80%. Figure 1c,d shows the aortic valve, with a tight stenosis
and significant thickening. The patient underwent aortic valve surgery. A bypass of the left mammary
artery to the distal LAD was performed at the same time.

Fig. 1 a-d 

a b

c

d
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Case 22
Incidental Finding of Severe Coronary Stenosis During a CT Evaluation 
of Abdominal Aortic Aneurysm (AAA)

Patient: 71-year-old male admitted to the hospital for scheduled AAA surgery. A final CT of the
aneurysm prior to surgery had been planned. The radiologist decided to include a coronary angiographic
study using the same CTA settings. The patient had multiple risk factors, including previous smoking,
high cholesterol, and hypertension.

Case Description

The MPR and VRT coronary CTA images of Fig. 1a–d show severe and diffuse plaque involvement
of the LAD. Subocclusive stenosis of the mid portion of the artery is evident. AAA surgery was re-
scheduled and coronary angiography was immediately planned. Extending a vascular CTA study to
include an evaluation of the coronary arteries is possible and should be performed in high-risk patients.
In older patients, the increased radiation dose of the extended examination should not be considered
as problematic.

a b

Fig. 1 a-d Diffuse plaques. Severe (90%) stenosis is caused by a large soft plaque. The stenosis was successfully
treated with stenting (cont. →)
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Fig. 1 a-d (continued)

c d

19.4 Severity of Atherosclerotic Plaque and Coronary Stenosis

Case 23
Early Presentation of Coronary Artery Disease

Patient: 27-year-old white male with chest pain at rest radiating to the left arm, dyspnea at rest. Risk
factors consisted in hypercholemia, positive family history (+FHx), smoking and hypertension (HTN).

Case Description

Figure 1 shows diffuse LAD plaque without stenosis. A mild plaque is displayed in the right coronary
artery (RCA) and left circumflex artery (LCX) (Fig. 2).

The patient’s 30-year-old asymptomatic brother, ex-smoker, presented with the same +FHx. CCTA
results were normal (Fig. 3). Framingham risk factors had a variable expression and did not correlate.
Figure 3 shows plaque burden as seen on CCTA.

Fig. 1 a, b Diffuse
LAD plaque 
without stenosis

a b
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Fig. 3 a-c Normal CCTA

a b c

Fig. 2 a-c Mild plaque in the RCA and LCX

a cb
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Case 24
Single-Vessel Involvement and Soft Plaque

Patient: 54-year-old male who underwent a screening procedure based on the presence of general in-
termediate risk factors.

Case Description

Figure 1a, b and Figure 1c, d show, respectively, the MPR and 3D VRT images, which evidence sin-
gle-vessel involvement with a soft plaque. There is no calcium, a finding supported by a calcium score
equal to zero. The other vessels were completely normal.

Fig. 1 a, b Fibrolipidic plaque of the third proximal segment of the LAD resulting in 70% stenosis. c, d VRT im-
ages show the stenosis

a b

c d
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Case 25
Mixed Atheromatous Involvement: Focal Stenosis Due to a Soft Plaque

Patient: 65-year-old male with generic risk factors (including previous smoking habit, hypertension).
A screening coronary CTA was performed.

Case Description

Figure 1a, b shows diffuse plaque involvement of the proximal LAD, with a predominant calcific com-
ponent. The single focal stenotic segment is related to the presence of a soft plaque (arrow). An anom-
alous origin of the right coronary artery was also observed (arrow in Fig. 1c).

Fig. 1 a, b Atheromatous plaques of the LAD cause 50% stenosis. c Anomalous origin of the right coronary artery

a b

c
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Case 26
Severe and Diffuse Mixed Plaque of the Coronary Arteries in a Patient with
Non-specific Chest Pain

Patient: 75-year-old male with multiple risk factors, including previous smoking, hypertension, and hy-
percholesterolemia. He complained of non-specific chest pain. As a clinical diagnosis of cardiac pain
was not possible, he underwent CTA instead of coronary angiography (in case of definite cardiac chest
pain, direct access to coronary angiography should be suggested).

Case Description

Figure 1a-e shows diffuse vascular atherosclerotic disease. Mixed plaques, with calcific and non-cal-
cific components, are present. A CTA-based diagnosis is limited by the blooming effect of the diffuse
calcific component of the plaque. However, a CTA diagnosis of multiple and diffuse vascular in-
volvement is possible. The patient underwent coronary angiography, which confirmed the diagnosis.
Stenting was not possible due to the diffuse involvement; instead, a coronary artery bypass was per-
formed.

Fig. 1 a-e Multiple diffuse stenotic lesions of the coronary arteries. b Severe main left coronary artery stenosis.
The patient underwent a bypass operation (cont. →)

a b
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Fig. 1 a-e (continued)

c d

e
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Case 27
Diffuse Plaque Involvement Without Significant Stenosis

Patient: 56-year-old male with a family history of coronary disease (his older brother had undergone
a coronary bypass).

Case Description

Figure 1a, b shows diffuse atheromatous plaques of the right coronary artery but without significant
stenosis. The VRT images in Fig. 1d, e show an intermediate branch of the artery. In this patient, no
further angiographic procedure was performed; instead, follow-up was initiated.

