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Foreword

The use and acceptance of computed tomography (CT) in

the clinical workup of patients with known or suspected

cardiovascular disease is increasing rapidly. In particular,

coronary CT angiography has become robust and accurate

within the last few years. With CT technology evolving 

rapidly, coronary CT angiography has developed from the

stage of “proof of principle” into a stable imaging modality

that is clinically useful for many patients. All the same,

uncertainties remain, and in order to use coronary CT

angiography in the clinically most useful manner, detailed

knowledge of its potential and limitations is required.

As more and more clinicians are considering the use of

cardiovascular CT in their clinical practice, and as more and

more researchers contribute to the evidence base for the use

of this technology, students and users of cardiovascular CT

must assimilate a large amount of information. Since the

advantages and limitations of CT in clinical practice are

closely related to how the images are generated, a solid

understanding of the technical principles underlying cardio-

vascular CT is essential. Knowledge of cardiac anatomy

needs be revisited from the perspective of cross-sectional

and three-dimensional imaging. Practioners of cardiovas-

cular CT must understand imaging protocols and algo-

rithms in detail to be able to adapt them to individual

clinical questions. The usefulness and accuracy of CT imag-

ing for a wide range of diagnostic problems in cardiovascu-

lar disease needs to be understood and finally, with the field

of cardiovascular CT moving forward rapidly, one should

have an idea of what the near future holds in terms of tech-

nological developments and new clinical applications.

The magnificent book Computed Tomography of the

Cardiovascular System, edited by Drs Gerber, Kantor and

Williamson effortlessly covers this wide range of informa-

tion and addresses all relevant areas with contributions from

renowned experts in the field. This book is a rich source of

information for both new and experienced users of cardiovas-

cular CT and successfully puts current and future applica-

tions into technical and clinical context. The editors are to be

commended for providing the medical community with such

a complete but very readable account at a time when the need

for reliable and concise yet thorough information is immense.

I congratulate Drs. Gerber, Kantor, and Williamson,

along with their authors, for bringing this book to life.

Without a doubt it will be a tremendously important

resource to healthcare providers who order, perform or

interpret cardiovascular CT studies and who must under-

stand which patients and clinical scenarios benefit most

from its use. As such, the book will be not only a wonder-

ful and lasting reference but, because of its balanced

approach to cardiovascular CT, will also make an important

contribution to the rational growth of this field. 

Stephan Achenbach MD

Professor of Medicine

University of Erlangen

Erlangen, Germany
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This book is a labor of love by imaging enthusiasts from all

over the world, meant for individuals interested in mastering

cardiovascular computed tomography (CT). Two ideas have

guided the development of its content: 1. both cardiologists

and radiologists can become expert readers of cardiovascular

CT studies and 2. the cardiovascular system is not separated

at the aortic valve into two entirely disparate parts. To

emphasize these points, we have invited cardiologists as well

as radiologists as contributors, and have included a large 

section on vascular radiology which is missing from most

current textbooks on cardiac CT.

Cardiovascular CT in its current, widely embraced form

is a relatively young field. As a result, the evidence base for

its use is still being developed, and there is controversy about

the appropriateness of cardiovascular CT imaging in specific

clinical situations. To address such concerns, we have included

chapters on clinical context and on the relationship between

CT and more established cardiovascular imaging techniques.

Cardiovascular CT is evolving rapidly, and in order to avoid

publishing material that is obsolete by the time it appears in

print, we have placed great emphasis on discussing princi-

ples that are as much as possible independent of type and

generation of CT scanners. 

We have organized the book to progress from a discussion

of basic concepts in cardiovascular CT, over descriptions of

a wide array of clinical applications, to uses of CT that are

currently considered investigational but are clearly on the

horizon for the clinical realm and that contribute to the

understanding of clinical problems in cardiology. Placing

chapters on general issues next to chapters on specific

aspects of cardiovascular CT has created minor overlaps

that are intentional and that allow each chapter in the 

book to stand alone and be easily read and understood by

itself.

We are very proud of, and grateful to, the many experts

in CT from the U.S. and from abroad who have generously

agreed to devote their time to contributing articles and who

have made this book a unique and complete account of the

current status of cardiac, vascular, and investigational appli-

cations of cardiovascular CT. We trust that readers will find

it a valuable resource as they study the clinical use and the

future potential of cardiovascular CT.

Thomas C Gerber

Birgit Kantor

Eric E Williamson

Preface

xiii
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1
History of Cardiovascular 
Computed Tomography

Martin J. Lipton

1 INTRODUCTION

Historically, the diagnosis of heart disease has depended

largely upon radiographic methods. This chapter describes

the key requirements for imaging the heart using conven-

tional X-ray methods and with Computed Tomography

(CT) when it became available; it describes the feasibility

and validation studies which formed the basis for modern

clinical cardiac CT.

2 X-RAY IMAGING FROM
1895–1972 – PRE-CT ERA

The discovery of X-rays by W. Conrad Roentgen in 1895

had a dramatic and immediate impact in two fields. Not

only did it create a new medical specialty called

Roentgenology, named in honor of its founder, but also it

profoundly changed the thinking of physicists of that time

regarding the nature of atomic structure. Industry became

heavily involved in the X-ray field from the beginning,

because high vacuum tubes and more powerful generators

were essential for the production of X-rays. Progressive

improvements also occurred in all aspects of X-ray imaging,

which became a big business driven by the diagnostic needs

of physicians.1

Diseases of the heart and blood vessels represent one of

the most challenging problems for advanced diagnostic

imaging systems. The history of radiographic diagnosis over

the decades following Roentgen’s discovery explain to some

extent the philosophic and practical differences between

cardiology and radiology. Radiologists are traditionally

trained to observe and recognize the broad range of normal

anatomy and pathology. Since diagnostic imaging of most

organs relies primarily on structural findings, industry

responded by providing higher spatial and contrast resolu-

tion. Cardiologists, however, are primarily concerned with

cardiac function, and use imaging methods routinely to

quantitate cardiac indicees. This explains why dedicated

and specialized equipment with high temporal resolution is

necessary for every modality for cardiac imaging. Cardiac

catheterization with haemodynamic recording and angio-

cardiography emerged as the most useful and reliable tech-

nique for evaluating patients prior to cardiac surgery. This

generally has remained the practice despite remarkable

advances in the established noninvasive fields of echocardio-

graphy and nuclear medicine. Cine-angiocardiography pro-

vides high temporal resolution in excess of 30 images per

second without the need for ECG-gating. It does, however,

require selective catheterization and contrast media injec-

tions. All conventional X-ray projection imaging methods

suffer from the limitation of overlapping structures 

and, therefore, multiple angiographic projections are neces-

sary, each of which requires an additional injection of 

contrast media. Nevertheless, invasive angiocardiography

became established as the gold standard for identifying the

1
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2 Computed Tomography of the Cardiovascular System

site and severity of coronary artery disease, and for evaluat-

ing left ventricular function.

3 TOMOGRAPHIC IMAGING

It was to overcome the limitation of overlapping structures

inherent in conventional X-ray projection imaging that

linear and, later, almost as a precursor of CT, that rotational

X-ray tomography was developed over 50 years ago by

Takahashi.2

In this technique the X-ray tube and radiographic film

was positioned, as shown in Figure 1.1, almost perpendicu-

lar and rotated around the patient. A single cross sectional

slice was exposed at one level as shown in Figure 1.2. The 

X-ray projections for each angle were recorded on the radi-

ographic film and summated. The resulting axial image is

illustrated in Figure 1.3, and can be seen to be blurred. This

is because simple back projection imaging of this type is only

a first order solution. The complete solution requires two

steps, the second of which had to wait until a computer was

incorporated into the X-ray system. Table 1.1 identifies the

stages of development resulting in the first commercially

available CT scanner in 1972, for which, like Roentgen,

Godfrey Hounsfield and Alan Cormack were awarded the

Nobel Prize for Physics in 1979. The appropriate convolu-

tion algorithms and filtering is described in Chapter 2.

4 THE CT ERA FROM 1972
ONWARDS

In Godfrey Hounsfield’s Nobel acceptance speech in 1979,

he said the following: ‘Although it is barely 8 years since the

first brain scanner was constructed computed tomography is

now relatively widely used and been extensively demon-

strated. At the present time the new system is operating in

some 1,000 hospitals throughout the world. The technique

has successfully overcome many of the limitations which are

inherent in conventional X-ray technology.

When we consider the capabilities of conventional 

X-ray methods, three main limitations become obvious.

Figure 1.1 Diagram of an axial tomography machine designed for whole body scanning, which became commercially
available and was designed by Takahasi. The X-ray tube was almost perpendicular to the X-ray film and rotated around the
patient exposing a single cross sectional slice.

X-ray tube T2

Upper light projector

X-ray tube T1

Moving filter

Side light projector

Rotation axis

Level g

Film B

Wedge grid

Film A
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Firstly, it is impossible to display within the framework of a

two-dimensional X-ray, a three-dimensional scene under

view. Objects situated in depth, i.e. in the third dimension,

superimpose, causing confusion to the viewer.

Secondly, conventional X-ray cannot distinguish

between soft tissues. In general, a radiogram differentiates

only between bone and air, as in the lungs. Variation in soft

tissues such as the liver and pancreas are not discernible at

all and certain other organs may be rendered visible only

through the use of radio-opaque dyes.

Thirdly, when conventional X-ray methods are used, it

is not possible to measure in a quantitative way the separate

densities of the individual substances through which the 

X-ray has passed. The radiogram records the mean absorption

by all the various tissues which the X-ray has penetrated.

This is of little use for quantitative measurement.

Computed tomography, on the other hand, measures the

attenuation of X-ray beams passing through sections of 

the body from hundreds of different angles, and then, 

from the evidence of these measurements, a computer is able

to reconstruct pictures of the body’s interior.

Pictures are based on the separate examination of a series

of contiguous cross sections, as though we looked at the

body separated into a series of thin ‘slices.’ By doing so, we

virtually obtain total three-dimensional information about

the body.’3

The era of digital imaging began with CT, and has 

since been applied to many other imaging modalities. CT

has a density range of 2,000 shades of gray. The human eye

can only recognize 11–21 approximately. Because the sensi-

tivity of CT for density is over 1% and so much more 

sensitive than conventional X-ray film combinations, 

intravenous enhancement of the blood volume, combined

with cross sectional imaging, provides sufficient contrast for

angiography and avoids the need for arterial injections.

Early studies of CT for cardiovascular imaging explore

the capability of CT to overcome the 3 major limitations of

conventional X-ray. However, CT cannot yet match the res-

olution of conventional X-ray imaging, nor its exposure

speed, or cost. However, as CT develops it will no doubt

eventually replace almost all types of X-ray imaging.

The first CT scanners required 1–5 seconds to acquire a

single slice. However, this was adequate for diagnozing

most organ systems, because temporal resolution was not

critical. These machines were designed initially for the

head, and later for whole body. The impact of this new

History of Cardiovascular Computed Tomography 3

Figure 1.2 A localizing slice level though the heart in a
patient.

Figure 1.3 An example of the image obtained by axial
tomography. Note that this blurring is due to simple back
projection radiography and although quite useful has limi-
tations.

Table 1.1 Development of computed tomography

Year Development Inventor

1947 Axial tomography (AT) Takahashi
1964 to Computed tomography *Cormack /Kuhl
1966
1972 First fan beam scanner Boyd
1972 First commercial scanner *Hounsfield
1973 5 minute CT scanner
1976 20 second EMI scanner
1977 5 second body scanner
1978 Proposed cardiac scanners

**DSR Ritman
+CVCT Boyd
++EB CT

*Nobel prize 1979.
**Dynamic Spatial Reconstructor (DSR)
+CVCT = cine computed tomographic C-100 scanner or
++Electron Beam (EB CT)
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modality was dramatic, for example in neuroradiology the

need for invasive angiography fell by almost 50%, and CT

virtually replaced diagnostic nuclear scintigraphy in the

brain. As Godfrey Housfield implied, within a few years

CT dominated head imaging. Early CT studies of the heart

however were confined to exploring morphology.4–7

5 CT ESTIMATES OF
VENTRICULAR VOLUMES,
WALL THICKNESS AND MASS

A critical measurement for evaluating cardiac function 

is left ventricular ejection fraction. Biplane angiography pro-

vided the most accurate and reproducible results.8 One of the

first cardiac quantitative studies explored the capability of

CT for accurate volume measurements of postmortem silas-

tic casts of the human left ventricle. The effect of cast shape

and orientation on volume measurements was evaluated.

Results were compared with those obtained by biplane radi-

ography and by Archimedes principle.9 Cast angulation was

precisely measured for each technique, as illustrated in

Figures 1.4 and 1.5. The true cast volume for validation was

obtained for each cast using a Mettler balance to measure

dry cast weight in air, and a torsion balance for each cast

submerged in distilled water. Air trapped in the casts while

submerged between trabecular and papillary muscles which

can cause significant errors, was eliminated by degassing

under water. The results are given in Figures 1.6 and 1.7

and were calculated by dividing the difference between the

dry and submerged weight of each cast by the density of

water at a recorded temperature. This study demonstrated

4 Computed Tomography of the Cardiovascular System

Figure 1.4 Ventricular cast in a stand which allows it to
be positioned in any orientation for biplane volume meas-
urement. (From ref. 10 with permission)

Figure 1.6 Left ventricular volumes measured by radiog-
raphy in the anteroposterior-lateral projections plotted
against actual cast volumes. Ninety-five percent confi-
dence limits for the regression lines are indicated by line
BB1, and 95% confidence limits for individual measure-
ments are indicated by lines CC1. (From ref. 10 with per-
mission)
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Figure 1.5 Casts were placed on a Plexiglas goniome-
ter, which enables precise cast orientation in three planes
insuring accurate positioning for computed tomographic
volume measurements. Plexiglas does not interfere with
computed tomographic reconstruction. (From ref. 10 with
permission)
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the superiority of cross sectional 3-dimensional CT of the

heart and raised several issued which are generic, including

methods for edge detection, the influence on accuracy of CT

windowing and level and the question of how many axial

images and therefore slices are required to provide precise

volume estimates for a given cardiac chamber. It also

became apparent that, for each type of new scanner, such

calibration issues would need to be addressed.10,11

6 MYOCARDIAL WALL
DIMENSIONS AND MASS

The potential of CT for quantitative assessment of inter-

ventricular septal wall thickness was evaluated in vivo in

dogs. Fourteen pedigreed beagle puppies of both sexes

comprised this study population. Seven underwent aortic

banding at 6–8 weeks, so that the supravalve aortic circum-

ference was reduced 25–40%. All the dogs were followed

and scanned at 7–9 months. The study was performed

using a General Electric CT/T 7800 Research Scanner

(modified GE whole body scanner). This unit could per-

form rapid sequential scanning, acquiring up to 12, 360°

scans in 40 seconds; each having a 2.4 second exposure time.

This scanner was among the first to produce a projection

‘scout view’ or computed radiograph by pulsing the X-ray

tube with the detector array in a stationary position, while

the subject is moved through the X-ray field. The lateral

scout view was used in this study to locate the cardiac apex,

and all subsequent scans were indexed to this reference

level, which was precisely identified under computer/oper-

ator control. Until this view became available, surface land-

marks had to be used and scanning levels could not be

reliably reproduced. Today such localizing aids with lasers

are taken for granted, and universally supplied with every

CT scanner. Figure 1.8 illustrates one typical pair of 

CT scans from this study, and demonstrated the marked

left ventricular hypertrophy compared with a litter

matched control. A linear regression line for septal wall

thickness was obtained by plotting the CT estimates

derived from regions of interest (ROI), like the one seen in

Figure 1.8, which includes both ventricles, against direct

autopsy measurements, as shown in Figure 1.9. The corre-

lation coefficient was 0.92 for the 14 experiments. Non-

ECG-gated CT underestimated the autopsy values by

10–20%. However, this was a consistent underestimation.

At that time, a paper pixel print out map had to be obtained

of the ROI, as shown in Figure 1.10. Edge detection is 

critical for measurements.A boundary CT number was

defined as the CT number halfway between the mean CT

number of the ventricular cavities and the midpoint of the

septal wall, from which the mean width is calculated.12

A study of left ventricular mass using 22 dogs and the

same scanner was also performed. This research scanner

was installed in UCSF in 1977 and was continuously modi-

fied for cardiac applications. The gantry of this single slice

machine, like all early CT scanners, had to be rotated in

opposite directions between scan sequences, since the power

cables would twist, limiting rotation and resulting in long

interscan delay times. The CT data analysis involved 

two methods, a semi-automated computer technique and 

a manual tracing technique to define the myocardial 

boundary. Both methods showed similar results13 (Figure 1.11).