Fig. 1 a-c Diffuse atheromatous plaques of the right
coronary artery: no significant stenosis. d, e VRT im-
ages show an intermediate branch of the artery

a b

c d

e
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Case 28
Diffuse Plaques and Single-Vessel Stenosis

Patient: 71-year-old male with no specific cardiac symptoms.

Case Description

Atheromatous involvement of the right coronary artery is seen in Figure 1a, b. There is a large calcified
plaque, causing a blooming effect. Significant stenosis is evident just proximal to the calcified plaque
and is caused by a soft, fibrolipidic plaque. The VRT image (Fig. 1c) shows diffuse atheromas of the
LAD, with prevalent calcific components. No stenosis of this vessel is evident.

Fig. 1 a, b Patent stent of the right coronary artery. c Diffuse atheromatous plaques of the LAD: no significant
stenosis

a b

c
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Case 29
Color Characterization of Plaques

Patient: 62-year-old white female presents with chest pain and heartburn. The patient had a family
 history of HTN and CAD.

Case Description

Imaging shows critical LAD stenosis (Fig. 1a,b). Color coding of the plaque based on Hounsfield Units
can increase diagnostic certainty.

Normal RCA and LCX were depicted (Fig. 2a,b).

Fig. 1 a, b Critical LAD stenosis

a b

Fig. 2 a, b Normal RCA and LCX

a b
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Case 30
Color Characterization of Plaques

Patient: 65-year-old white female with atypical chest pain.

Case Description

LAD stenosis was produced by an eccentric, irregular soft plaque (Fig. 1a,b). Color coding added con-
fidence in the diagnosis (Fig. 2a,b).

Fig. 1 a, b LAD stenosis was by eccentric, irregular soft plaque

a b

Fig. 12 a, b Color coding adding confidence in diagnosis

a b
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Case 31
Chronic Angina and Left Main Stenosis

Patient: 74-year-old male who had suffered repeated and persistent chest pain over the previous 2 years.
His EKG was negative; a treadmill test was not performed. Prior to quitting 10 years earlier, he had
been an heavy smoker. His cholesterol was normal under 4 years of statin control.

Case Description

Figure 1b–f shows the results of coronary CTA, revealing significant concentric stenosis of the origin
of the left main trunk. Other atheromatous lesions are present along the anterior descending coronary
artery (Fig. 1d, arrow), but remodeling of the artery has limited the stenotic involvement. Diffuse
stenoses of the right coronary artery are also evident (Fig. 1e, f).
Angiography (Fig. 1a, g) confirmed the results of coronary CTA. The patient underwent a surgical by-
pass procedure.

Fig. 1 Angiography (a) and CT angiography (b-e) show a stenosis of the left main trunk. CT angipgraphy (f) and
angiography (g) show multiple stenotic lesions of the right coronary artery (cont. →)

a b

c d
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Fig. 1 (continued)

e f

g
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Case 32
Severe Stenosis of the Right Coronary Artery

Patient: 66 year-old male with risk factors of hypertension, smoking, and high cholesterol. Symptoms
related to chronic cardiac disease and suspected angina were present. As his EKG results were normal,
he underwent coronary CTA.

Case Description

The MPR and VRT images of Figure 1a–d show the right coronary artery, with diffuse involvement by
chronic, mostly calcified plaques. In the mid segment, a soft plaque is seen to be the cause of a sub-
occlusive stenosis of the right coronary artery. The patent lumen cannot properly be imaged. In some
cases, coronary CTA is unable to differentiate between chronic occlusion and severe stenosis.

Fig. 1 a-d Diffuse atherosclerotic involvement of the right coronary artery

a b

c d
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Case 33
CTA Diagnosis of Severe Stenosis of the LAD, with LAD Occlusion 
and Myocardial Infarction During Follow-Up

Patient: 72-year-old male with relevant risk factors (previous smoker, hypertension, hypercholesterolemia).
No symptoms and  negative treadmill test. CTA was performed as part of a routine check-up.

Case Description

The 3D images of the LAD (Fig. 1a, b) evidence multiple atheromas. There is a high-grade stenosis
(>70%), attributable to a non-calcific soft plaque. The diagnosis of severe stenosis was confirmed by
evaluation of the 2D images. However, due to the lack of symptoms, the patient's personal cardiologist
decided to delay an angiographic procedure, instead opting for monitoring. After 6 months, the patient
developed severe acute cardiac symptoms and an acute myocardial infarction was diagnosed. He un-
derwent coronary angiography, which confirmed complete occlusion of the LAD (stenting was no longer
possible). A CTA control was performed at 10 months, just prior to the bypass procedure. Figure 1c, d
shows the level of the LAD  occlusion.

Fig. 1 a, b Severe (> 70%) focal concentric stenosis in the LAD. Soft plaque, no calcium. Stenting was not per-
formed. c, d The patient had an acute myocardial infarction 6 months later: occlusion of LAD was diagnosed at
angiography. CT angiography control at 10 months shows complete LAD occlusion

a b

c d
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Case 34
Stenosis Evaluation of Noncalcified, Mixed and Calcified Plaques

Patient: 50-year-old, white female with chest pain. SPECT imaging results were within normal limits.
Risk factors consisted in non-insulin-dependent diabetes mellitus (NIDDM), HCO and HTN.