Such non ECG-gated CT feasibility studies are logical nec-

essary steps in developing new clinical tools. However,

extrapolating results to patients must be guarded.

Nevertheless, this study showed that CT provides accurate

dimensional measurements. Furthermore, in the presence

of asymmetrical hypertrophy or abnormal chamber config-

urations or both, CT, unlike echocardiography, should be

superior, because no geometric assumptions are necessary

later, Feiring measured LV mass by EBCT concerning its

accuracy and precision.

Figure 1.7 Calculated computed tomographic volumes
plotted against true cast volumes. The regression line
practically coincides with the line of identity.The correlation
coefficient is 0.998. (From ref. 10 with permission)
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7 ECG-GATED COMPUTED
TOMOGRAPHIC

An exciting prospect for CT is quantitation of cardiac

chamber and myocardial wall thickening dynamics for

which ECG-gated CT was explored in a number of 

centers with single slice scanners in 1979 and 1980s.14–18 This

technique is one method of overcoming the problem 

of cardiac motion and is critical in obtaining quantita-

tive dimensional data, ejection fractions and also for 

measuring the extent of wall thickening during the car-

diac cycle.

Gated CT differs significantly from standard computed

tomographic scanning. It was well realized 25 years ago that

to obtain a reconstructed image of a stationary object by stan-

dard computed tomography, a full complement of angular 

X-ray data must be obtained over the full scanning circle

from 0 to 360˚ without significant gaps in the angular data 

set, although some gating programs use only 180° plus the fan

beam angle. However, no gaps are permitted in this data.

Figure 1.8 (a) Nongated, 1-cm thick computed transmission tomographic scan through the ventricular cavities of a non-
banded control beagle after intravenous injection of contrast medium. (b) A similar scan at the same level is seen in a
matched litter mate 7 months after banding. The myocardial wall is symmetrically hypertrophied and the relatively smaller
contrast-enhanced left ventricular cavity is apparent. A region of interest has been selected to include a portion of both the
right and left ventricular cavities.

Figure 1.9 Linear regression for septal wall thickness;
along the abscissa are measurements (mm) obtained at
autopsy and corresponding computed transmission tomo-
graphic estimates lie on the ordinate. (From ref. 12 with
permission)
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Therefore, multiple scans are required to obtain the necessary

angular data to reconstruct a gated image of the heart.

8 RETROSPECTIVE VERSUS
PROSPECTIVE GATING

Two gating techniques were utilized: retrospective19 and

prospective18 gating. With retrospective gating, the com-

puted tomographic scan data and the electrocardiogram are

simultaneously recorded, and the CT data is binned to 

correspond with selected ECG windows. The prospective

gating system allowed preselection of a fraction of the elec-

trocardiographic RR interval width to be monitored.18

The biologic window width sets the fraction of the cardiac

cycle to be represented by each image. Prospective gating

assures the even distribution of the R waves throughout the

scanning circle in the minimal number of scans. This is

accomplished by launching the X-ray tube at the appropri-

ate time relative to the R wave on the electrocardiographic

input, such that one of the following R waves falls in the

largest gap in the already acquired angular X-ray data. In

our studies, the width of the biologic window was set at 

10% of the RR interval. Since the heart rate was maintained

between 100 and 120 beats/min in dogs, each frame repre-

sents 0.05 to 0.06 second. With the biologic window set at

10% of the RR interval, approximately eight scans were

History of Cardiovascular Computed Tomography 7

Figure 1.10 Computer printout of absolute computed transmission tomographic (CT) numbers present within the same
region of interest as described in Figure 1.8. Each pixel is 1.3 × 1.3 mm. Lines demarcate all pixels with absolute CT num-
bers of 60 or less, thus defining the interventricular septum. This boundary CT number was defined as the CT number that
was halfway between the mean CT number of the cavities and the mean CT number of the midportion of the septal wall. Scale
drawing of the septum then defined the septal boundary within the region of interest, from which the mean width is calculated.

Pixel map of region of interest

141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156

150

63
77
79
79
86
82
85
77
83
90

108
110
108
97

101
93

151

72
76
83
74
78
75
80
75
83
92
89
98
93
83
82
82

152

69
79
84
83
80
63
51
55
39
67
63
36 
46 
43 
49 
66

153

92
108
104
93
73
63
60
47
48
52
39
48
39
35
57
38

154

128
122
89
71
62
50
56
44
34
24
22
19
36
33
32
29

155

97
73
58
53
55
49
33
20
10
11
18
30
35
35
34
23

156

82
56
46
37
36
30
33
21
26
36
43
49
35
29
28
42

157

51
44
42
31
25
20
18
25
40
40
37
36
31
17
23
25

158 

45
35
24
22
9
7

18
15
32
28
22
27
31
30
40
23

159

31
18
14
18
12
12
9

20
17
32
35
27
32
22
45
49

160

33
39
31
31
24
32
39
31
42
40
47
44
40
33
39
33

161

46
38
37
35
27
32
38
59
44
37
40
43
43
40
37
50

162

39
31
32
35
32
37
38
44
45
40
56
60
63 
74
55
70

163

36
31
37
38
41
54
45
47
48
57
63
75
67
70
89
86

164

36
39
43
30
37
42
53
67
57
51
60
68
92
96

104
105

165

38
44
29
34
41
54
45
54
52
67
71
96

100
119
120
126

166

42
36
36
42
48
62
63
67
82
92

106
104
116
113
127
115

167

48
49
50
65
80
81
84
97

100
105
103
112
104
106
108
110

Total number of pixels sampled:   288.
Mean:   54.74      STANDARD DEVIATION:   27.95

Figure 1.11 Relation between autopsy values and com-
puted tomographic (CT) estimates of left ventricular (LV)
mass. Results for the computer method. Filled triangles
represent normotensive dogs; open triangles represent the
beagles with left ventricular hypertrophy. The lines on
either side of the regression line indicate the 95 percent
confidence limits. (From ref. 13 with permission)
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required to obtain a full complement of ECG-gated angular

data, requiring approximately 45 seconds of breath-holding.

The limitations of CT during this early period are summa-

rized in Table 1.2.

9 CT EVALUATION OF
MYOCARDIAL ISCHEMIA 
AND INFARCTION

Early CT studies of acute myocardial infarction (AMI) were

performed in several centers on ex situ or arrested dog

hearts.4–7 The group at UCSF explored the detection and

quantitation of myocardial injury in vivo using intracoronary

and intravenous contrast media.20–21 While the attenuation 

of infarcted myocardium was less than normal tissue 

and could be detected, it was much easier to identify with

contrast enhancement.

10 CONTRAST ENHANCEMENT
OF ACUTE MYOCARDIAL
INFARCTION

Contrast material produces temporally distinct phases of

enhancement of normal and ischemically damaged

myocardium. During the perfusion phase, normal

myocardium is maximally enhanced (maximum increase in

X-ray attention value), whereas the area of damage is

nonenchanced or minimally enhanced (Figure 1.12). Ten

minutes after administration of the contrast material,

enhancement of normal myocardium has declined and the

damaged myocardium is nearly maximally enhanced. In the

perfusion phase, the ischemically damaged area appears as a

‘negative image’ within the myocardium, whereas in the

later phase, it appears as a ‘positive image.’ The early CT

appearances reflect reduced tissue perfusion, while later,

after more prolonged occlusion, it was thought to be related

to necrosis and scar formation. Both iodinated contrast

material and 99mTc-pyrophosphate were shown to be mark-

ers of myocardial necrosis. In some infarcts, both substances

had a high concentration within the center, periphery, and

margin of the infarct, whereas in others, the concentration

of both substances was low in the center and high in the

periphery and margin of the infarct. Measurement of

regional myocardial blood flow with indium-111-labeled

microspheres indicated that the accumulation of both con-

trast material and 99mTc-pyrophosphate in the center of the

infarct occurred when residual blood flow was at least 3% of

normal myocardial blood flow. Neither substance accumu-

lates in the region of infarcted myocardium with a residual

blood flow of less than 3% of normal. These studies inferred

that contrast enhancement of ischemically damaged tissue is

a marker of myocardial necrosis, but its occurrence is

dependent upon the presence of a threshold level of residual

myocardial perfusion.22–24

Doherty et al. performed an vivo AMI study with 

28 dogs and showed that the distribution of contrast

enhancement was not only similar to technetium-99m

8 Computed Tomography of the Cardiovascular System

Table 1.2 Limitations of whole body scanners in
1980s

1) Exposure time is too long (1 to 5 seconds).
2) Repetition rate is too slow (0.5 to 2 second delay).
3) Single slice capability.
4) Heat load limitations of X-ray tube severely restricts

the number of scans in dynamic sequence.
5) EKG gating is cumbersome.
6) Breath holding requirements are excessive for

gating.
7) Requires relatively large volumes of contrast

medium.
8) Quantitation of many functions is limited.

Figure 1.12 Two contrast enhanced CT scans acquired
with a conventional whole body single slice scanner at the
same level in a dog with an acute myocardial infarction in
the antero-septal wall. The left image is during the first
pass of an intravenous bolus of contrast agent. Note the
myocardial enhancement void in the infarct area. The
image on the right was obtained 10 minutes later after con-
trast washout has occurred. The infarct zone is seen as a
bright, horseshoe area of delayed enhancement.
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pyrophosphate in the border zone of the infarct in infusion

studies, but also with bolus injections it behaves more like

thallium–201 (Figure 1.13). Figure 1.14 shows a good corre-

lation between CT and autopsy measures of infarct 

size.21 However, delayed enhancement was only seen consis-

tently 24 hours after coronary artery obstruction, and was

not seen during transient occlusion for up to 10 minutes.25

Similar appearances occurred in patients with AMI, as seen

in Figure 1.15, and in chronic infarction and remodeling

(Figure 1.16). Their observations were confirmed in more

recent studies with Multidetector CT (MDCT) scanners in

animals and patients.26–27 Kramer et al. used single slice non-

gated CT to study a series of 19 patients with CT elevation

and myocardial infarction within 1 month of the event and

confirmed these findings.28 More recently Koyama, obtain-

ing similar results with Multidector CT, also reported simi-

lar findings in patients.29

11 CT SCANNERS PROPOSED
FOR IMAGING THE HEART

The requirements for imaging the heart with CT are listed

in Table 1.3. Several methods were developed to overcome

limited temporal resolution. Ritman and CT collaborators

built a CT research machine using multiple X-ray tubes 

and image intensifiers for dynamic spatial reconstruction of

the heart.30–31 This pioneered many aspects of cardiac CT, 

but this scanner was never duplicated. A more practical

Figure 1.13 Distribution of pyrophosphate, thallium,
microspheres and contrast material in (A) epicardial and
(B) endocardial samples for a representative transmural
anterior infarct. (A) The abscissa goes from normal tissue
through an admixture of infarct foci in the normal tissue
(labeled infarct border) and continues in the epicardial
layer overlying the infarct center. (B) The progression is
from normal tissue through the border zone into the
homogenous necrotic core. (From ref. 21 with permission)

Tc - 99 m - PYP

Tc - 99 m - PYP

Sc46 Microspheres

Sc46 Microspheres

Thallium - 201

Thallium - 201

I131 Contrast

I131 Contrast

100

80

60

P
er

ce
nt

 o
f m

ax
im

um
 c

ou
nt

s
(c

.p
.m

./O
.I 

gm
 ti

ss
ue

)

40

20

0
Normal Infarct

border
Infarct
center

100

80

60

P
er

ce
nt

 o
f m

ax
im

um
 c

ou
nt

s
(c

.p
.m

./O
.I 

gm
 ti

ss
ue

)

40

20

0
Normal Infarct

border
Infarct
center

Figure 1.14 Comparison of computerized transmission
tomography (CTT) and autopsy in the measurement of
infarct area in individual tomographic slices from intact
living dogs. The excellent correlation is attributable, in part,
to the use of only transmural infarctions, which simplifies
the task of boundary placement for area calculations by
both CTT and autopsy. Infarct volume can be determined
by summating the areas in contiguous 1-cm slices. (From
ref. 21 with permission)
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scanner was proposed by Douglas Boyd in 1978, employing

a scanning electron beam.32–33 This device is now very famil-

iar and, known as EBCT, remains the only CT scanner

designed specifically for millisecond cardiac CT scanning.

The first machine was built and installed at UCSF. This

scanner was introduced commercially in 1984. Since then

new models appeared in 1988 and 2003 offering dual 1.5 mm

slices and multilevel scanning at exposure speeds of 33 m

sec. The capability of EBCT is summarized in Table 1.4.

Approximately 300 EBCT scanners were installed world

wide, representing only 1.5% of the entire CT market.

ECG-gating was unnecessary with EBCT although CT

acquisition could be triggered to the ECG.

The concept of improving mechanical scanners by

ECG-gating methods found poor clinical utility with single

slice machines. One solution for shortening exposure times

and breath holding requirements was proposed by

Redington.34 This involved adding multiple X-ray tubes 

(3 or more) with opposed detectors arrays. This idea has 

also been introduced recently in dual source multidector CT

(MDCT).

The concept of continuous spiral scanning began in the

1980s using slip-ring technology to transfer power continu-

ously during rotation. With the advent of smaller, high fre-

quency power units, this type of scanner became practical.35

In 2000, Willi Kalendar, using a slip-ring scan, demonstrated 

the value of spiral CT.36 Within a few years 8 then 16 and 

64 slice MDCT machines became available, allowing 

Table 1.3 Requirements for computed tomographic
scanning of the heart

1) Rapid scan time, 33 to 100 ms or less with
repeatability.

2) Multislice capability, eight or more simultaneously.
3) Repeat multislice study at 1 second during passage

of contrast bolus.
4) Scan registration using computed radiography for

slice localization.
5) Three-dimensional transformations into sagittal,

coronal and oblique images.
6) Software for quantitative analysis.
7) Contrast medium enhancement (contrast medium

with 40% iodine concentration)

Figure 1.15 A 1 cm thick CT scan following a 20 ml bolus
of intravenous contrast in a patient with a 36 hour antero
septal myocardial infarct. Note the negative perfusion
defect in the infarcted territory and normal enhanced
myocardium elsewhere during the first passage of con-
trast. RV = right ventricle and LV = left ventricle.

Figure 1.16 Contrast enhanced CT scan left panel in a
patient 72 hours after acute myocardial infarction. The
image on the left demonstrates hypoenhancement
(straight white arrows) in the anteroseptal regions of
ischemic injury after contrast infusion (white arrows). A
second scan middle panel, at the same level, shows
delayed enhancement of this zone at 10 mins. (curved
arrows) after contrast has washed out of normal
myocardium and the cardiac chambers. The right panel is
the same patient 3 months later demonstrating left ventric-
ular (LV) remodeling with thinning of the infarcted walls
(black arrows). Left ventricular aneurysm formation and
some compensatory hypertrophy of the free LV wall is
present.

LV

10 Computed Tomography of the Cardiovascular System
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many benefits, including isotropic resolution, which is 

important for 3D image processing. It preserves image qual-

ity during multiplanar reconstruction from the original CT

acquisition plane. The combination of 16 slice MDCT and

ECG-gating methods made cardiac imaging feasible for the

first time with mechanical CT scanners. It was now possible

to acquire a volume of contiguous 0.5 mm thick slices in 

10 seconds, with a significant reduction in contrast medium

requirements as well as breath holdings time. The coronary

arteries could be imaged even though scan speed remains at

300 m sec for a partial scan reconstruction; however with

ECG-gating it was lowered by a factor of 2 to 150 m sec 

or 75 m sec by integrating CT data acquired during 2 or 

4 consecutive heart beats.

EBCT enabled accurate quantitation of coronary calci-

fication, and could display the coronary arteries with con-

trast enhancement as well as the pulmonary veins. An

example is seen in Figure 1.17. This image was obtained in

the early 1980s. EBCT demonstrated the value of post

processing techniques long before they became routine

clinical tools and also the potential for CT angiography

(CTA).37–38 It seemed likely then, that once higher CT

temporal resolution became widely available, measure-

ments of all these structures and CTA would become rou-

tine in everyday clinical care. However, few were

convinced at that time.

12 LEFT VENTRICULAR
REMODELING

Myocardial infarction may result in compensatory hypertro-

phy, wall thinning and /or decreased myocardial thickening.