Case Description

Figure 1a-c shows 80% LAD stenosis by non-calcified plaque in a patient with a calcium score of 0.
High remodeling index levels were measured, and high grade stenosis was observed (Fig. 2a-d).
Beam hardening artifacts can appear adjacent to dense structures such as calcium (Fig. 3a,b). A help-

ful hint is that it may be the same shape and size as the dense object. It may also vanish when the ves-
sel is rotated on curved multiplanar images.

Stenosis Evaluation

For stenosis evaluation, the North American Symptomatic Carotid Endarterectomy Trial (NASCET)
criteria should be used:
– stenosis must be detected;
– the lumen must be measured at its smallest diameter. Any plane may be used to find the lumen; and
– the lumen should be measured of the most adjacent, normal vessel diameter distal to the stenosis.

Figure 4 depicts examples of non-calcified plaque: mild stenosis (Fig. 4a), moderate stenosis with
plaque erosion (Fig. 4b), and severe stenosis (Fig. 4c).

In Figure 5 we see examples of a mixed plaque: mild stenosis (Fig. 5a), moderate stenosis (Fig. 5b),
and severe stenosis (Fig. 5c).

Lastly, Figure 6 shows examples of a calcified plaque: mild stenosis (Fig. 6a), moderate stenosis
(Fig. 6b), and severe stenosis (Fig. 6c).

Fig. 1 a-c LAD stenosis (80%)

a b c
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Fig. 3 a, b Beam hardening artifacts

a b

Fig. 2 a-d High remodeling index levels and high-
grade stenosis

a b

c

d
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Fig. 4 Examples of non-calcified plaque. a Mild stenosis; b moderate stenosis with plaque erosion; c severe
stenosis

a b c

Fig. 5 Examples of mixed plaque. a Mild stenosis; b moderate stenosis; c severe stenosis

a b c

Fig. 6 Examples of calcified plaque. a Mild stenosis; b moderate stenosis; c severe stenosis

a b c
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Case 35
High Grade Stenosis in Symptomatic Patient with a Negative Stress Test 
and a Calcium Score of Zero

Patient: 49-year-old white female complaining of chest pain at 13 metabolic equivalents (METS) of
 exercise.

Case Description

A high-grade soft plaque stenosis is observed in a patient with a calcium score of 0 (Fig. 1a,b).
Only an 85% positive predictive value may be achieved when comparing CCTA with quantitative coro-

nary angiography (QCA) (Fig. 2a,b), as this depends on the acquisition plane (as seen in Fig. 3a, show-
ing a 90% stenosis, and Fig. 3b, which displays a 50% stenosis).

The degree of stenosis may vary greatly depending on subtle changes in the plane in which one is
imaging. The advantage for CCTA is that each vessel is viewed in 360 degrees, where coronary catheter-
ization uses limited numbers of orthogonal image planes. 

The question is what do we want to see, just like what does a RBC see? The answer is that we should
make like an RBC, by adjusting the center tracking line, as shown in Figures 4a (pre-adjustment) and
4b (post-adjustment), and again in Figure 5a (pre-adjustment), and 5b (post-adjustment).

Vessel tracking software may indicate false positive stenoses by tracking material more dense than
the contrast agent, such as calcium. It is important to recognize this and adjust the tracing line.

Fig. 1 a, b High-grade soft plaque stenosis in patient with calcium score = 0

a b

Fig. 2 a, b Positive predictive value achieved when comparing CCTA with QCA (85%)

a b
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Fig. 3 a 90% stenosis; b 50% stenosis

a b

Fig. 4 Center tracking line adjustment. a Pre-adjust-
ment; b post-adjustment

a

b

Fig. 5 Center tracking line adjustment.
a Pre-adjustment; b post-adjustment

a b
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Case 36
High Grade Stenosis in a Symptomatic Patient with Two Risk Factors

Patient: 57-year-old asymptomatic white male, smoker. Risk factors consisted in: hypercholesterolemia
and HTN.

Case Description

Figure 1a,b shows RCA occlusion, a mild LCX plaque (Fig. 2a,b), and only one LAD stenosis 
(Fig. 3a,b). Once the lumen was completely obscured by calcium it was difficult to determine the de-
gree of stenosis. In this case, we observed a low-grade stenosis.

Fig. 1 a, b RCA occlusion

a b

Fig. 2 a, b Mild LCX plaque

a b
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Fig. 3 a, b Single LAD stenosis

a b
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Case 37
High Grade Stenosis in a Symptomatic Patient with a Normal EKG 
and Negative Troponins

Patient: 59-year-old white male carpenter. The patient had presented with classic chest pain to the ER
five days earlier, and at present is nearly asymptomatic; however, he does not want to wait three weeks
to see a cardiologist.

Case Description

Imaging shows: RCA stenoses (Fig. 1a,b), normal LCX (Fig. 2a,b), and LAD stenosis (Figs. 3a,b, 4a,b).
Luckily, no residual stenosis status is evidenced after percutaneous coronary intervention (PCI) 

(Fig. 5a,b).

Fig. 1 a, b RCA stenoses

a b

Fig. 2 a, b Normal LCX

a b
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Figs. 3 a, b LAD stenosis

a b

Fig. 5 a, b No residual stenosis after PCI

a b

Fig. 4 LAD stenosis

a b
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Case 38
Chronic Angina and Diffuse LAD Atherosclerosis

Patient: 73-year-old male, heavy smoker with a cholesterol of 240 and hypertension. He reported chest
pain after long walks but his EKG was negative. As the chest pain was not clearly of cardiac origin, he
instead underwent coronary CTA.

Case Description

Figure 1a–d shows diffuse atherosclerotic disease of the LAD. There are mixed plaques, with pe-
ripheral calcium and fibrolipidic involvement. In the mid-segment of the LAD, a clear stenosis (70%)
is present. The patient underwent coronary angiography with stenting of the stenosed area. Diffuse
parietal thickening and calcification were seen in the other coronary arteries but there was no sign
of stenosis.

Fig. 1 a-c Multiple atheromatous lesions, peripheral calcium, and internal fibrolipid. d Maximum intensity projec-
tion (MIP) image shows diffuse atheromas with severe stenoses

a b

c d
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Case 39
Chronic, Calcified Total Occlusion

Patient: 52-year-old white female with a history of a prior myocardial infarction (MI) presents now with
chest pain.

Case Description

Figure 1a,b shows occlusion of a non-dominant RCA. Normal LAD and dominant LCX are depicted
(Fig. 2a,b).

Fig. 1 a, b Occlusion of non-dominant RCA

a b

Fig. 2 a, b Normal LAD and dominant LCX

a b
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Case 40
Imaging Characteristics of a Vulnerable Plaque

Patient: 53-year-old white male with insulin-dependent diabetes mellitus (IDDM), HTN; the patient was
an active smoker and complained of chest pain.

Case Description

Remodeling index >1.4 was calculated in this case (Fig. 1a-c). The remodeling index is a ratio of the
external vessel diameter divided by the lumen diameter. When this ratio is greater than 1.4 it  signifies
a plaque with an increased risk of rupturing.

Fig. 1 a-c Remodeling index >1.4

a b

c
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Case 41
False Positive Coronary CTA by Calcified Plaques and the Venous
Pseudoplaque Sign

Patient: 75-year-old white male with labile HTN and exertional angina.

Case Description

Severe mid LAD disease with mild LCX disease were highlighted (Fig. 1a,b). Once the lumen was com-
pletely obscured by calcium, it was difficult to determine the degree of stenosis. In this case, there was
a low-grade stenosis.

Venous Pseudoplaque Sign 
Figure 2 shows a large eccentric soft plaque, while in Figure 3 an eccentric soft plaque is depicted at
the level of the LAD.

Fig. 1 a, b Severe mid LAD disease with mild LCX disease

a b

Fig. 2 Large eccentric soft plaque Fig. 3 Eccentric soft plaque at the level of the LAD
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Fig. 4 Possible soft plaque

Fig. 5 Adjacent unopacified veins mimicking soft
plaquesFig. 6 Unopacified venous pseudoplaques

Sometimes, it is not easy to identify the presence of a soft plaque (Fig. 4), in that adjacent unopacified
veins may mimic soft plaques (Fig. 5). Adjacent unopacified venous pseudoplaques may be seen in
 Figure 6.
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Case 42
Meniscus Sign in Acute Thrombosis

Patient: 64-year-old white male with recent onset of chest pain.

Case Description

Thrombosed LCX with “positive meniscus sign” was detected (Fig. 1a,b). Expansion of the  vessel in-
dicates the presence of a thrombus.

Mild CAD of LAD and RCA was identified (Fig. 2a,b).

Fig. 1 a, b Thrombosed LCX with “positive meniscus
sign”

a b

Fig. 2 a, b Mild CAD of LAD and RCA

a b
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Case 43
Healing of a Vulnerable Plaque

Patient: 53-year old asymptomatic male with hypercholesterolemia and a family history of coronary
artery disease (CAD).

Case Description

Figure 1 shows an ulcerated proximal left anterior descending (LAD) artery plaque.
Follow-up examination performed 14 months later shows ulcerated LAD plaque (Fig. 2a,b). It is im-

portant to assess plaque size, plaque area, HU at relevant plaque components and degree of stenosis.
Table 1 shows different measurements at baseline and first follow-up examination.

Measurements taken at follow-up show that the plaque has decreased in size. The soft plaque ex-
hibits increasing HU, indicative of healing.

The same patient developed “angina like” chest pain and underwent his third cardiac computed
 tomography angiography (CCTA) on 26 June 2004, which highlighted the presence of an ulcerated LAD
plaque (Fig. 3a-c). Table 2 shows measurements at baseline, first and second follow-up  examinations.

Measurements showed that the plaque had calcified and continued to decrease in size. There was
a false positive increase in plaque area in the transverse plane related to blooming of the calcified
plaque.