This was well demonstrated by CT with conventional 

ECG-gating CT and with EBCT. Figure 1.18 illustrates a

series of contrast-enhanced images during one cardiac cycle.

The EBCT scanner table was designed to angulate and can

therefore directly image the short axis plane without loss of

CT image resolution in the acquired transaxial plane by 3D

reconstruction. Endocardial and epicardial borders can be

defined and segmented, hence ventricular indices could there-

fore be obtained at each scan level from the cardiac apex to

base. The CT results compared favorably with established

methods, as shown Figure 1.19. CT can therefore be used to

evaluate patients in longitudinal studies. Reiter validated the

accuracy of EBCT for left and right stroke volume measure-

ments against implanted calibrated electrodes in dogs and also

by thermodilution an excellent correlation was found, as seen

in Figure 1.20. Simultaneous measures of right and left ventric-

ular volumes were obtained from the same CT data acquisi-

tions.39 Caputo and Roig et al. in separate studies demonstrated

the feasibility of performing exercise stress CT.40–42 Lanzer et

al.43 demonstrated the feasibility of performing CT with phar-

macological interventions.44–45 The effect of pacing can also be

assessed by CT, as shown in Figure 1.21. Further physiological

animal studies were performed with EBCT to explore the

pressure and volume effects of pericardial effusion on cardiac

function involving LV failure.44–45

13 CT MEASUREMENT OF
BLOOD FLOW

Single slice CT and later EBCT was also used to explore the

potential of CT to measure blood flow in vessels, cardiac

chambers and tissues. Jashke et al. used indicator dilation

theory to study CT in a phantom.46 Later blood flow was

measured by CT in non-moving organs, notably the spleen,

History of Cardiovascular Computed Tomography 11

Table 1.4 EBCT capability

1) Rapid scan time (50 ms).
2) Multislice capability (8 or more simultaneously).
3) Repeat multislice at 1 second (or faster) during

passage of contrast bolus.
4) Three-dimensional transformation into sagittal,

coronal, and oblique images.
5) Quantitative analysis software.
6) Subtraction.
7) Functional imaging analysis and display.

Figure 1.17 Post processed subtracted EBCT axial
image demonstrating the right (dotted arrow) and left coro-
nary arteries. There is calcification and beading of the left
anterior descending artery (solid arrow). PA = pulmonary
artery, AO – aorta, LA = Left atrium with 4 draining 
pulmonary veins.

PA

AO

LA
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liver and kidney.47 In the myocardium a gamma variant fit

can be obtained from the first passage of a short intravenous

contrast medium bolus, as shown in Figure 1.22. This was

used by Gould et al. to study myocardial blood flow at rest

and during maximum vasodilatation, and obtained a good

correlation on a regional basis with microspheres, as can be

seen for one dog in Figure 1.23, and for a series of 9 dogs in

Figure 1.24. Other early feasibility studies showed similar

results; more recently ECG-gated MDCT also appears to

validate this earlier work with similar studies.48–50

Ringertz showed reciprocal changes in blood flow in one

carotid artery during contralateral occlusion and stenosis.51

12 Computed Tomography of the Cardiovascular System

Figure 1.18 EBCT images acquired at 100 m sec interval in the short axis plane demonstrating the typical appearances
of the right and left ventricular cavities through the cardiac cycle.

The results were validated by electromagnetic flow probes on

each carotid artery. One approach is illustrated in Figure 1.25

where the peak arrival time at multiple levels along the vessel

can be measured by CT time-density curves and from this,

the velocity is calculated. Measurements of the vessel area

obtained from the axial CT images provide an area and veloc-

ity which is a useful measure of blood flow. The area under

the time-density curve reflects cardiac output, and this too

was validated against thermodilution, initially with a single

slice scanner and later EBCT.52–53 The linear regression line

for CT density in Housfield numbers against iodine concen-

tration is excellent over a wide range. Coronary artery by-pass
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graft patency with CT was first reported in a patient series by

Brudage et al. and W. Stanford.54–55 Measurements of graft

flow were explored by Rumberger et al.56–57

14 CONGENITAL HEART
DISEASE AND CT

The utility of CT for identifying intracardiac shunts 

was measured by Garrett et al. in a dog model, in which a

variable shunt was created between the left atrium and pul-

monary artery. CT measurements of shunt flow, using the

recirculation time/density curves (similar to nuclear medi-

cine studies) derived from an ROI over the atrium, showed

excellent correlation with measurements of oxygen satura-

tion curves.58

A large patient series with congenital heart has also been

studied with EBCT by Eldrige et al.59

History of Cardiovascular Computed Tomography 13

Figure 1.19 Global ventricular dynamics by EBCT in a
patient series, compared with established values by
radionuclide methods. A good correlation can be seen.
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Figure 1.21 Contrast enhanced 8 mm thick EBCT scans
at the same level during one cardiac cycle demonstrated
the position of a pacing catheter in the right heart. Motion
degradation due to pacemaker artifacts is not a significant
problem.

Figure 1.22 Myocardial perfusion curve generated over
a myocardial region of interest. Curve analysis provides
peak height. Blood flow (F/V) in any myocardial region can
be calculated as the ratio of the peak of the time density
curve in that area (P) to the area under the aorta or left
ventricle time density curve (A), which is representative of
cardiac output. HU = Hounsfield units.
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Figure 1.20 CT-derived left ventricular stoke volume
(LVSV) compared with true LVSV determined by electro-
magnetic flow probe (EMF) or thermodilution cardiac
output. Precision of measurements of right and left ventric-
ular volume by cine computed tomography. (From ref. 39
with permission)
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15 PULMONARY
HYPERTENSION

Pulmonary embolism was also evaluated by CT in acute and

chronic patients in the early part of the 1980s.60–62

16 SUMMARY

Many individuals have contributed to the development of

CT for cardiac applications. The early studies described

here suggest that CT still has a great deal to offer patients

with heart disease. Feasibility studies are important, but

now there is good evidence that MDCT, which is widely

available, will have the critical mass of proponents to pursue

it on a larger scale. Quantitation of cardiac function by CT

can be considered in two major categories. The first is by

motion versus time, in which endsystolic and diastolic

images provide linear, area and /or volume measurements of

arteries, cardiac chambers and myocardial walls over time

intervals.

The second method is by obtaining CT images during a

fixed phase of the cardiac cycle, usually diastole on every

heart beat or every other, and measuring the flow of contrast

(density) versus time, using indicator dilution principles.

CT has only been available for the past 30 years. Many

factors are involved in determining which diagnostic study

is preferred for a given patient with heart disease. These

include proven efficacy, robustness, reliability and accu-

racy, additionally the comfort and confidence of the refer-

ring physician, as well as patients’ is important. Availability

and cost are also relevant issues, as well as competing stud-

ies, which are far more established and accepted than newer

techniques.

14 Computed Tomography of the Cardiovascular System

Figure 1.23 Comparison of EBCT and radiolabeled
microsphere measurements of global myocardial flow in a
mongrel dog. The dotted line is the line of unity.
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Figure 1.24 Comparison of EBCT measurements of
regional myocardial perfusion with micropheres in a series
of dogs. Four areas of interest were identified at two LV
levels on CT images during sequential scans triggered at
end diastole to minimize motion. Chromonar was adminis-
tered to provide data for each 8 regions at rest and during
maximal vasodilatation. The microspheres were injected
simultaneously and the results graphed as illustrated in
pairs for resting and stress states by region. The error bars
illustrate the excellent correlation achieved. Measurement
of regional myocardial blood flow in dogs by ultrafast CT.
(From ref. 48 with permission).

CT

A1

10

8

6

F
lo

w
 (m

l/m
ln

/g
)

4

2

0
A2 B1 B2 C1

Segment

Regional flow – cine CT vs microspheres

C2 D1 D2

B a  sal
ms

CT
ms

Vasodilated
(20-30 min after
carbochrome)

n = 5

Figure 1.25 Illustration of the CT time density curves
generated at eight contiguous levels from a multilevel
EBCT flow sequence. The diagram represents a vessel-
like carotid artery. The peak arrival time is given for each
flow curve; hence, the velocity profile can be measured in
cm per sec. Blood flow can be estimated from the velocity
if the vessel area is known. This is readily calculated from
the many cross-sectional CT images.

8

7

6

5

4

3

2

1

Seconds

9781841846255-Ch-01  10/12/07  4:48 PM  Page 14



This historical review of feasibility and validation stud-

ies should provide a broad base and encouragement for

those more recently involved in cardiac CT. The early stud-

ies were designed to evaluate the potential of CT with the

expectation that it would one day become the success for the

heart that it has been for other organ systems. To this end

the literature referenced can be considered in four main 

categories, ranging progressively from: (1) mathematical

simulations, (2) Phantom experiments, (3) animal studies,

and (4) patient pilot studies and clinical trials.

The chapters which follow expand greatly on the cur-

rent and future clinical applications of CT for cardiovascu-

lar diagnosis.
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2
Physics of and Approaches to
Cardiovascular Computed Tomography

Marc Kachelrieß

1 INTRODUCTION

Cardiac computed tomography (CT) challenges the prob-

lem of imaging moving objects without showing motion

artifacts. The aim is to provide high fidelity images that

allow to perform coronary CT angiography, coronary calci-

fication measurements, soft plaque detection and dynamic

CT studies of the heart.

In general, CT requires at least 180˚ plus fan angle of

projection data to perform image reconstruction. This

implies that the intrinsic temporal resolution of a standard

CT scan is in the order of trot /2 or worse, where trot is the

time needed for a full rotation of the scanner and lies in the

order of 0.33 s to 0.5 s, today. With modern cone-beam CT

scanners it is possible to achieve trot /2 = 165 ms which is not

sufficient to perfectly image the anatomical details of the

moving human heart. Standard spiral CT image recon-

struction further makes use of all the data contributing to a

given voxel and therefore exhibits a temporal resolution of

about trot /p where p is the spiral pitch value defined by the

ratio of the table increment per rotation and the total colli-

mation (number of slices times slice thickness). The value

1/p quantifies the number of rotations that contribute to a

single point in the object. Typical pitch values lie in the

range from 0.1 to 1.5.

Special reconstruction algorithms have been designed

to allow reducing the data to a single 180˚ segment to

always come close to trot /2. If the object is moving in 

17

a periodic fashion it is further possible to use dedicated 

cardiac reconstruction algorithms that divide the required

180˚ into one, two or more smaller segments and collect

these smaller data segments from adjacent motion periods

(e.g. heart cycles) and that ensure that the same motion

phase always enters the image. Thereby, the temporal 

resolution can be improved proportionally to the number

of segments used and 4D phase-correlated imaging of the

heart is achieved. The alignment of these allowed data

intervals (be it one or several segments) to a desired motion

phase generates images where the object’s motion is frozen

in the desired motion state. These basic concepts of 

phase-correlated CT imaging were first proposed and

evaluated in Kachelrieß and Kalender1 and since then they

are widely used in clinical CT.2–12

To further improve the temporal resolution, new scan-

ner concepts that simultaneously utilize two x-ray sources

and two detector arrays were introduced in 2005. These

dual source CT (DSCT) scanners require only a 

90˚ rotation to acquire sufficient data and hence exhibit a

temporal resolution in the order of trot /4 or less. Thereby, 

83 ms temporal resolution are routinely achieved which is

sufficient to image patients with high heart rates and with

arrhythmia throughout all motion cycles.

This chapter gives an introduction into the basics of car-

diac CT as it is in use today. It focuses on physics, technol-

ogy and image reconstruction. Dose issues and cardiac CT

applications are addressed elsewhere in this book.
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2 CT BASICS

Clinical CT is the measurement of an object’s x-ray absorp-

tion along straight lines. As long as each object point is

probed by x-rays under an angular interval of 180˚ image

reconstruction of that point is possible. Therefore, clinical

CT scanners have an x-ray focal spot that rotates continuously

around the patient. On the opposing side of the x-ray tube a

cylindrical detector consisting of about 103 channels per 

slice is mounted (Figure 2.1). The plane of rotation is the 

x-y-plane.

The number of slices that are simultaneously acquired 

is denoted as M (Figure 2.2). In the longitudinal direction

(perpendicular to the plane of rotation), the size of the 

detectors determines the thickness S of the slices that 

are acquired. During a full rotation approximately of 103

read-outs of the detector are performed. Altogether about 

106 intensity measurements are taken per slice and 

rotation. The negative logarithm p(L) of each intensity

measurement I corresponds to the line integral along 

line L of the object’s linear attenuation coefficient 

distribution µ(x, y, z):

I0 is the primary x-ray intensity and is needed for proper

normalization.

The CT image f(x, y, z) is a close approximation to the

true distribution µ(x, y, z). The process of computing the CT

image from the set of measured projection values p(L) is

called image reconstruction and is one of the key compo-

nents of a CT scanner. For circle scans that perform meas-

urements at a fixed z-position, image reconstruction is rather

simple. It consists of a convolution of the projection data

p L
I L

I
dL x y z

L

( ) ln
( )

( , , ).= − = ∫
0

µ

Figure 2.1 Clinical CT is the measurement of x-ray
photon attenuation along straight lines. The in-plane scan
geometry is the fan-beam geometry with one point-like
source and many detector elements. During a rotation of
the gantry many line integrals are measured – enough to
perform image reconstruction.
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Figure 2.2 Spiral CT principle. Four scanner generations are shown: single-slice, 4-slice, 16-slice and 64-slice spiral CT
scanners.
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with the reconstruction kernel followed by a backprojection

into image domain:

where ϑ is the angle and ξ is the distance of the measured

ray L that is defined as x cos ϑ + y sin ϑ = ξ. The algorithm

is called the filtered backprojection (FBP) and is imple-

mented in all clinical CT scanners. Several reconstruction

kernels k(ξ) are available to allow modifying image sharp-

ness (spatial resolution) and image noise characteristics.

The reconstructed image f(x, y, z) is expressed in CT

values. They are defined as a linear function of the attenuation

values. The linear relation is based on the demand that air

(zero attenuation) has a CT value of –1000 HU (Hounsfield

units) and water (attenuation µwater) has a value of 0 HU.

Thus, the CT value is given as a function of µ as follows:

The CT values are often called the Hounsfield values. They

have been introduced by Hounsfield to replace the handling

with the rather inconvenient µ values by an integer-valued

quantity. Since the CT value is directly related to the atten-

uation values, which are proportional to the density of the

material, we can interpret the CT value of a pixel or voxel as

being the (approximate) density of the object at the respec-

tive location. It should be noted here that CT, in contrast to

other imaging modalities such as magnetic resonance 

imaging or ultrasound imaging, is highly quantitative

regarding the accuracy of the reconstructed values. The

reconstructed attenuation map can therefore serve for quan-

titative diagnosis such as the quantification of coronary 

calcifications.

3 SPIRAL CT

In the late 1980s, just when continuously rotating scanners

became available, a new scan mode was introduced by 

Willi A. Kalender.9,13,14 In spiral CT data acquisition is 

performed continuously while the patient moves at 

constant speed through the gantry. Viewed from the patient

the scan trajectory is a spiral. Although not obvious spiral 

scans turned out to yield better image quality than conven-

tional scans. This, however, requires the addition of 

z-interpolation as an additional image reconstruction step.9

A new scan parameter has been introduced in spiral CT:

the table increment d is the distance the table travels during

one rotation of the gantry. In conventional CT (circle scans)

this value has typically been equal to the collimated thick-

ness (adjacent but non-overlapping images). In spiral CT we

can choose d smaller or greater than M•S. One uses the 

so-called pitch value to relativize the definition of the table

increment 15:

Wtot is the total collimation and usually equal to the product

of the number of slices ¥ nominal slice thickness, i.e. 

Wtot = M•S. Small pitch values yield overlapping data and

the redundancy can be used to decrease image noise (more

quanta contribute to one z-position), to reduce artifacts or,
in case of cardiac CT, to improve temporal resolution

(Figure 2.3). Large pitch values increase the scan speed and

complete anatomical ranges can be covered very fast.

Typical values lie between 0.1 and 1.5 and spatial resolution

is not a function of the pitch value. However, for some scan-

ners pitch values up to 2 are allowed and the longitudinal

spatial resolution (z-resolution) decreases whenever the

pitch exceeds the value 1.5.

The inverse pitch 1/p measures how many rotations con-

tribute to each z-position. For example with p = 1 we find

p
d

W
=

tot

.