Fig. 1 Ulcerated proximal LAD plaque

Table 1 Measurements at baseline and first follow-up
examination

30 April 2002 9 June 2003

Plaque = 13.6 mm long Plaque = 13.2 mm long

Long area = 19.8 mm2 Long area = 13.7 mm2

Transverse area = 5.0 mm2 Transverse area = 4.5 mm2

Proximal fornix = 79 HU Proximal fornix = 91 HU

Distal fornix = 73 HU Distal fornix = 87 HU

Proximal crater = 221 HU Proximal crater = 218 HU

Distal crater = 403 HU Distal crater = 413 HU
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Fig. 3 a-c Ulcerated LAD plaque

Table 2 Measurements at baseline, first and second follow-up examinations

30 April 2002 9 June 2003 26 June 2004

MPlaque = 13.6 mm long Plaque = 13.2 mm long Plaque = 13.2 mm long
Long area = 19.8 mm2 Long area = 13.7 mm2 Long area = 10.8 mm2

Transverse area = 5.0 mm2 Transverse area = 4.5 mm2 Transverse area = 5.4 mm2

Proximal fornix = 79 HU Proximal fornix = 91 HU Proximal fornix = 98 HU
Distal fornix = 73 HU Distal fornix = 87 HU Distal fornix = 99 HU
Proximal crater = 221 HU Proximal crater = 218 HU Proximal crater = 606 HU
Distal crater = 403 HU Distal crater = 413 HU Distal crater = 578 HU

a b c

Fig. 2 a, b Ulcerated LAD plaque

a b
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19.5 Pulmonary Embolism

Case 44
Single-Vessel Coronary Disease and Pulmonary Embolism

Patient: 73-year-old female with shortness of breath but no other specific cardiac symptoms. Her cho-
lesterol was normal and no EKG changes were present.

Case Description

The MPR and VRT images of Fig. 1a–e show a severe stenosis of the circumflex artery due to a con-
centric fibrolipidic plaque. Plaque calcium is absent, consistent with the negative calcium score.
 Figure 1f, g shows the presence of pulmonary emboli in distal vessels of the lower left lobe, for which
the patient was treated. Following her recovery, she was scheduled for coronary stenting.

Fig.1 a-e Significant stenosis of the circumflex artery. f, g Pulmonary embolism of the lower left lobe arteries
(cont. →)

a b

c d
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Fig. 1 a-e (continued)

e f

g
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Case 45
Chest Pain in a Patient with Normal Coronary Arteries and a Diagnosis 
of Pulmonary Embolism

Patient: 72-year-old with recent dyspnea and chest pain who was admitted to the hospital with a clin-
ical suspicion of coronary artery disease.

Case Description

Figure 1a shows the completely normal coronary arteries. There are no plaques and the arterial lumens
are normal. Figure 1b shows the evaluation of the axial slices obtained during the coronary artery ac-
quisition. Pulmonary emboli are present in the right pulmonary artery and the anterior segment of the
left upper lobe. Complete recovery was achieved following  therapy.

Fig. 1 a, b 

a b
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19.6 Stent and CABG

Case 46
Coronary CTA Diagnosis of Severe Stenosis, with Stenting and Follow-Up

Patient: 67 year-old male with generic risk factors but no symptoms who underwent a screening coro-
nary CTA.

Case Description

Figure 1a, b shows the diffuse plaques in the proximal and middle segment of the LAD. Multiple cal-
cific plaques are evident in addition to two fibrolipidic soft plaques, with the latter causing significant
stenosis. The control after stenting is shown in Fig. 1c, d. The proximal soft plaque (on the main 
left trunk) was not submitted to stenting as it was shown on coronary angiography to cause only a mild
(30–40%) stenosis.

Fig. 1 a, b Fibrolipidic plaque of the third proximal segment of the LAD resulting in 70% stenosis. c, d CT
 angiography control after stenting: no residual stenosis

a b

c d
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Case 47
Pre-stent Stenosis

Patient: 63-year-old male in whom one year previously a stent had been placed in the proximal LAD
due to severe focal stenosis. He underwent routine stent control.

Case Description

MPR and VRT coronary CTA images of the stent are shown in Figure 1a–d. The stent is patent and there
is distal flow. There are no signs of intra-stent disease. The clear plaque burden of the LAD wall just
prior to the stent may be due to inappropriate stent placement and extensive disease above the stent.
Nowadays, cardiologists suggest the routine use of intravascular ultrasound prior to stent placement in
order to ensure complete coverage of the full extension of the plaque. Turbulent flow at the edge of the
stent may also be the cause for the pre-stent stenosis.

Fig. 1 a-d Multiple views of the LAD stent. Arrow shows a recurrent stenosis proximal to the stent (soft plaque)

a b

c d
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Case 48
Subclavian Artery Stenosis Jeopardizing a LIMA Bypass Graft

Patient: 73-year-old asymptomatic white male with a history of three CABG interventions.

Case Description

Subclavian artery stenosis jeopardizing LIMA to LAD graft is evidenced (Fig. 1a,b). Subclavian ar-
tery disease is the most common cause of failure of internal mammary artery bypass conduits.

Figure 2a,b shows intact SVG to D1 and first obtuse marginal (OM1) branches.

Fig. 1 a, b Subclavian artery stenosis jeopardizing LIMA to LAD graft

a b

Fig. 2 a, b Intact SVG to D1 and OM1 branches

a b
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Case 49
Internal Mammary Arteries Bypass: Follow-Up

Patient: 75-year-old patient who underwent a surgical bypass procedure 6 years before.

Case Description

The VRT images in Figure 1a–c show the patent internal mammary arteries. Both adequate flow and
the distal anastomosis are well documented in this coronary CTA.

Fig. 1 Images show patent bypasses

a b

c
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Case 50
CABG Evaluation

Patient: 58-year-old internist with chest pain.

Case Description

A high-grade LAD stenosis was present in this case. Mild disease of LCX and RCA are depicted in
Figure 1a-c.

The patient undergoes four successful coronary artery bypass grafting (CABG) interventions, fol-
lowed by routine postoperative SPECT study that revealed anterior ischemia.

High-grade stenosis of the left internal mammary artery (LIMA) and LAD anastomosis is depicted
in Figure 2a-c.

Figure 3a-c shows saphenous vein graft (SVG)-LCX patency and thrombosed SVG-RCA and
SVG-first diagonal (D1). Bypassing uncompromised vessels may lead to acute graft thrombosis sec-
ondary to competing flow in the native vessels.

Fig. 1 a-c Mild disease of LCX and RCA

a b c

Fig. 2 a-c High-grade stenosis of LIMA
and LAD anastomosis

a b c

Fig. 3 a-c SVG-LCX patency and thrombosed SVG-RCA and SVG-D1

a b c
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Case 51
Stent Evaluation with Coronary CTA

Patient: 49-year-old white female with chest pain, presents with ST elevation at 13 METS of exercise.
SPECT images are normal.

Case Description

False negative myocardial perfusion imaging may be unreliable (Fig. 1a,b). Conversely, CCTA has a
negative predictive value of 100% (Fig. 2a,b).

Fig. 1 a, b False negative myocardial perfusion imaging may be unreliable

a b

Fig. 2 a, b CCTA 100% negative predictive value

a b
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The same patient complained of chest pain one week later. CCTA is a good test to evaluate stents
greater than 3 mm in size, as may be seen in Figure 3a,b, where there is no evidence of in-stent
restenosis

Fig. 3 a, b CCTA as a reliable test to evaluate stents greater than 3 mm in size

a b
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19.7 Stress Test

Case 52
Dangerous False Negative Stress Test Results

Patient: 39-year-old white male with chest pain. Stress testing provided normal results. Risk factors
consisted in +FHx, hypercholesterolemia and HTN.

Case Description

Figure 1 shows high-grade LAD stenosis. Again, high-grade LAD stenosis is depicted, with normal LCX
and RCA (Fig. 2a-c). CCTA has a negative predictive value of 100%, whereas stress tests do not reach
the same levels. The results could have been tragic in this case if CCTA had not been performed.

Fig. 1 High-grade LAD stenosis

Fig. 2 a-c High-grade LAD stenosis with normal LCX and RCA

a b c
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Case 53
Dangerous False Negative Stress Test Results

Patient: 45-year-old white female with chest pain. Risk factors consisted in +FHx, ex-smoker. Single-
photon emission computed tomography (SPECT) stress performed five months before was negative,
although pain persisted.

Case Description

Figure 1a-c shows 50-70% LAD stenosis. False negative stress tests are potentially dangerous; con-
versely, CCTA has a 100% negative predictive value.

Imaging shows normal RCA and a plaque at the LCX (Fig. 2a,b).

Fig. 1 a-c LAD stenosis (50-70%)

a b c

Fig. 2 a, b Normal RCA and plaque at the LCX

a b
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19.8 Valvular Disease

Case 54
Fibroelastoma of the Aortic Valve

Patient: 47-year-old white female, had suffered from cardiovascular accident (CVA) owing to an aor-
tic valve mass. The patient could not undergo catheterization prior to valve replacement.

Case Description

Imaging shows fibroelastoma of the aortic valve (Fig. 1) and normal coronary arteries (Fig. 2a-c). CCTA
can be used to rule out CAD in patients in whom coronary catheterization is contraindicated.

Fig. 1 Fibroelastoma of the aortic valve

Fig. 2 a-c Normal coronary arteries

a b c
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Case 55
Aortic Valvular Dehiscence in a Aortic Composite Homograft

Patient: 57-year-old white male, had undergone aortic valve composite homograft with a question of
an aortic dissection.

Case Description

This patient went on to re-dissect his aorta requiring emergency surgery; imaging showed type-1 en-
doleak (Fig. 1a,b) and normal coronary arteries originating from the true lumen (Fig. 2a-c).

Fig. 1 a, b Type-1 endoleak

a b

Fig. 2 a-c Normal coronary arteries originating from the true lumen

a b c
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Case 56
Aortic Valvular Dehiscence in a Aortic Composite Homograft

Patient: 65-year-old white male with chest pain and history of a heart murmur.

Case Description

Bicuspid aortic valve with borderline hypertrophic cardiomyopathy (HCM) are depicted in Figure 1a-c.