CT =
−µ µ
µ

water

water

HU.1000

f x y d p k
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Figure 2.3 The pitch value’s upper limit is determined by
the completeness criterion (c.f. Figure 2.1). Smaller pitch
values mean that redundant data are acquired. Cardiac CT
makes use of the data redundancy to select only interest-
ing data intervals, i.e. those that are in the desired phase
of cardiac motion.

Overlapping data acquisition: p < 1.5Maximum table increment: p ~~ 1.5

Maximum increment: angular range = 180° (completeness) 
    Overlapping scan: angular range > 180° (completeness + redundancy)

180° 180° 540° 900°

z

0°0° 360° 720°
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that a given z-position is covered by exactly one rotation and

for p = 0.5 two rotations contribute to the z-position, i.e. a

720˚ angular interval.

4 CARDIAC CT

The aim of cardiac CT is to provide images of the heart that

are free of motion artifacts and that correspond to a specified

motion phase. Only then can applications such as coronary

CT angiography or coronary calcification quantification be

carried out reliably and guarantee reproducible results.

To achieve this goal one must be able to synchronize

data acquisition and/or image reconstruction with the car-

diac motion and one must achieve a fairly high temporal

resolution. Synchronization is typically done using the

patient ECG signal that is recorded simultaneously with CT

data acquisition (Figure 2.4). Alternative approaches that

derive the motion signal directly from the patient raw data

or from a set of reconstructed images are in use, too.16, 17

Typical heart rates lie in the range from 40 bpm to 

120 bpm and correspond to a duration of the heart cycle

between 0.5 s and 1.5 s. To avoid blurring due to heart

motion it is desired to have no more than 10% of the motion

cycle show up in the reconstructed images and the temporal

resolution should be in the order of 50 ms to 150 ms,
depending on the heart rate. Since this cannot always be

achieved, high heart rates (above 70 bpm) are frequently

avoided by using premedication with beta blockers. CT

imaging requires projection data from at least 180˚ plus fan

angle. Using this minimal data interval guarantees 

a temporal resolution of slightly above trot /2 where trot is 

the time needed for one scanner rotation. An example that

shows the differences between a standard reconstruction

that uses all available data and a phase-correlated recon-

struction that only shows the minimal data required is given

in Figure 2.5.

4.1 Prospective triggering

One way to obtain phase-correlated CT images of the heart

is to use the ECG to trigger the scan (x-ray and data 

acquisition on). This prospective technique is typically used

in combination with circle scans. The scanner is continu-

ously rotating, the patient table is at rest and the x-rays and

data acquisition are switched on whenever the ECG signal

is about to arrive at the desired motion phase. X-rays and

data acquisition and are switched off after 180˚ plus fan

angle of data have been acquired. After one acquisition the

table is advanced by a certain amount (that typically corre-

sponds to the total collimation) and the procedure is

repeated until the complete heart is covered. The temporal

resolution lies in the order of trot /2 and image reconstruction

is a simple partial scan reconstruction (filtered backprojection

of 180˚ plus fan angle).

Since prospective gating is nothing but a sequential 

CT scan (step-and-shoot scan, multiple circle scan) 

triggered by an external signal it does not benefit from 

the higher image quality that can be achieved with spiral

CT. For example data inconsistencies due to patient 

motion between different table positions may show up in the
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Figure 2.4 In cardiac CT only data corresponding to a certain motion phase shall contribute to the images. In prospec-
tive gating techniques this phase is fixed, for retrospective gating one can vary the phase from reconstruction to recon-
struction. The width of the data intervals determines the temporal resolution.

teff = width / heart rate, e.g. 15% / 60 bpm = 150 ms

trot 2trot 3trot 4trot 5trot 6trot
t0

R R R R

phase
width

Allowed data 
ranges

Sync-Signal
ECG, Kymogram, ...

Heart motion
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reconstructed images and volumetric displays of the data

may not be of state-of-the-art quality.

4.2 Retrospective gating

One of the most prominent special CT applications today is

retrospectively gated CT of the heart. It combines the

advantages of spiral CT with phase-correlated imaging and

thereby guarantees highest image quality, isotropic spatial

resolution, fast scanning and high temporal resolution.

Cardiac spiral CT started with the introduction of dedicated

phase-correlated reconstruction algorithms for single-slice

spiral CT in 19971 and since then they have been extended

to multi-slice and cone-beam CT and are widely used in

clinical routine.2–12

The underlying principle of phase-correlated spiral CT

is to acquire highly overlapping spiral data using a small

pitch value. In this case the acquired data are highly redun-

dant and a given voxel or z-position is covered by far more

than the 180˚ actually needed. Dedicated image reconstruc-

tion algorithms make use of this data redundancy by select-

ing a small 180˚ interval from the large and redundant data

range (Figure 2.6).

Freely selecting such a data interval within the cardiac

motion cycle implies that the time trot / p the scanner covers

a given z-position (or a given voxel) is longer than the dura-

tion 1/fH of one heart cycle: Whenever the spiral pitch, the

patient heart rate and the scanner rotation time fulfill the

requirement

P < fH • trot

it is possible to retrospectively select a 180˚ interval at any

desired cardiac motion phase. Only then can one reconstruct

the complete heart as a function of time.

As an example, consider a patient with a heart rate of 

60 bpm and assume the scanner rotation is 0.33 s. Choosing

a pitch value of 0.2 or 0.3 would be adequate in this case,
a pitch value of 0.4 would be too high to allow for 
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Figure 2.5 Example images of the heart using a stan-
dard reconstruction (left) and a phase-correlated recon-
struction (right). Due to the low temporal resolution the
standard image is a superposition of all cardiac phases
and hence all structures are significantly blurred. This is
not the case for the phase-correlated image. C = 150 HU,
W = 700 HU.

Standard Phase-correlated

Figure 2.6 Principle of retrospectively gated cardiac CT. Standard reconstruction utilizes all available data, i.e. 1/p full
rotations. Cardiac reconstruction combines one or more data segments to yield a complete 180° data range with maxi-
mum temporal resolution.

−4p −2p 2p 4p 8p 10p0

CR

ECG

CR CR CR CR

Std

CD

CI

ZR

Multi-segment: One, two or more small intervals adding up to 180°. (ʻBi-phase,ʼ ʻMulti-phaseʼ)

Single-segment: One contiguous 180°+δ segment. (ʻSingle-Phase,ʼ ʻPartial Scanʼ)

Standard reconstruction: Available data are centered about the reconstruction position ZR.
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phase correlation. Note that lower heart rates require lower

pitch values and thus imply slower scanning.

With this so-called partial scan, single-segment or

single-phase approach one achieves a temporal resolution of

trot /2. In case of a 0.33 s rotation these are 165 ms. However,
one can further increase the temporal resolution by splitting

up the required 180˚ into two or more data segments that 

are collected from adjacent heart beats (Figure 2.6). These

so-called multi-segment or multi-phase approaches have the

advantage of increasing the temporal resolution by up to a

factor two or three, respectively. Of course, the scan speed

must be decreased to allow for two or three heart beats

during the coverage of a given z-position and the relation 

P < fH ∑ trot must be replaced by P < fH ∑ trot /2 or P < fH ∑ trot /3,
respectively. In practice, the algorithms are adaptive and

automatically choose the appropriate data segments as a

function of the scan pitch, the rotation time and the patient

heart rate1: low heart rates typically imply single-segment

reconstruction, high heart rates are handled with multi-

segment approaches, in case of varying heart frequency the

algorithms may adaptively switch between single- and

multi-segment mode.

However, the technique to collect data from multiple

heart cycles suffers from the fact that a lower pitch value is

required and that their benefit is dependent on the heart

rate. In a case where the heart rate is in resonance with the

scanner rotation, e.g. when the patient has 60 bpm and 

the scanner rotates with 0.5 s, the multi-phase approaches

exhibit the same temporal resolution as the single-phase

approaches because after one heart beat the scanner ‘sees’

exactly the same view angles as have been acquired already

during the first heart cycle. Therefore, the temporal resolution

exhibits a rather complex behavior (top curve in Figure 2.7)

and in case of resonances the multi-segment algorithms

exhibit the same low temporal resolution as the single-

segment reconstruction.5–18

4.3 Dual-source CT

From Figure 2.1 we have learned that a 180˚ data interval is

required to perform image reconstruction. Typically, this

requirement limits the temporal resolution to 50% of 

the scanner rotation time. However, when more than 

one x-ray tube and more than one detector, i.e. more than

one spiral thread, are built into the same gantry one can

acquire the 180˚ data range with less than 180˚ rotation

(Figure 2.8). With multi-source CT scanners the achievable

temporal resolution increases proportionally with the

number of sources used. For multi-segment phase-

correlated image reconstruction the heart rate dependency

turns out to far smaller with multi-source CT scanners than

with single source CT scanners (Figure 2.7, bottom two

curves).18

Regarding the literature the first multi-source CT sys-

tems that were realized attempted achieving fully four-

dimensional imaging by completely sampling large object

regions in the spatial and temporal domain with high spatial
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Figure 2.8 CT systems with two or three x-ray sources
require only a 90˚ or 60˚ acquisition interval to obtain com-
plete data. Hence, their temporal resolution is increased by
a factor of two and three, respectively, compared to single
source CT scanners.

Single source Dual source

Triple sourceTriple source

Figure 2.7 Temporal resolution in phase-correlated car-
diac spiral CT as a function of heart rate for scanners with
one, two and three source-detector systems. The temporal
resolution of multi-phase approaches is always equal to or
better than the temporal resolution of a single phase or
partial scan algorithm.5,18
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and temporal resolution.19–21 Cost and image quality issues

did not allow to commercialize this system. Liu et al.22

also proposed a multi-threaded CT scanner to improve 

temporal resolution but no system was realized. Neither of

these systems considered phase-correlated image recon-

struction, no design optimizations regarding temporal 

resolution were carried out and no reconstructions of 

clinical cardiac CT data were provided.

Recently, the first clinical dual source dual detector CT

system became available. It uses two threads, a z- and an 

α-flying focal spot (see Flohr et al.23 and Kachelrieß24

for details regarding the flying focal spot), and it reads out 

32 detector rows per thread (Somatom Definition, Siemens

Medical Solutions, Forchheim, Germany).25 Each projec-

tion thus consists of 2∑2∑32 slices (Figure 2.9).

The Definition scanner rotates at 0.33 s and thereby

achieves a temporal resolution of 83 ms for single-phase

(partial scan) cardiac image reconstruction. This is high

enough to obtain superb artifact-free images for a wide range

of heart rates, even in cases of arrhythmia. For example

Figure 2.10 shows a clear delineation of the coronary arter-

ies even into the most distal segments. Even more, recon-

structions can be performed at any cardiac phase with nearly

equal image quality (Figure 2.11). Higher temporal resolu-

tion can be achieved with DSCT using multi-segment

reconstruction techniques, just in the single-source case and

may be of use for functional assessment of the heart. In any

case, the DSCT experience gathered so far meets the expec-

tations and proves a significant benefit over single-source

CT systems.26,27

4.4 Kymogram-correlated 
cardiac CT

Typically, phase-correlated cardiac CT imaging uses the

patient ECG signal for synchronization and for correlation.

However, the ECG is an electric signal and does not exactly

map to the mechanical motion of the heart. Signals that
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Figure 2.9 The DSCT scanner Somatom Definition
(Siemens Medical Solutions, Forchheim, Germany) com-
prises two tube detector systems mounted at an angle of
90˚ and thereby requires only a quarter rotation to acquire
a complete CT data set. With 0.33 s required for a full rota-
tion its temporal resolution is 0.33 s/4 = 83 ms.

Dual source CT (DSCT) scanner

Figure 2.10 Heart rate independent cardiac imaging
with dual source CT: arrhythmic patient, heart rate from 
48 bpm to 90 bmp, 83 ms temporal resolution, 0.33 s rota-
tion, 13 s for 137 mm. Data courtesy of University of
Erlangen, Germany.

Arrhythmia fH = 48 ... 90 bpm

Figure 2.11 Heart rate independent cardiac imaging
with dual source CT throughout all cardiac phases: patient
heart rate from 79 bpm to 86 bmp, 83 ms temporal 
resolution, 0.33 s rotation, 6 s for 120 mm. Data courtesy
of University of Erlangen, Germany.

LAD end diastolic LAD end systolic
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directly reflect the cardiac motion, which is the source of

motion artifacts, may be promising alternatives for synchro-

nization. A raw data-based signal that fulfills this criterion is

the so-called kymogram function.16 It is based on the center

of mass theorem that allows to deduce the object center of

mass (COM) from the projection center of mass. All that is

required are a number of adjacent CT projections. From

these projections one can obtain the object center of mass by

simple triangulation (Figure 2.12). Due to the heart motion

the so derived object COM moves as a function of time and

this motion signal, the kymogram, can be used to synchro-

nize image reconstruction.

A recent study shows that kymogram-based image recon-

struction and ECG-based image reconstruction are of compa-

rable quality with ECG-based imaging being slightly

superior.28 Even though this is true on average, in about 5% of

the cases the kymogram provides diagnostic images while the

ECG does not (Figure 2.13). Therefore one may regard the

kymogram as a backup solution for those cases or for cases

where the ECG is not available at all or where it is deficient.

4.5 Optimal reconstruction phase

Since the heart’s contractile motion is a non-uniform quasi-

periodic motion, not all phase intervals in the cardiac cycle

are equally well suited with respect to the phase-correlated

reconstruction algorithm. The systolic phase corresponds to

the contraction of the heart and the myocardium shows a

high velocity. After relaxation the heart is almost at rest

which corresponds to the diastolic phase. The diastolic

phase represents the optimal cardiac reconstruction phase
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Figure 2.12 Kymogram principle. A few projections suf-
fice to triangulate the center of mass of the heart. Since
this COM moves as a function of time one can use the
resulting kymogram as a synchronization signal for cardiac
imaging.

Center of mass

Figure 2.13 In most cases both synchronization approaches are comparable. For some patients the ECG performs
better than the kymogram (left), for other patients the kymogram is superior (right). All four reconstructions show the opti-
mal reconstruction phase (found by manual selection). C = 150 HU, W = 700 HU.

ECG

ECG superior Kymogram superior

Kymo ECG Kymo
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for most cases,29 since the temporal window for the data

acquisition covers the period of rest. With increasing heart

rate, the systolic phase more frequently provides optimal

image quality. However, a general prediction of the 

optimal reconstruction phase showing a minimum of

motion is not possible. On the one hand, the possibility of an

optimal reconstruction in either the systolic or the diastolic

phase (both is possible depending on the patient), prohibits

this prediction. On the other hand, a slight patient-dependent

variation of the typical ECG phases makes the prediction

uncertain. Hence, it is common practice to approach the

optimal image quality adaptively by image reconstruction at

different phase points. To overcome these problems fully,

automatic algorithms, among them the said raw data-based

kymogram approach, have been proposed providing the

optimal reconstruction phase.17,30 Hereby, cardiac images

with an optimal image quality can be achieved with a single

image reconstruction process.

5 SUMMARY AND OUTLOOK

Motion artifact-free phase-correlated CT images of the

heart require fast rotating scanners in combination with

dedicated image reconstruction algorithms that are able 

to synchronize the cardiac motion with the raw data. In 

most cases the ECG signal is used for synchronization 

but alternative approaches, such as the raw data-based

kymogram signal or the image-based motion map, are avail-

able, too.
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Figure 2.14 Assessment of cardiac function requires 5D imaging (spatial domain + cardiac motion phase + contrast
bolus).31,32

Maximal enhancement Time to peak Perfusion (maximum)

Single-segment reconstruction algorithms obtain a tem-

poral resolution of roughly half of the scanner rotation time.

Multi-segment approaches that collect data from adjacent

heart cycles may obtain a significantly higher temporal res-

olution, given that the heart beat is not in resonance with the

scanner rotation and given a rather low pitch value.

Temporal resolution can be further increased by using dual-

source CT scanners and the first clinical studies show that

this DSCT technology appears to keep its promises or even

outperform them.

Today, the fastest scanners rotate at 0.33 s and one rou-

tinely achieves a temporal resolution of far below 100 ms. In

combination with isotropic sub-millimeter spatial resolution

the resulting CT images of the heart are of highest diagnos-

tic value.

In the future, scanners are likely to improve in temporal

and in spatial resolution. Better detector technology, faster

rotation times and multiple source-detector arrangements

will be required. Increasing the number of simultaneously

acquired slices — today 64 slices is standard — will allow to

scan the complete heart with just one circle trajectory. This

opens the door to phase-correlated dynamic scans of the

heart31,32 (Figure 2.14).
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3
Radiation Dose in 
Computed Tomography

Michael F. McNitt-Gray

The purpose of this chapter is to provide a discussion of

radiation dose in X-ray computed tomography (CT), with

specific application to CT of the cardiovascular system.