Fig. 1 a-c Bicuspid aortic valve with borderline HCM

a

c

b
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19.9 Myocardial Infarction

Case 57
Arterial Expansion by Thrombus in an Acute, Anterior Wall Myocardial
Infarction

Patient: 60-year-old white male with new EKG findings compatible with anterior wall myocardial
 infarction (AWMI).

Case Description

Imaging shows critical stenosis with/without thrombosis of the LAD (Figs. 1a-c, 2).

Fig. 2 Critical stenosis with/without thrombosis of the
LAD

Fig. 1 a-c Critical stenosis with/without thrombosis of the LAD

a b c
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Case 58
Chronic Myocardial Infarction with Recanalization of the Left Anterior
Descending Artery

Patient: 37-year-old asymptomatic Hispanic female with a history of an anterior MI in 1996. A scar
was evidenced on SPECT Myoview.

Case Description

Imaging showed apical infarct (Fig. 1a,b), normal LCX, and mild RCA disease (Fig. 2a,b). Mild LAD
disease is also present, which probably represents the healed remains of a ruptured vulnerable plaque
(Fig. 3a,b). Recanalized vessels may lead to infarcted myocardium.

Fig. 1 a, b Apical infarct

a b

Fig. 2 a, b Normal LCX and mild RCA disease

a b
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Fig. 3 a, b Mild LAD disease

a b
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Case 59
Clinical Diagnosis of Myocardial Infarction in Two Patients with Completely
Normal Coronary Arteries

Patients: 55-year-old female and 65-year-old male, both diagnosed with acute myocardial infarction
(clinical symptoms, positive enzymes, and EKG changes indicative of non STEMI). CTA was performed
at follow-up, after 6 months, and again one year from the clinical episode.

Case Description

Figure 1a, b shows the axial slices from the coronary CTA acquisition. In Figure 1b, there is a mild
subendocardial hypodensity of the myocardial tissue, indicative of previous infarction. In the VRT im-
ages of the coronary arteries shown in Figure 1c, d, the findings are completely normal: there are no
stenoses nor is there parietal atheromatous involvement.

Fig. 1 a-d 

a b

d

c
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19.10 Coronary and Cardiac Anatomical Defects

Case 60
Interarterial Coronary Artery Anomaly

Patient: 70-year-old white male with intermittent exertional angina.

Case Description

Interarterial anomalous left main artery (LMA) is depicted in Figure 1a,b. When coronary artery anom-
alies pass between the aorta and pulmonary artery they carry a 1% risk of sudden death. The risk of
sudden death increases if it is the left coronary artery crossing to the right side and if the vessel has an
acute angle off of the aorta. Figure 2a,b shows mild RCA and LCX disease.

Fig. 1 a, b Interarterial anomalous LMA

a b

Fig. 2 a, b Mild RCA and LCX disease

a b
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Case 61
Atherosclerotic Coronary Artery Aneurysms

Patient: 50-year-old asymptomatic white male with a history of MI 16 years before. Risk factors con-
sisted in +FHx, hypercholesterolemia, and HTN.

Case Description

RCA atherosclerotic aneurysms are depicted in Figure 1a-c. Diffuse arterial ectasia is a risk factor for
myocardial ischemia secondary to slow flow.

Diffuse coronary ectasia is present (Fig. 2a-d)

Fig. 1 a-c RCA atherosclerotic aneurysms

a b

c
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Fig. 2 a-d Diffuse coronary ectasia

a b

c d
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Case 62
Right Coronary Artery to Pulmonary Artery Fistula with Coronary Steal
from Left to Right Shunt

Patient: 62-year-old white female with chest pain.

Case Decription

Images show abrupt caliber change at the RCA (Fig. 1a,b), patent LAD and LCX. Something is high-
lighted in the right lower lobe (RLL) (Fig. 2a-c).

Bronchiectasis is present, with left to right systemic-pulmonary collaterals (Fig. 3). The right internal
mammary artery (RIMA) and bronchial arteries to the RLL (Fig. 4a-c) and the RCA to RLL left to right
shunt are also visible (Fig. 5a-c).

Fig. 1 a, b Abrupt caliber change at the RCA

a b

Fig. 2 a-c Right lower lobe

a b c
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Fig. 3 Bronchiectasis with left to right systemic-pul-
monary collaterals

Fig. 4 a-c RIMA and bronchial arteries

a

b

c

Fig. 5 a-c RCA to RLL left to
right shunt

a

b c
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Case 63
Different Coronary Artery Anatomy in Identical Twins

Sometimes identical is not so identical: in this case the study concerned a couple of twins, whom we
called “Baby A” and “Baby B”.

Case Description

In Baby A, the RCA was normally positioned (Fig. 1a,b), whereas Baby B had an interarterial anom-
aly of the RCA (Fig. 2a,b), which proves that even identical twins can have different  coronary artery
anatomy.

Fig. 1 a, b Baby A: normally positioned RCA

a b

Fig. 2 a, b Baby B: interarterial anomaly of the RCA

a b
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Case 64
Intracavitary Right Coronary Artery

Patient: 60-year-old white female being worked up for pericarditis. The possible diagnosis may be of
systemic lupus erythematosus (SLE) or scleroderma.