Although CT represents a small percentage of radiological

procedures performed, CT contributes a significant amount

to the collective effective radiation dose from all radiological

procedures.1 Rapid advances in CT technology have

increased both the utility and utilization of CT in many

clinical diagnostic applications. Specifically, as tube rotation

times climbed to the 0.5 second range and as the number of

detector rows first reached 16 and then continued on to 

64, the ability to perform CT scans for the coronary arteries 

has increased dramatically.2–4 This has led to a significant

increase in the number of patients being scanned for 

cardiovascular problems, both in a screening and diagnostic

context.

This chapter will first describe some terms related to

radiation dose and describe their methods of measurement.

In the next section, the effects of some key CT technical fac-

tors on radiation dose will be described briefly. The follow-

ing section will describe a few common uses of CT in

cardiac imaging, providing estimates of radiation dose for

each. Finally, a brief discussion will be provided for some

additional advances in CT (e.g. Dual Source CT) as well as

some radiation dose reduction technologies.

1 RADIATION DOSE BASICS

1.1 Radiation dose terms

1.1.1 Exposure

The term exposure is a term often used in the context of radi-

ation dose discussions. It is defined as the ability of 

X-rays to ionize air and is measured in units of Roentgen or

Coulomb/kg.5 This term generally describes the concentra-

tion of radiation in air at a specific point. While it does

describe how much ionization is created in air, it does not

tell how much energy is absorbed by tissues, nor does it

reflect the relative radiosensitivity of any particular tissue.

1.1.2 Radiation dose

The term radiation dose refers to the amount of energy

absorbed per unit mass at a specific point.5 This quantity is

measured in Grays (SI unit, where 1 Gy = 1 Joule/kg) or

rads (English unit, where 1 rad = 1 erg/gram), with the con-

version between the two being 100 rads = 1 Gy. Radiation

doses from CT in tissue are usually expressed in mGy (thou-

sandths of a Gray) range. This quantity does describe how

27
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much energy is absorbed from ionizing radiation in a small

volume centered at a specific point. However, it generally

does not specifically describe where that radiation dose is

absorbed or reflect the relative radiosensitivity or risk of

detriment to tissues being irradiated.

1.1.3 Effective dose

The term effective dose is not a physically measurable 

quantity, but is rather a construct designed to take into

account not only where the radiation dose is being

absorbed, but the relative radiosensitivity of the various tis-

sues being irradiated.6,7 It attempts to reflect the equivalent

whole-body dose that results in a stochastic risk that is

equivalent to the stochastic risk from a non-uniform, 

partial-body irradiation such as a CT scan. Effective dose is

calculated by estimating the individual organ dose to a 

specific set of radiosensitive organs, and then taking 

a weighted average of organ doses, as described in

Equation (1):

(1)

where E is the effective dose, wT is the tissue weighting factor,

wR is the radiation-weighting coefficient (1 for X-rays), and

DT,R is the average absorbed dose to tissue, where the 

subscript T represents each radiosensitive tissue, and the 

subscript R represents each type of radiation (in CT, only 

X-rays are present). The relative weighting factors are esti-

mated for each radiosensitive organ in Publication 60 of the

International Commission on Radiological Protection

(ICRP).6 It should be noted that these factors are under

review and that significantly different weighing factors have

recently been proposed by the BEIR VII (Biological Effects 

of Ionizing Radiation) report that is expected to be released 

in 2007. Effective dose is measured in Sieverts (Sv) or rems.

The conversion between Sieverts and rem is 100 rem = 1 Sv.

Typical values of effective dose from CT scans range from 

< 1 to 10 mSv (.001 Sv to .01 Sv).

Although methods to calculate the effective dose have

been established (ICRP Publications 60),6 these methods

depend heavily on the ability to estimate the dose to the

radiosensitive organs from the CT procedure (DT,R).

However, estimating the radiation dose to these organs is

problematic and direct measurement is not possible. Several

methods to estimate organ radiation dose, especially from

CT are outlined in McNitt-Gray.8

1.1.4. CTDI

While the above definitions are general for any form of radi-

ation, specific definitions for radiation dose from CT were

developed because of its unique geometry and usage. While

most conventional imaging methods (e.g. radiography)

involve the use of a source at a single stationary position, 

in CT the source rotates around the patient. In addition,

multiple exposures are acquired along the length of the

patient to cover the desired anatomic region(s). This kind of

usage resulted in a rotationally symmetric radiation dose

distribution that extends along some length of the patient.

To help characterize this unique geometry and usage,

methods were developed to calculate the radiation dose in a

set of standardized phantoms, referred to as the Computed

Tomography Dose Index (CTDI). In the original definition,

developed by investigators in the FDA,9,10 CTDI was

defined as the average dose in the center slice of a series 

of several contiguous slices, when measured in one of 

two cylindrical phantoms. The large phantom is 32 cm 

in diameter and is referred to as the ‘body’ phantom. The

smaller phantom is 16 cm in diameter and is referred to as

the ‘head’ phantom. Both are made of polymethylmethacry-

late (PMMA or an acrylic) and extend 15 cm in length. 

They each also have 5 holes drilled along the length of them

to obtain a standard set of measurements; one in the center

of the phantom and one each at ordinal positions 

1 cm from the surface of the phantom at the 12:00, 3:00, 6:00

and 9:00 positions around the periphery of the phantom.

Typically, measurements were made in the center position

as well as in at least one of the four peripheral positions.

Figure 3.1 shows a schematic of the CTDI measurement in

a phantom, along with an example of a single axial scan

radiation dose profile measured in the center position of the

phantom and the dose distribution along the longitudinal

direction that results from a series of contiguous axial scans,

measured at the center position in the phantom.

These investigators9,10 showed that in order to get the

average dose in the center slice of a series of several contigu-

ous slices, one need only estimate the area under the radia-

tion profile along the z-direction (longitudinal axis) of a

single axial tube rotation, integrate over the number of

slices, and divide by the total nominal beam collimation.

Therefore, a method was developed that allowed the use of

a long, integrating pencil ionization chamber placed at the

center of a single axial scan, to first measure the exposure

along the length of the phantom (at a specific measurement

position) and then use that measurement to calculate 

the CTDI value at a specific position (e.g. center or 12:00).

E w w D
TT R T R

= ∑ ,
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Originally, this was specified for 14 contiguous slices and is

often referred to as CTDIFDA. So that:

where N = the number of simultaneous slices produced in a

single rotation, T = width of each slice (so that the product

of NT yields the nominal width of the x-ray beam), and D(z)

is the measured radiation profile of a single axial tube rota-

tion exposure using that nominal beam width NT.

Because the standard length of the measuring device

(the pencil ionization chamber) is 100 mm, a slightly differ-

ent CTDI index was developed.11 In this metric, rather than

specifying 14 slices at a specific beam width, it was recog-

nized that the measurement was performed over 100 mm.

Therefore, the definition of CTDI100 was developed that

was very similar to that of CTDIFDA, but with fixed meas-

urement limits that extend from −50 mm to +50 mm:

This CTDI100 value is measured at the center and peripheral

locations of each phantom.

Because the center and peripheral positions will result in

different values (there is often a factor of two difference

from center to periphery in a 32 cm phantom), a weighted

average CTDI value was developed11:
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Figure 3.1 (a) Diagram illustrating the CTDI measurement geometry where a single axial scan is performed around one
of two phantoms; (b) the radiation profile measured along the longitudinal axis of the phantom at the center position result-
ing from a single axial scan; and (c) graph of the radiation profile measured along the longitudinal axis of the phantom at
the center position resulting from a series of contiguous axial scans, where the graph shows both profiles from the 
individual scans and the total that results from the summation of all of these scans.
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Finally, with the introduction of helical scanning, a

CTDI was developed to take into account the effects of the

relative table speed using the pitch factor.11 This is referred

to as CTDIvol (vol stands for volume) and is defined as:

This definition reflects the fact that, with all other factors

held constant, the radiation dose will be inversely propor-

tional to pitch. That is, as pitch decreases, the dose will

increase linearly by that same amount. This has significant

implications for cardiac scanning.

In summary, a series of dose indices have been devel-

oped through the years that are unique to CT:

● CTDIFDA represents the measurement across 14 widths

of the nominal beam width and hence the measured

length varies with the nominal beam width;

● CTDI100 represents values measured with a fixed length

of the 100 mm pencil ionization chamber, regardless of

the nominal beam width;

● CTDIw is a weighted average of CTDI100 values meas-

ured at peripheral and central positions within the

cylindrical phantom;

● CTDIvol represents the extension of CTDIw that takes into

account the table feed or pitch of the actual scan acquisition.

Because it is measured in a cylindrical phantom that is sim-

ilar to patients only in approximate diameter, these CTDI

values are not intended to reflect the actual radiation dose to

any specific patient; instead they are just relative indices of

the radiation dose. While they may not be very useful for

estimating, radiation dose to the breast for a specific CT

exam, they are very useful in comparing the relative radia-

tion dose of a scan with one set of technical parameters

versus another. This is illustrated below.

2 KEY TECHNICAL FACTORS
IN CT AND THEIR EFFECT ON
RADIATION DOSE

In X-ray CT, there are several factors that have a strong

effect on the radiation dose. These include the tube current-

time product (mAs), beam energy (kilovolt peak or kVp),

pitch (or relative table speed) and beam collimation among

other factors. These factors and the magnitude of their

effect on radiation dose will be described below.

2.1 Tube current-time
product (mAs)

The tube current-time product is often referred to as the

product of tube current (mA) and gantry rotation time 

(in seconds), or just simply ‘mAs.’ This term is meant to be

proportional to the photon fluence, or total number of 

photons (regardless of the energy of the photons, which will

be discussed in the next section), that are emitted by the 

x-ray tube.

There are several variations on the term ‘mAs.’ When the

x-ray beam is on for the entire rotation around the patient,

then the mAs value just equals the product of the tube current

setting in mA and the gantry rotation time. However, as will

be described below in section 3, there are times when the

beam is not actually on for the entire rotation (such as when a

partial scan is performed). In this case, the mAs value will be

the product of the tube current setting in mA and the actual

beam on time (and not the gantry rotation time). Another

variation on this term is the term ‘effective mAs’ or

‘mAs/slice’; these terms take into account the pitch value and

will be described below in section 2.3.

Radiation dose is directly proportional to this mAs value

as it represents the number of photons that are being emit-

ted by the x-ray tube. Therefore, as one increases the mAs,

the radiation dose will increase. Similarly, as one decreases

the mAs, the radiation dose will decrease. This is illustrated

in Table 3.1, in which some CTDIvol values (defined above)

were measured while the mAs value was varied.

2.2 Beam energy – kVp

X-ray CT uses an X-ray beam that contains a spectrum 

of energies. Each spectrum is characterized by the peak 

CTDI
CTDI

Pitchvol
w=
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Table 3.1 Typical radiation dose values measured by
CTDIvol (in mGy) for different mAs settings; all values
based on measurements done in 32 cm diameter CTDI
phantom for 120 kVp, 12 × 1.5 mm beam collimation,
pitch 1.0

mAs CTDIvol

100 7.7 mGy
200 15.4 mGy
300 23.1 mGy
400 30.8 mGy
500 38.5 mGy
600 46.2 mGy
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(or maximum) voltage (kVp) that is applied to the x-ray 

source. The influence of the kVP setting on radiation dose 

is illustrated in Table 3.2. This table shows CTDIvol values

measured at different kVp settings. When all other factors

(mAs, beam collimation, etc.) are held constant, changing the

kVp from 120 to 140 kVp increases the radiation dose by

approximately 50%.

2.3 Pitch

Pitch is defined for helical scanning as the table travel per

rotation divided by the total nominal beam collimation and

reflects the relative table speed:

A pitch value of 1.0 represents a contiguous acquisition

where the table advances one beam collimation width every

rotation. For example, in a 64 slice scanner where the nom-

inal beam collimation might be 64 × 0.625, the total beam

collimation would be 40 mm. If the table travel per rotation

were 40 mm, then a pitch of 1.0 would result. If the table

travel were faster, say 60 mm per rotation, then a pitch value

of 1.5 would result. Often in cardiac scanning, a lower pitch

value is used, such as 0.2; this means that the table would

only move 8 mm per rotation for that 40 mm nominal beam

collimation.

Pitch is accounted for in the CTDIvol definition. This

definition demonstrates that, with all other factors held con-

stant, radiation dose is inversely proportional to pitch. That

is, the radiation dose for pitch = 2.0 is half of that resulting

from using pitch 1.0. Similarly, the radiation dose resulting

from using pitch 0.2 is five times that resulting from using

pitch 1.0. This is shown in Table 3.3.

2.4 Beam collimation

In Multidetector row CT (MDCT) scanners, there are often

several choices of total nominal beam collimation settings.

Note that this refers to the total nominal width of the X-ray

beam at the scanner isocenter and not the width of the 

reconstructed slices. A specific example would be for a 

64 slice MDCT scanner that has options for beam collimation

settings of 8 × 0.625 mm, 16 × 0.625 mm, 32 × 0.625 mm and

64 × 0.625 mm. Each of these would result in a different 

total nominal beam collimation width at the scanner’s

isocenter; however, each of these beam collimation settings

would allow reconstruction of 0.625 and 1.25 mm thick 

slices (and perhaps even more slice thicknesses). For 

MCDT, the actual radiation beam width at isocenter is

slightly larger than the nominal beam width; this ensures 

that all detectors see the same amount of radiation, even the

detector rows at the extreme edges. This discrepancy 

between nominal and actual beam width can have implica-

tions on patient dose. Since we are interested in the radiation

dose, the radiation dose profile can be measured in air at

isocenter and this would describe how close the actual radi-

ation beam width would be to the nominal beam width.

Typically for MDCT, when the beam collimation is set 

to the largest possible width (e.g. 64 × 0.625 mm for a 

64 detector row scanner), there is a relatively small differ-

ence between the measured beam width and the nominal

beam width. However, when the narrowest beam collimation

settings are used (e.g. 8 × 0.625 mm setting), the actual beam

collimation can be significantly larger than the nominal. 

This ‘overbeaming’ can result in significant additional dose.

Note that the setting with the least amount of overbeaming 

is not always the widest setting; for the particular scanner

investigated for Table 3.4, the setting with the measured

beam width closest to nominal was the 20 mm beam 

width, not the 40 mm beam width, though the difference

Pitch
Table Travel per Rotation

TotalBeamCollim
=

aation
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Table 3.2 Typical radiation dose values measured by
CTDIvol (in mGy) for different kVp settings; all values based
on measurements done in 32 cm diameter CTDI phantom
for 300 mAs, 12 × 1.5 mm beam collimation, pitch 1.0

kVp CTDIvol

80 7.1 mGy
100 14.3 mGy
120 23.1 mGy
140 35.0 mGy

Table 3.3 Typical radiation dose values measured by
CTDIvol (in mGy) for different pitch values; all values
based on measurements done in 32 cm diameter CTDI
phantom for 120 kVp, 300 mAs, 12 × 1.5 mm beam col-
limation.

Pitch CTDIvol

0.20 115.5 mGy
0.24 96.3 mGy
1.0 23.1 mGy
1.5 15.4 mGy
2.0 11.6 mGy
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between these two is not large. These results are described 

in Table 3.4.

3 COMMON CARDIOVASCULAR 
CT EXAMS AND THEIR
RADIATION DOSE

In other chapters within this book, many applications using

CT for the cardiovascular system are described. While it is

not possible here to describe the radiation dose implications

for each one individually, this section will describe a few very

common exams and describe the radiation dose that results

from each one. The two most common exams of the coro-

nary arteries are a scan for coronary artery calcium and a

coronary artery computed tomography angiography (CTA)

exam. These two exams are carried out in quite different

ways and this has significant implications for radiation dose.

3.1 Prospective ECG-triggered 
CT – coronary artery 
calcium scanning

A coronary artery calcium study is often performed on

asymptomatic patients and the aim is to assess (and quantify)

the amount of calcium present in the coronary arteries.

Therefore, this study acquires images just of the coronary

arteries with as little motion as possible and, because these

are often asymptomatic patients, using as little radiation dose

as possible. This means that the examination is done without

any intravenous contrast agent and is done using prospective

ECG gating in a sequential axial acquisition, although 

helical scanning techniques are also sometimes used.