Case Description

Figure 1a-c shows pericardial effusion, and the RCA can not be identified. Further imaging shows an
intracavitary RCA (Fig. 2a-d). Intracavitary coronary arteries are extremely rare. They should be pointed
out prior to coronary artery dissection as part of bypass surgery.

Fig. 2 a-d Intracavitary RCA

a db c

Fig. 1 a-c Pericardial effusion

a b c
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Case 65
Situs Inversus with Left Atrial Appendage Thrombus

Patient: 75-year-old white male with chest pain. The patient had undergone recent successful car-
dioversion for atrial fibrillation (A-fib).

Case Description

Imaging shows situs inversus and mild CAD (Fig. 1a-d) and a proven thrombus in the left atrial ap-
pendage (LAA) (Fig. 2). CCTA may yield false positive results for LAA thrombus secondary to un-
der-filling.

Fig. 1 a-d Situs inversus and mild CAD

a b

c d
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Fig. 2 LAA thrombus
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Case 66
Coronary Artery Fistula with a Left to Left Shunt

Patient: 76-year-old white female with chest pain and SOB.

Case Description

Figure 1a,b shows epicardial arteriovenous malformation (AVM) supplied by LAD, PDA, LIMA and
celiac arteries; epicardial AVM is also visible in Figure 2a-c.

Fig. 1 a, b Epicardial AVM

a b

Fig. 2 a-c Epicardial AVM

a b c
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Case 67
Patent Foramen Ovale

Patient: 65-year-old white female with shortness of breath (SOB) and abnormal EKG. The SPECT stress
test was equivocal.

Case Description

Imaging shows a patent foramen ovale with mild CAD (Fig. 1). Careful examination of the source ax-
ial images should be performed to look for adult congenital heart disease.

Fig. 1 Patent foramen ovale with mild CAD
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Case 68
Anomaly of the Coronary Arteries

Patient: 48-year-old patient with intermediate risk factors (hypertension, smoking) who underwent coro-
nary CTA as a screening procedure.

Case Description

An anomalous origin of the left coronary artery from the right coronary sinus is seen in Figure 1a, b.

Fig. 1 a, b Anomalous origin of the left coronary artery from the right coronary sinus

a b
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Case 69
Adult Congenital Heart Disease

Patient: 60-year-old white female with chronic chest pain, presents with mild coronary artery disease
(CAD) (Fig. 1a-c) with large atrial septal defect (Fig. 2).

Case Description

It is important to evaluate axial source images. In this case, we found evidence of adult congenital heart
disease in the form of an atrial septal defect with aneurysmal dilatation of the interatrial septum.

Fig. 1 a-c Mild CAD

a b c

Fig. 2 Large atrial septal defect
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Case 70
Congenital Coronary Artery Aneurysm

Patient: 39-year-old white female, asymptomatic, presents for evaluation of a known congenital
aneurysm of the LAD.

Case Description

Imaging shows congenital LAD aneurysm (Figs. 1, 2a-d). The most common etiologies of coronary ar-
tery aneurysms are atherosclerosis, Kawasaki’s Disease, congenital and post-traumatic causes.

Normal LCX and RCA are depicted in this case (Fig. 3a,b).

Fig. 1 Congenital LAD aneurism. Note that 
the first septal perforator, the LAD, the LCX 
and the first obtuse marginal arteries all originate 
off of the aneurysm

Fig. 2 a, b Congenital LAD aneurysm (cont. →)

a b
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Fig. 3 a, b Normal LCX and RCA

a b

Fig. 2 c, d (continued)

c d
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Case 71
Myocardial Bridging

Patient: 81-year-old white male with chest pain.

Case Description

Imaging shows myocardial bridging of RCA and LAD (Fig. 1a,b). Myocardial bridging is a common
variant of coronary artery course. Bridging occurs in up to 33% of patients and may be symptomatic
when it involves the LAD (Fig. 2).

When myocardial bridging is combined with the idiopathic hypertrophic subaortic stenosis (IHSS)
subtype of hypertrophic cardiomyopathy, there is an increased risk of sudden death (Fig. 3).

Fig. 1 a, b Myocardial bridging of RCA and LAD

a b

Fig. 3 Myocardial bridging combined with IHSSFig. 2 Symptomatic bridging involving the LAD
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Case 72
Coronary CTA Screening and an Incidental Diagnosis of Lung Cancer

Patient: 56-year-old male, non-smoker. No symptoms were present in this patient who underwent coro-
nary CTA screening.

Case Description

The MPR (Fig. 1a) and VRT (Fig. 1b) images of the coronary arteries do not show evidence of steno-
sis. However, in this screening protocol, low-dose CT of the complete lung was also performed, which
revealed a 3-cm lung lesion in the upper left lobe. Biopsy confirmed the diagnosis of lung cancer and
the patient was submitted to surgery. We routinely complete coronary CTA with whole-lung acquisi-
tion. In fact, coronary CTA allows imaging of more than half of the lung volume. As radiologists, we
feel that complete coverage of the chest should always be recommended.

Fig. 1 a, b (cont. →)

a b
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Fig. 1 c, d (continued)

c

d
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