In prospective ECG (or cardiac) triggering, the x-ray

source is turned on and off so that image projection data is

collected only during certain predetermined R-R intervals

of the ECG wave (a typical value would be 40% of the 

R-R interval, but this has been varied in some studies). In

fact, the x-ray source is essentially being triggered (turned

on and off) by the ECG wave. This is done so that all of the

required projections are acquired during the quietest phases

of the ECG cycle to minimize cardiac motion in the result-

ing image. This is illustrated in Figure 3.2. Note that the

arteries are therefore only imaged at one phase of the cardiac

cycle, because that is all that is required to quantify the

amount of calcium present.

In this exam, the x-ray beam will only be on long enough

to create what is known as a ‘partial scan.’ This means that

the x-ray beam is on just long enough to collect the mini-

mum amount of data necessary to reconstruct an image; this

minimum is 180° of rotation plus the fan angle which typi-

cally equals approximately 240° (or 2/3 of a full rotation). For

a scanner that can perform a full rotation in 0.5 second, this

partial scan time is approximately 0.33 second. For 

a scanner that can perform a full rotation in 0.33 second, 

the partial scan time reduces to 0.22 second. Obviously, the

shorter the scan acquisition time, the less likely there will be

motion while imaging the coronary arteries.

After each exposure, the table will be incremented by the

nominal beam width as in conventional contiguous axial (or

sequential) scanning. In MDCT scanners, multiple detector

rows are used simultaneously to acquire multiple axial

images. For example in a 12 × 1.5 mm scan acquisition mode,

the nominal beam width is 12 × 1.5 mm, or 9 mm, and the

table feed would also be 9 mm to create the contiguous axial

scans. In this case, there are 12 separate images, each having

1.5 mm thickness; note that the projection data can also be

combined to create six 3 mm thick images (because quantifi-

cation of coronary artery calcium is typically done on 3 mm

thick images). For a 64 detector row scanner, the scan acqui-

sition might be done as a 64 × 0.625 mm scan acquisition with
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Table 3.4 Measured beam widths compared to nom-
inal beam collimation settings for a 64 detector row
scanner

Nominal beam Total nominal Measured % over 
collimation beam width beam width nominal

8 × 0.625 mm 5 mm 7.3 mm 46.0%
16 × 0.625 mm 10 mm 11.4 mm 14.0%
32 × 0.625 mm 20 mm 20.3 mm 1.5%
64 × 0.625 mm 40 mm 42.4 mm 6.0%

Figure 3.2. This figure illustrates that in prospective
ECG gating, the x-ray beam is turned on only during the
quietest phase of the heart cycle – typically starting at 40%
of the R-R interval.

X-ray beam on

R R
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a 40 mm table feed and images reconstructed with 2.5 mm

thickness. Because these scans are done with contiguous axial

scans, this results in the equivalent of a pitch of 1.0.

CT scans to quantify coronary artery calcium are typically

done at low mA settings. This is possible because of the higher

attenuation values (Hounsfield Units or HU) observed where

there is significant calcium in the coronary arteries 

(Figure 3.3), which are primarily due to calcium’s higher atomic

number (and higher k-edge, creating more photoelectric

absorption and hence, higher x-ray attenuation).

The radiation dose for these exams is relatively low. This

is because they use prospective ECG gating, partial scans, con-

tiguous axial scans and they are performed at low mA settings.

Table 3.5 shows some typical technical parameter settings and

CTDIvol values for this kind of exam. These values can be

compared to those in previously published works12–14 for coro-

nary artery exams. These previous estimates of CTDIvol

ranged from 2.2 to 5 mGy and effective dose estimates ranged

from 0.6 to 1.6 mSv. These will be compared with other types

of exams described in subsequent sections within this chapter.

3.2 Retrospective gated CT –
coronary angiography scanning

The aim of this examination is to assess whether there is

narrowing in any of the coronary arteries. This study is typ-

ically performed on patients with symptoms of coronary

artery disease and is performed with high resolution imag-

ing in all planes (including thin slices) so that multiplanar

reformations and 3D reconstructions can be performed and

covering several, if not all, of the phases of the heart cycle,

both systole and diastole.

To meet these requirements, and in contrast to the

prospective gating done to assess coronary artery calcium,

the coronary CT angiogram (CTA) is performed using 
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Figure 3.3 Image of a CT scan to assess coronary
artery calcium; this image shows a calcified plaque in the
left anterior descending coronary artery.

Table 3.5 Radiation dose values estimated from a prospective ECG gated, contiguous axial CT scan typically 
performed for coronary artery calcium assessment. Note that CTDIvol values are based on measurement data and that
the effective dose and organ doses that follow are based on estimates obtained from the ImPACT CT Dose calculator
version 0.99 × 15

Gating used Prospective ECG Prospective ECG Prospective ECG

Number of detector rows 4 16 64
Beam energy in kVp 120 120 120
Beam collimation 4 × 2.5 mm 16 × 1.25 mm 64 × 0.625 mm
Total nominal beam width 10 mm 20 mm 40 mm
Table feed 10 mm 20 mm 40 mm
Rotation time 0.5 sec 0.5 sec 0.33 sec
Partial scan time 0.33 sec 0.33 sec 0.24 sec
(Actual beam on time)
mA 190 190 264
mAs 63 mAs 63 mAs 63 mAs
CTDIvol (mGy) 6.4 6.2 5.9
Effective dose (mSv) 1.5 1.5 1.3
Breast dose (mGy) 7.1 6.7 6.0
Esophagus dose (mGy) 3.2 3.3 2.9
Thyroid dose (mGy) 0.12 0.12 0.12
Lung dose (mGy) 5.5 5.2 5.0
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an injection of an intravenous contrast agent, retrospective

ECG gating (described below), and a helical scan with a

pitch much less than 1.0. This results in radiation doses that

are much higher than in the previous section.

In retrospective ECG gating, the X-ray source is kept on

so that image projection data is collected continuously during

the helical scan. To ensure that sufficient image projections

are acquired for each location at all phases of the ECG wave,

the table movement is slowed down significantly by using a

low pitch value – typically 0.2 to 0.3. This is done so images

can be reconstructed for any phase of the cardiac cycle.

To be able to accurately assess the coronary arteries in

any plane, thin slice (£ 2 mm) acquisitions are performed.

With the advent of 16 and 64 slice scanners, these acquisi-

tions are typically done with submillimeter (£ 1 mm) slice

thicknesses. However, when these thinner slices are used,

the image noise increases.

These CTA scans are typically done at much higher mA

settings than the scans to assess coronary artery calcium.

This is true primarily because thin slice images require a

higher mA to keep image noise to an acceptable level where

the diagnosis can be made with confidence.

Therefore, the radiation dose for CTA exams is higher

than for coronary artery calcium scans. This is primarily

because this exam uses: (a) retrospective ECG gating which

requires low pitch values and (b) thin sections and relatively

low image noise, which requires high mAs. Table 3.6 shows

some typical technical parameter settings and CTDIvol values

for this kind of exam. These values can be compared with the

values found in references,12–14 which estimated CTDIvol

to range from 36 – 55 mGy and effective dose to range from

7–13 mSv for retrospectively gated coronary CTA exams.

Please note that these values are significantly higher than the

values encountered for the coronary artery calcium scans

described in the previous section.

4 RECENT ADVANCES IN CT

As multidetector row CT (MDCT) has advanced rapidly in

the last several years, there have also been significant devel-

opments related to the reduction of radiation dose from

MDCT as well.16 These are discussed in this section along

with their strengths and weaknesses in terms of their ability

to reduce radiation dose in clinical practice.

4.1 Tube current modulation
(automatic exposure 
control for CT)

The purpose of automatic tube current modulation is to

maintain constant image quality regardless of patient 

attenuation characteristics, thus allowing radiation dose to

patients to be reduced.17 That is, rather than using the same

tube current through both thick and thin parts of the patient

34 Computed Tomography of the Cardiovascular System

Table 3.6 Radiation dose values estimated from a retrospective ECG gated, helical scan with low pitch values per-
formed for coronary artery CT angiography. Note that CTDIvol values are based on measurement data and that the
effective dose and organ doses that follow are based on estimates obtained from the ImPACT CT Dose calculator 
version 0.99 × 15

Gating used Retrospective ECG Retrospective ECG Retrospective ECG

Number of detector rows 4 16 64
Beam energy in kVp 120 120 120
Beam collimation 4 × 2.5 mm 16 × 1.25 mm 64 × 0.625 mm
Reconstructed slice width 2.5 mm 1.25 0.625 mm
Total nominal beam width 10 mm 20 mm 40 mm
Table feed per rotation 2 mm 4.8 mm 9.6 mm
Pitch 0.2 0.24 0.24
Rotation time 0.5 sec 0.5 sec 0.33 sec
mA 250 300 450
mAs 125 mAs 150 mAs 150 mAs
Effective mAs (= mAs/pitch) 625 625 625
CTDIvol(mGy) 63.2 61.9 57.5
Effective dose (mSv) 15 15 13
Breast dose (mGy) 71 67 59
Esophagus dose (mGy) 32 32 29
Thyroid dose (mGy) 1.2 1.2 1.2
Lung dose (mGy) 55 52 49
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(such as when the tube moves from an AP position to a lat-

eral position around the patient), the tube current could be

reduced when the thinner, less attenuating part of the

patient is encountered. This would save radiation dose to

the patient and, even though fewer x-ray photons came out

of the tube at that position, there would be approximately

the same number of photons reaching the detectors because

there would be less attenuation through that portion of the

body; yielding the same image quality as when a higher

number of photons were used in a thicker portion of the

body. Thus image quality is maintained, but radiation dose

is lowered for that projection through the less attenuating

part of the patient. This is illustrated in Figure 3.4.

4.1.1 Conventional tube current 
modulation methods

There are several kinds of tube current modulation, all of

which share this same basic idea.17–21 The first kind is an

angular tube current modulation, where the tube current is

only varied with the angle of the x-ray tube current around

the patient. This is the kind of tube current modulation

referred to in Figure 3.4. In angular (x- and y-axis) tube cur-

rent modulation, the tube current is varied to equalize the

photon flux to the detector as the x-ray tube rotates about

the patient (e.g. from the anterior-posterior direction to the

lateral direction). Thus, an initial tube current value (or tube

current-time product value) is chosen and then the tube 

current is modulated (typically, decreased) from that initial

value within one gantry rotation. The resulting tube current

values might be as shown in Figure 3.4.

The next tube current modulation scheme varies the tube

current along the longitudinal (or z-axis) of the patient. In

this scheme, the tube current is varied to yield approximately

the same image quality across different anatomic regions

(e.g. shoulders vs. lung, or abdomen vs. pelvis) despite there

being large differences in attenuation. Therefore, the tube

current is higher through the more dense/attenuating

regions (e.g. shoulders) and then reduced for the lower atten-

uating regions (e.g. lung). This is illustrated very well in

McCollough et al.17 This can result in substantial dose reduc-

tion compared to a constant tube current scheme.

The last of the conventional tube current modulation

schemes is a combination where the tube current is modu-

lated in both the angular and longitudinal directions (x, y

and z) of the patient, as illustrated in Figure 3.5. This

involves variation of the tube current both during gantry

rotation and along the z-axis of the patient (i.e., from the

anteroposterior direction to the lateral direction, and from

the shoulders to the abdomen). This comprehensive scheme

provides the advantages of both methods above and there-

fore the dose is adjusted according to the patient-specific

attenuation in all three directions.

4.1.2 ECG-gated tube current modulation

In ECG-gated tube current modulation,22 the tube current is

raised and lowered in relation to the ECG wave, rather than

based on patient attenuation characteristics as described

above. These schemes keep the tube current value high

during the portion of the heart cycle where motion is

reduced (e.g. diastole) and then reduce the tube current

when motion is expected to be high (e.g. systole); this is illus-

trated in Figure 3.6. In this way, radiation dose can be

reduced without incurring much of an image quality

penalty as the projections acquired with low mA would 

typically have significant motion and would not be used.

Jakobs et al,22 reported a mean dose reduction of nearly 50%

when this scheme was used.

4.2 Dual source CT

In 2006, a dual source CT was introduced by Siemens

(Definition, Siemens Medical Solutions, Forcheim,

Germany).23 This unique scanner placed two x-ray 
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Figure 3.4 This figure illustrates that for the typical non-
circularly shaped patient, the tube current can be varied as
the x-ray tube is moved around the patient, resulting in the
same number of photons reaching the detectors for each
projection angle, which produces a constant noise level
while reducing radiation dose.
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sources on the same gantry in the same imaging 

plane, but offset by 90∞; two separate sets of detectors 

(similar to that used in the Siemens Sensation 64) are also

placed in the same imaging plane, opposite each x-ray

source. The primary purpose of this distinctive arrangement

was to improve temporal resolution for cardiac imaging. In

their article describing system performance,23 the authors

describe a temporal resolution of 83 ms. That is, a complete

set of projection data necessary to reconstruct an image 

was acquired within 83 msec, using single segment recon-

struction (temporal resolution improves to an average of 

60 msec down to a minmum of 42 msec when dual segment

reconstruction methods are used). In addition, because 

so many projections are acquired simultaneously, this 

temporal resolution is maintained for heart rates ranging

from 40 bpm all the way up to 120 bpm. This has allowed

coronary CT angiogram studies to be performed on patients

with a much wider range of heart rates and still yield 

a successful study with a minimum of cardiac motion in 

the image.

4.2.2 Dose reduction technologies utilized

While at first glance the notion of two x-ray tubes would

suggest a doubling of the radiation dose to the patient for a

cardiac CT exam, there have been several dose reduction

technologies employed for this scanner. The first is the 
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Figure 3.6 ECG-controlled tube current modulation. The tube current is lowered during phases of ECG wave where 
cardiac motion is expected to be high, and restored to higher values where cardiac motion is expected to be low.

Tube current R R R

Figure 3.5 Graph of the tube current (mA) shown with reference to a sagittal plane image of an adult female patient. In
this tube current modulation scheme, the tube current is varied both as the tube rotates around the patient (causing the
rapid changes in tube current value) and as the tube moves along the longitudinal position of the patient.
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ECG gated tube current modulation described above. For

this scanner, because the amount of time that the x-ray actu-

ally has to be on is shorter, the tube current can be reduced

for more of the cardiac cycle, thus allowing more dose

reduction than in 16 or 64 slice scanners. Another dose

reduction technology employed is that, as the heart rate

increases, the pitch is allowed to increase as well. Therefore,

rather than employing a fixed pitch value (typically 0.20 to

0.24) regardless of heart rate, this scanner allows pitch values

to range from 0.20 (for heart rates as low as 40 bpm) to 0.40

(for heart rates up to 120 bpm). Thus, not only does this

scanner allow imaging at these faster heart rates, the radia-

tion dose is actually decreased at those faster heart rates.

While there are other methods employed as well, these two

are the primary radiation dose reduction technologies used

in this scanner to help keep the radiation dose to levels com-

parable to previous technologies used for cardiac scanning.

5 SUMMARY

CT is being used for a wide variety of cardiac imaging appli-

cations, ranging from exams to assess coronary artery calcium

to detailed coronary CTA studies of the arteries. In this sec-

tion, the elements of radiation dose were defined as well as

the technical factors that influence dose. The magnitude of

radiation dose from several types of CT exams was described

as well as some technologies for radiation dose reduction.

As CT technology continues to develop the ability 

to cover more of the patient with better spatial and tempo-

ral resolution, especially if this continues to develop 

in a cost-effective manner, then its utilization will also

increase. Because CT does use ionizing radiation, it is pru-

dent to continue to understand issues related to radiation

dose and to encourage methods that will reduce the 

radiation dose necessary to accomplish the clinical objectives

of the imaging study.
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4
Cardiovascular Computed 
Tomography: A Clinical Perspective

Mario J. Garcia

1 INTRODUCTION

Coronary artery disease (CAD) is one of the leading causes

of death and disability in the industrialized world. Invasive

coronary angiography is considered the diagnostic standard

for establishing the presence and severity of significant

CAD. However, interventional treatment is generally per-

formed in no more than 50% of diagnostic procedures. As

invasive procedures have an associated mortality (0.15%)

and morbidity (1.5%),1 attention has been turned to finding

accurate noninvasive diagnostic tests. Noninvasive imaging

testing for the detection of CAD has evolved significantly

over the last 50 years. From resting ECG, to stress ECG, and

stress echocardiography and nuclear imaging tests, we have

gradually improved our ability to detect CAD. Stress testing

is useful to establish prognosis in patients with suspected

coronary artery disease but has limited diagnostic utility.2 In

the best circumstances, the accuracy of stress imaging tests is

<85% for the detection of obstructive disease and negligible

for the detection of non-obstructive CAD.

Recent technological advances have led to a substantial

increase in spatial and temporal resolution, as well as short-

ening of the image acquisition time, making it possible to

visualize the beating heart with electron-beam (EBCT) and

multi-detector computed tomography (MDCT). The first

clinical applications were focused on the evaluation of car-

diac volumes and function, the pericardium and the great

vessels. More recently, cardiac MDCT has gained popularity

for the detection and quantification of coronary artery 

disease.3,4,5 The evolution of MDCT technology has occurred

much faster than EBCT over the last decade. The number of

uninterpretable MDCT coronary studies has gradually

decreased from 20–40% using 4-slice, to 15–25% with 

16-slice and is now as low as 3–10% with 64-slice systems.

Cardiac MDCT is the fastest growing noninvasive diagnos-

tic cardiac imaging modality in the US, with dedicated 

cardiovascular systems available now in most large hospital

and outpatient cardiology practices. In addition to coronary

angiography, MDCT is commonly utilized for 3-dimensional

planning of electrophysiological and surgical proce-

dures, such as radiofrequency ablation, redo-myocardial 

revascularization and aortic aneurysm and dissection repair.

In this chapter we will review the current and develop-

ing clinical applications of the rapidly evolving field of 

cardiac MDCT.

2 PATIENT SELECTION

2.1 Technical considerations

The physical principles and instrumentation of cardiac

MDCT have been discussed at length in previous chapters.

However, it is important to revise the technical considera-

tions that are pertinent to patient selection. Cardiac imaging

demands a very high temporal resolution, as the heart is in

39
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almost constant, rapid phasic motion, which involves short

axis and long axis deformation as well as torsion. Current

generation MDCT systems require the acquisition of 

6–10 cardiac cycles in order to visualize the complete cardiac

volume. In order to obtain a high quality cardiac study the

following conditions need to be met: (1) the heart rate

and/or the temporal resolution of the scanner are suffi-

ciently low to complete a phase acquisition during either iso-

volumic relaxation or diastasis; (2) the heart rate variability

is minimal, therefore the temporal registration coincides for

all or most of the acquired cardiac cycles; and (3) the time of

acquisition is short, therefore respiratory motion is avoided

and contrast delivery is optimized. Accordingly, cardiac

MDCT may not be suitable for patients with fast or irregu-

lar heart rhythms or those with severe pulmonary disease. In

addition, image quality has been shown to be decreased in

morbidly obese patients. These considerations apply prima-

rily for MDCT coronary angiography since motion artifacts

are rarely severe enough to impair the visualization of larger

structures such as the left atrium, pulmonary veins, cardiac

masses or the aorta.

2.2 Radiation dose and 
patient safety

Cardiac MDCT, like invasive angiography involves radia-

tion exposure. The ‘effective dose,’ expressed in milli-

Sieverts (mSv), depends on multiple factors, including

volume of acquisition required, duration of the scan, and

radiation energy level used. The volume of acquisition is

typically 12–16 cm for coronary angiography and 18–25 cm

for angiography for coronary bypass conduits. The radiation

energy level required to obtain adequate image quality will

depend on the width of the patient’s chest, the type of study

and desired spatial resolution. Current MDCT systems with

64 detectors provide a typical dose range in the order of 8 to

20 mSv for coronary angiography. This compares to 2–6

mSv for invasive angiography, and 10–30 mSv for nuclear

myocardial perfusion imaging. Strategies to minimize effec-

tive dose in MDCT include dose modulation, which,

depending on heart rate, may reduce total radiation expo-

sure up to 50%. It is estimated that the risk of cancer may

increase by 1:2000 in MDCT coronary studies, depending

on the age of the patient. Because of these concerns, the wide

application of MDCT as a screening test is not justified until

more outcome data becomes available.

The relative risk of contrast nephropathy needs to be

considered when ordering a contrast-enhanced cardiac

MDCT study. In patients who are determined to be at

higher risk, the risk/utility of MDCT needs to be compared

with that of alternative diagnostic tests. An invasive diag-

nostic coronary angiogram may be performed in many cases

using a lower amount of contrast (30–50 ml), and thus may

be a preferred option for patients with renal insufficiency.

3 CLINICAL APPLICATIONS

3.1 Calcium scoring

The volume of calcified atherosclerotic plaque burden in the

coronary arteries may be measured based around a radio-

graphic density-weighted volume of plaques with pixel

numbers of a least 130 HU. The prognostic value of the cal-

cium is well established.6 The presence of coronary calcifica-

tion is a predictor of adverse cardiovascular events. The risk

increases above a calcium score > 100 (RR = 1.9), although

several studies indicate that the predictive value is higher

when adjusted for gender and age. Although the utility of

screening asymptomatic individuals remains controversial,

several studies support that the calcium score provides prog-

nostic information independent of conventional risk factors,

particularly for individuals at intermediate and high risk. In

a recent study published by Greenland et al., a calcium score

>300 was associated with a significant increase in CHD

event risk compared with that determined by clinical score

alone.7 In patients with Framingham risk scores of 10–15,

patients with a calcium score >300 had a 7% cardiac event

rate compared to 4% in those with a calcium score of <100.

In those with Framingham risk scores of 15–20, a calcium

score >300 was twice as high as in those with a score <100

(Figure 4.1). Patients determined at low risk by clinical 

Figure 4.1 Risk of cardiac events according to
Framingham risk and calcium score (From Greenland et al.)7

20
CACS

0

1-100

101-300

≥301

16

12

8

C
or

on
ar

y 
de

at
h 

or
no

nf
at

al
 M

I, 
%

4

0
0-9 10-15

Framingham risk score, %
16-20 ≥21

9781841846255-Ch-04  10/12/07  4:50 PM  Page 40



criteria, however, appear to derive minimal additional 

prognostic benefit from calcium scoring. Some experts even

suggest that a calcium score may in aggregate have a detri-

mental effect on the quality of life of screening populations.8

3.2 MDCT coronary angiography

The use of contrast-enhanced ECG gated CT for 

visualization of the coronary arterial lumen and vessel wall

became available first with EBCT, but has gained popular-

ity with the introduction of 16–64-slice MDCT scanners.

Guidelines for training have been recently issued by the

American College of Cardiology and American Heart

Association.9

Figures 4.2–4.4 are examples of atherosclerotic coronary

arteries as seen by MDCT and invasive coronary angiogra-

phy. From these images it is easy to appreciate that MDCT

and conventional coronary angiography provide different

information and, therefore, one should not expect a perfect

agreement in their quantitative determination of luminal

stenosis. Unlike conventional angiography, MDCT pro-

vides visualization of the atherosclerotic plaque. In some

cases, calcified plaque volume may be overestimated by

MDCT due to partial volume and blooming artifacts, lead-

ing to overestimation of stenosis severity. In other instances,

stenosis severity may be underestimated by conventional

angiography. Typically, only 2 or 3 projections are obtained

in a conventional angiogram for each vessel. In contrast,

MDCT is a 3-dimensional imaging technique, and thus 

provides an infinite number of projections.

Several studies10.11,12,13,14,15,16,17,18,19,20 have compared the

results of 16-slice MDCT coronary angiography for the

detection of coronary artery stenosis with conventional

angiography in patients with known or suspected CAD

referred. In most studies, analysis of MDCT data was per-

formed by investigators blinded to the results of invasive

angiography and, in all but two, was limited to coronary

segments of more than 1.5 or 2 mm in diameter. In most

cases, significant coronary artery stenosis was defined as a

≥50% lesion. The prevalence of significant CAD in patients

enrolled in these studies ranged from 42–83%, since most

included patients with high probability of CAD clinically

referred for cardiac catheterization. It should be also noted

that about 5–30% of all analyzable segments were excluded

from analysis due to motion, severe calcified plaques and

other imaging artifacts. These single center studies have

reported sensitivities and specificities for the detection of

obstructive coronary lesions using 16-row MDCT scanners

ranging between 30–95% and 86–98%, respectively. A few

16-slice MDCT studies have reported accuracy using each

patient as the unit of analysis. The sensitivity for detecting

obstructive CAD per patient has been reported between

85–100%, and the specificity between 78 and 86%. 
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Figure 4.2 A. This MDCT oblique coronal image obtained from a patient with anginal symptoms demonstrates a moder-
ately severe stenosis at the bifurcation of the left anterior descending coronary artery and the first diagonal branch. B. The
coronary angiogram confirms moderately severe stenosis of the vessel.

BA
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Positive predictive values have ranged between 72 and 90%

per segment and 81–97% per patient, and negative predic-

tive values between 97–99% and 82–100%, respectively. As

expected, sensitivity has been higher in those studies that

excluded small vessel segments. However, most experts

agree that the ability of detecting obstructive coronary dis-

ease in smaller caliber vessels is less important, since

myocardial revascularization is often not required or unable

to be performed. The accuracy of MDCT coronary angiog-

raphy appears to be also reduced when performed in

patients with morbid obesity. Clinical data show that stan-

dard currently available temporal resolution is not sufficient

to cover the normal range of resting heart rates. This defi-

ciency is corrected with beta-blocker-induced heart rate

reduction, which prolongs diastole and extends the phases of

low cardiac and subsequent coronary motion to allow artifact-

free imaging. Two strategies have emerged to increase 

temporal resolution. One is based on faster gantry rotation.

The reconstruction of one MDCT frame depends on a 180˚

turn of the gantry; thus temporal resolution increases lin-

early with shortening of the gantry rotation.21 The second

strategy is based on shortening the reconstruction window

within a single heart cycle by segmenting image data acqui-

sition over multiple heart beats.22 An adaptive multi-cycle

reconstruction approach combines data from consecutive

cardiac cycles and enhances temporal resolution to an 

average of 140 ms.23

We recently completed a multicenter trial that 

studied the accuracy of MDCT coronary angiography per-

formed with 16-slice scanners.24 In this study, we enrolled 
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Figure 4.3 A. This MDCT curved multiplanar
reconstruction of the left anterior descending
coronary artery was obtained from a patient with
anginal symptoms. The image demonstrates a
severe stenosis in the mid segment of the vessel
caused by an ulcerated plaque. B. The coronary
angiogram confirms severe stenosis in the
middle left anterior descending coronary artery
(arrow). C. The delayed frame from the
angiogram demonstrates residual contrast in the
ulcerated plaque area.
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238 patients with high or intermediate risk who were clini-

cally referred for diagnostic angiography. Patients first

underwent a calcium score scan followed by MDCT

angiography prior to invasive angiography if the Agatston

calcium score was <600. Coronary angiography and

MDCT data sets were quantitatively and analyzed by

blinded independent core laboratories. In the 187 patients

who underwent MDCT, there were 89 segments (5.5%) in

59 patients (32%) with stenosis >50% by conventional

angiography. Of 1629 segments >2 mm in diameter, 71%

were evaluable on MDCT. All nonevaluable segments were

censored as ‘positive,’ since in clinical practice they would

also lead to performance of angiography. Using this

approach, the sensitivity, specificity, positive and negative

predictive values for detecting >50% luminal stenoses were

89%, 65%, 13% and 99%. In a patient-based analysis, the

sensitivity, specificity, positive and negative predictive

values for detecting subjects with at least one ‘positive’ 

segment were 98%, 54%, 50% and 99%. The high number of

non-evaluable and false-positive segments in this study indi-

cates that 16-slice MDCT may lead to an excessive number

of catheterizations or additional functional testing if applied

indiscriminately. Nevertheless, given its high sensitivity and

negative predictive value, 16-row MDCT may be very

useful excluding coronary disease in selected patients in whom

a false-positive or inconclusive stress test result is suspected.

It is anticipated that the lower number of nonevaluable seg-

ments seen with 64-slice scanners will likely result in higher

specificity and positive predictive values, allowing wider

implementation of this test.

An important advantage of the new generation 32, 

40 and 64-channel MDCT systems is their greater cranio-

caudal coverage per rotation, which allows shorter breath-

holds and consequently higher contrast injection rates,

smaller contrast injection volumes, and fewer artifacts related

to patient breath-hold compliance and heart rate variabil-

ity.25,26,27 Studies have shown that the superior performance

characteristics of 64-slice MDCT in terms of spatial and tem-

poral resolution lead to measurable improvement in image

quality.28 The sensitivities and specificities for the detection of

coronary artery stenosis studies have been reported between

92–95% and 95–99%, respectively, using 64-slice scanners.

The number of nonevaluable segments excluded has been

reduced below 10% in most studies, also representing a signif-

icant improvement when compared with previous generation

scanners. One of the most recent analyses of 64-slice MDCT

with state-of-the-art scanning and analysis of all segments

identified 19 of 21 severe lesions requiring revascularization

at subsequent catheterization.

Evaluating coronary artery stenosis in patients with

extensive coronary artery calcifications may be difficult.

Reconstructions involving calcified structures tend to 
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Figure 4.4 A. This MDCT oblique sagittal image obtained from a patient with history of myocardial infarction demon-
strates a totally occluded right coronary artery with retrograde collateral filling. The mid portion of the artery is filled by
thrombus/non-calcified plaque (105 Hounsfield units). B. The coronary angiogram confirms complete occlusion of the
vessel.
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overestimate the volume set representing calcium 

(‘blooming’) because of the ‘partial volume averaging,’ 

by which much of the coronary lumen is apparently occu-

pied by calcified plaque, and because of ‘beam hardening,’

where the calcium shields the true lumen. A recent 

study has analyzed the performance of MDCT after exclud-

ing patients with very high calcium score.28 In their series

the respective sensitivity and specificity were 77 and 97% for

all patients (n = 60) vs. 98 and 98% when only those patients

with a score <1000 were included (n = 46). Since sympto-

matic patients with very high calcium score have a very high

probability of having obstructive coronary artery disease, 

it is reasonable to avoid MDCT angiography and proceed

directly to invasive catheterization in these patients.

The assessment of previously stented coronary vessels

remains an important limitation to MDCT coronary

angiography.29 A study using 16-slice MDCT reported

evaluable images in only 126 of 232 stented segments

(64%).30 In a recent study performed with 64-slice MDCT ,

2 of 2 stents with severe stenosis were accurately identified,

2 of 2 stents with moderate stenosis were missed by MDCT,

and 4 of 9 stents with no angiographic restenosis were deter-

mined as stenotic by MDCT. The ability to evaluate the

lumen of stented vessels depends on the type and the diam-

eter of the stent. Practical delineation of in-stent stenosis

remains difficult in lumens smaller than 3 mm diameter, as

the internal luminal diameter is often underestimated due

to partial volume and blooming artifacts. Improved visuali-

zation may be obtained in some cases, however, using sharp

reconstruction filters.31

MDCT coronary angiography is very useful in assessing

the origin and course of congenitally anomalous coronary

arteries.32,33 Compared to conventional angiography,

MDCT can easily determine the 3-dimensional relationship

of anomalous coronary arteries with the aorta and pul-

monary arterial trunk. In addition, MDCT can also detect

arteriovenous fistulae, myocardial bridges and aneurysmal

dilatation of the coronary vessels.

3.3 Evaluation of atherosclerotic
plaque volume and morphology

Figures 4.5 and 4.6 show representative examples of calci-

fied and noncalcified coronary atherosclerotic plaques.

Acute rupture of vulnerable plaques has been shown to play

a significant role in the development of acute coronary syn-

dromes.34 Until recently, intravascular ultrasound (IVUS)

was the only diagnostic tool capable of detecting the 
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presence, extent and composition of these plaques in the

coronary arteries in-vivo.35,36,37 Unfortunately, the wide

application of IVUS as a screening tool for risk assessment 

is impractical due to the need for and high cost of invasive

catheterization. In contrast to invasive coronary angiogra-

phy, MDCT angiography is also capable of imaging the

vessel wall. Recent studies have documented the ability of

MDCT visualizing atherosclerotic coronary plaques38.39,40

and differentiating calcified from non-calcified lesions

based on Hounsfield unit values. In a series of 22 patients

clinically referred for IVUS, MDCT correctly identified 

the presence of coronary atherosclerotic plaques in 41 of 

50 affected segments.41 The sensitivity of MDCT is greater

for calcified (94%) than for mixed (78%) or soft (53%)

plaques, and is limited for small caliber vessels. Plaque

volume tends to be systematically underestimated by

MDCT compared to IVUS, and luminal calcified plaque

tends to be overestimated. In a recent study, there was 

reasonable correlation between mean plaque area defined 

by IVUS and 64-slice MDCT (r = 0.73), but sensitivity for

detection for stenosis >75% was only 80%.

In addition to quantifying plaque volume, MDCT 

may be capable of characterizing, to some extent, plaque

composition. We recently compared the IVUS and MDCT

results of 40 patients with previously documented coronary

artery disease.42 Cross-sectional images obtained at 10 mm

increments were assessed for percent luminal area reduc-

tion. Atherosclerotic plaques were classified by IVUS as

soft, fibrous and calcified. In the matched MDCT images,

regions of interest of 1–3 mm in diameter were placed

inside each plaque, and tissue contrast was measured in

Hounsfield Units (HU). From a total of 276 plaques exam-

ined by IVUS and MDCT, there were 188 (68.2%) soft, 

45 (16.2%) fibrous and 43 (15.5%) calcified plaques. The

MDCT attenuation values of soft, fibrous and calcified

plaques were 71.5 ± 32.1, 116.3 ± 35.7 and 383.3 ± 186.1, 

p <0.001, respectively (Figure 4.7). Using a cutoff value 

of 185 HU, 273 of 276 (99%) plaques were correctly 
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Figure 4.5 A. This MDCT axial image demonstrates mild narrowing of the proximal left anterior descending coronary
artery caused by a non-calcified plaque. B. The zoomed cross-sectional view demonstrates the noncalcified plaque 
(55 Hounsfield units) causing mild narrowing of the coronary lumen (419 Hounsfield units). C. The coronary angiogram
demonstrates mild narrowing of the proximal segment of the left anterior descending coronary artery (arrow).

Figure 4.6 A. This MDCT oblique axial image obtained from a patient with atypical chest pain demonstrates eccentric
calcified plaques (arrow) with mild stenosis of the proximal left anterior descending coronary artery. B. The zoomed cross-
sectional view of the vessel demonstrates the eccentric calcified plaque (1134 Hounsfield units) causing mild narrowing of
the coronary lumen (424 Hounsfield units).
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classified as calcified or noncalcified. Using a cutoff value

of 88 HU, 192 of 233 (82%) noncalcified plaques were 

correctly classified as fibrous or soft. Whether MDCT

could be used in the clinical practice as a screening test

remains to be proven, but in selected patients at low-

intermediate risk, it could potentially help to justify life-

long aggressive preventive intervention. MDCT plaque

characterization could also potentially serve to device 

optimal revascularization strategies.

3.4 Evaluation of coronary 
artery bypass grafts

Several studies using 16-slice MDCT have investigated the

accuracy in identifying stenosis in coronary bypass conduits.

The reported sensitivity, specificity, positive and negative

predictive values for detecting total graft occlusion have

been reported at 96%, 95%, 81%, and 99%, respectively.43

Imaging of the distal anastomosis site is feasible in almost

75% of patients (Figure 4.8). Although determining total

vein graft occlusion is quite straightforward, quantifying

moderate stenoses may be difficult. Motion artifacts and

interference by surgical clips often limit the assessment of

vessel anastomosis. Although graft position is easily visual-

ized in patients following coronary artery bypass surgery

(CABG), analysis of the native vessels is often more difficult

in these patients, due to poor run-off, more extensive 

calcification and smaller lumen size. This can potentially

limit the diagnostic utility of MDCT angiography in this

setting. MDCT angiography may also help characterize the

3-dimensional location of preexisting coronary grafts in

relationship to each other and to the chest wall in patients

undergoing repeat sternotomy.

Stents/surgical clips artifacts remain a significant 

obstacle to image quality with MDCT. Metal artifacts may 

limit the assessment of the distal anastomosis of internal 

thoracic grafts, where the vessel lumen becomes essentially

uninterpretable at that point.

3.5 Evaluation of myocardial
function and perfusion

In patients with ischemic heart disease or cardiomyopathies,

MDCT has the ability to combine retrospectively gated

phases of the cardiac cycle allowing for accurate quantifica-

tion of LV mass, volumes, and EF.44 These methods create

a 17-segment model, perform favorably in comparison to

invasive ventriculography and may be used to quantify

regional LV dysfunction. The data are acquired at the time

of the coronary study and require no additional contrast or

radiation.

Previous studies performed with electron beam com-

puted tomography45,46 have demonstrated hypodense areas

in the left ventricular myocardium representing reduced

iodine contrast appearance in the presence of flow-limiting

coronary obstruction. More recently, similar findings have

46 Computed Tomography of the Cardiovascular System

Figure 4.8 This MDCT oblique sagittal view was
obtained from a patient with coronary artery disease and
previous bypass surgery. The arrow demonstrates the
distal anastomosis of an aorto-coronary bypass graft to the
left anterior descending coronary artery. A previous internal
thoracic artery graft to the same vessel is totally occluded
and the metallic clips are visualized (arrowheads).

Figure 4.7 MDCT tissue contrast of calcified (CP),
fibrous (FP) and soft plaques (SP) measured in Hounsfield
Units (HU). (From Carrascosa et al.)42
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been reported by MDCT in patients with acute myocardial

infarction47 (Figure 4.9).

3.6 Evaluation of 
intracardiac masses

MDCT is a useful imaging modality to determine the

anatomical extent and the tissue characteristics of intracardiac

masses.48 MDCT offers certain potential advantages over

echocardiography and MRI. First, MDCT may be performed

much faster in patients who are hemodynamically unstable.

Second, MDCT may be performed in patients with 

pacemakers or other implanted metallic devices in which

MRI is contraindicated. Third, MDCT provides a more

detailed evaluation of the lungs and mediastinal structures.

Fourth, MDCT provides true 3D and 4D imaging in 

complex pathologies, quantifies calcification, vascularity

and relationship to other mediastinal structures. However,

it is important to recognize that MDCT may miss or incom-

pletely characterize small mobile masses such as valvular

vegetations due to its lower temporal resolution, it cannot

visualize flow through intracardiac shunts or valvular

regurgitation and it requires radiation exposure and the use

of intravenous contrast. Thus, in many cases, the information

derived from MRI and MDCT is complementary.

MDCT has high sensitivity for the detection of left atrial

appendage thrombi, but reduced specificity, as it is often 

difficult to differentiate reduced opacification due to slow

flow vs. actual presence of a thrombus. Figure 4.10 demon-

strates a left atrial appendage thrombus in the 2-chamber

view in a patient undergoing cardiac MDCT prior to

radiofrequency ablation of atrial fibrillation. There is lower

attenuation in the LA appendage than in the body of the

LA. The sharp transition from the LA thrombus and the

non-thrombosed LA supports the presence of thrombus

rather than flow stagnation (sludge).49,50

Most intracardiac tumors are benign in origin. Cardiac

myxomas are the most common cardiac tumors. They origi-

nate from primitive mesenchymal cells that may differentiate

into several cell types, including endothelial and lipidic cells.

The tumor is benign but it may cause serious sequelae due

to the high rate of embolization.51 Figure 4.11 demonstrates

an intramyocardial lipoma found in a patient with atypical

chest pain undergoing MDCT coronary angiography. The

low attenuation value is consistent with fat. Lipomas are

rare and have no age or gender predisposition. Most are

incidentally found in the interatrial septum or in the sub-

endocardium or subpericardium of the free atrial or ventric-

ular walls. About 25% of these tumors are intramuscular.52
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Figure 4.9 This MDCT oblique axial image was obtained
in a patient with heart failure symptoms. There is thinning
and reduced contrast enhancement of the anteroseptal
and apical segments (76 Hounsfield units), consistent with
a previous myocardial infarction. There is a mitral annulo-
plasty ring present (arrows).

Figure 4.10 This MDCT study was obtained from a
patient undergoing evaluation prior to radiofrequency abla-
tion of atrial fibrillation. The axial image shows a thrombus
in the left atrial appendage (75–87 Hounsfield units).
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Fibromas are benign tumors that appear more frequently in

children and adolescents. They often require resection due

to their continuous growth and penetration into the peri-

cardium causing hemorrhagic pericarditis and tamponade.

MDCT typically demonstrates a calcified center, although

delayed-enhancement MRI is better at demonstrating the 

surrounding fibrotic tissue.

Malignant cardiac tumors are often recognized by their

irregular borders, invasion into the pericardium and medi-

astinal structures and heterogenous attenuation caused 

by areas of central necrosis, vascularity and calcification.

Figure 4.12 demonstrates multiple large masses with attenu-

ation similar to that of the LV myocardium, due to the rich

vascularity and, therefore, contrast enhancement. Histological

diagnosis was consistent with angiosarcoma. These tumors

originate more commonly in the right atrium and may have

intracavitary, polypoid or diffuse infiltrative appearance.

Symptoms vary according to anatomical location.

Obstruction of the superior and inferior vena cava and inva-

sion of the pericardium are common. Most sarcomas are fatal

within 4–24 months, regardless of treatment.

3.7 Evaluation of the pericardium

The pericardium is well visualized by MDCT and is usually

surrounded by clearly delineated fat. MDCT may accurately

determine pericardial thickness and tissue characteristics in

patients with pericardial disease. Pericardial effusions can be

distinguished by their typical low attenuation values and cal-

cification by the high attenuation (Figure 4.13). Primary

pericardial tumors such as mesothelioma are rare, but it is a

48 Computed Tomography of the Cardiovascular System

Figure 4.11 This cross-sectional view of the left and right
ventricle was obtained from a patient undergoing evalua-
tion of anginal symptoms. Multiple intramyocardial lipomas
are incidentally noted (-122 Hounsfield units).

Figure 4.12 The MDCT axial image demonstrates multi-
ple masses invading the left atrium, intraatrial septum,
right atrium and encasing the right coronary artery. Biopsy
demonstrated an angiosarcoma.

Figure 4.13 The MDCT oblique axial image demon-
strates a pericardial effusion with an attenuation of 
39.5 Hounsfield units.
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frequent site of late metastasis from other sites, often accom-

panied by bloody effusions. Thickening (>2 mm) and calcifi-

cation of the pericardium can suggest constriction, but

MDCT is limited to establish the presence of constrictive

physiology, thus echocardiography and MRI are superior in

this regard. In the postoperative patient, MDCT is a robust

tool to identify and localize pericardial fluid, hemorrhage

and thrombus, and the Hounsfield score can be used to help

differentiate thrombus from free fluid.

3.8 Cardiac MDCT in
electrophysiology

Radiofrequency ablation of atrial fibrillation and cardiac

resynchronization therapy in heart failure patients 

have become standard procedures in electrophysiology.

Pulmonary vein isolation is effective in preventing recur-

rence of atrial fibrillation but may be associated with poten-

tially serious complications such as esophageal perforation

and pulmonary vein stenosis. The incidence of pulmonary

vein stenosis varies according to the experience of the 

operator and the technique, but can be as high as 20%,53

as detected by MDCT. The pulmonary veins have a com-

plex anatomy, differing from patient to patient, and up 

to 20% of patients have less or more than 4 separate pul-

monary vein ostia. MDCT provides excellent 3-dimensional

visualization of the left atrium, pulmonary veins, and their

relationship with surrounding structures. MDCT images

can be registered with the catheter system to provide virtual

3-dimensional navigation during the procedure.54

MDCT may be used to evaluate the anatomy of the

coronary sinus and its tributaries prior to implantation of bi-

ventricular pacing leads for cardiac resynchronization ther-

apy, and allows the electrophysiologist to plan a two-stage

procedure with epicardial lead implantation where the

coronary sinus anatomy is unfavorable.55

4 FUTURE DIRECTIONS

Although there is considerable enthusiasm, many doubts

remain about the appropriate clinical indications of cardiac

MDCT studies. It is likely that outcome data will become

available over time, with its increased clinical utilization. In

the meantime, the high negative predictive value of MDCT

coronary angiography makes this test ideal for establishing

or excluding coronary artery disease in patients with low-

intermediate probability. A normal MDCT study virtually

excludes the presence of coronary artery disease. MDCT

studies that demonstrate the presence of atherosclerotic

plaque without significant luminal stenosis may establish

the need for preventive interventions. In most cases, stress

testing should follow MDCT studies that show moderate-

severe stenosis, given the high prevalence of false-positive

MDCT results. On the other hand, in those patients who

have nondiagnostic, equivocal or unexpected functional

stress test results, MDCT may also be useful as a confirma-

tory test, therefore reducing the need for diagnostic coronary

angiography.

Future generations of MDCT systems will seek to

improve temporal and spatial resolution and reduce radia-

tion exposure. Alternative designs using multiple X-ray

tubes and detector arrays or extra-wide detector coverage

are currently been implemented. It is likely that temporal

resolution will increase soon, but improvement in spatial

resolution will come at the expense of increased radiation

exposure. Until radiation exposure is significantly reduced,

the wide application of MDCT as a screening test is not 

justifiable.
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5
Computed Tomographic Anatomy 
of the Heart

Amgad N. Makaryus and Lawrence M. Boxt

1 INTRODUCTION

Computed tomography (CT) of the heart provides signifi-

cant morphologic and functional information needed for

the diagnosis and management of patients with acquired

and congenital heart disease. The clinical utility of cardiac

CT is derived from its convenience, safety, and diagnostic

accuracy. CT examinations are acquired in high contrast

and spatial resolution, producing robust data sets from

which detailed maps of x-ray attenuation may be produced.

Contemporary workstations apply fast software for the pro-

duction of 2-, 3-, and 4-dimensional imagery. Students of

clinical medicine are increasingly confronted by anatomic 

3-D displays (renderings) reconstructed from CT images.

These images display the organs of the chest and abdomen

in anatomical orientation allowing the student of anatomy

to visualize the appearance of the organ, as well as the spa-

tial relations of the adjacent organs. The dramatic improve-

ment in temporal resolution achieved with ECG-gated

multi-detector CT scanning set the stage for its implemen-

tation into the daily practice of cardiology. A particular

characteristic of cardiac CT scanning is acquisition of image

data in the axial body plane. This orientation of image data

is unfamiliar to the cardiac imager because the heart lies

obliquely in the chest, and the axial body section therefore

displays cardiac structure oblique to the intrinsic cardiac

axes. Image data obtained in this format, however, provides

a wealth of anatomic information. The purpose of this 

chapter is to describe the normal anatomy of the heart as

obtained in ECG-gated contrast-enhanced thin-section axial

tomographic acquisitions. These images will be supple-

mented with oblique tomograms and 3-D volume rendered

reconstructions obtained by processing the axial data from

contrast-enhanced multi-slice 64-detector CT scans of the

heart. Our description will follow the flow of blood into and

out of the heart. Each particular anatomic structure will be

described in terms of its intrinsic morphologic structure,

place in the heart, and anatomic relationships. The reader is

encouraged to treat the figures as slides in a discussion of a

particular part of cardiac anatomy. Correlating axial acqui-

sition images with oblique tomographic reconstructions and

surface-rendered 3-dimensional figures will reinforce the

overall organization and structure of the heart. Part of this

discussion has been presented in a previous article.1

2 SUPERIOR VENA CAVA

The superior vena cava (SVC) is formed by the confluence

of the innominate veins (Figure 5.1). It passes to the right

and slightly posterior to the ascending aorta, draining 

into the right atrium (RA) just posterior to the orifice 

of the right atrial appendage (RAA). The posterior wall of 

the SVC as it enters the RA forms the sinus venosus portion 

of the interatrial septum (Figures 5.2–5.10, 5.27, 5.56, 

5.58, 5.63).
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Figure 5.1 (a) Axial image obtained from a CT examination of a 66-year-old man presenting with chest discomfort and
a history of previous coronary artery bypass graft surgery, through the moderately calcified aortic arch (Ao). The left-sided
aortic arch displaces the trachea (T) toward the right. Contrast was injected via the right upper extremity; the right innom-
inate vein (arrow 1) is highly opacified. Unopacified blood from the left innominate vein (arrowheads) is seen passing ante-
rior to the Ao, immediately behind the sternum (S). The left internal mammary artery (arrow 2) has been dissected away
from the anterior chest wall. (b) Oblique axial reconstruction 1.5 cm inferior to figure 1a. The left innominate vein (arrow-
heads) is just joining the opacified right innominate vein (arrow 1). The left internal mammary (arrow 2) and proximal left
subclavian (arrow 3) arteries are opacified. Air is seen within the collapsed esophageal lumen (arrow 4), immediately 
posterior and toward the left of the trachea (T). The right internal mammary artery (arrow 5) is labeled.
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Figure 5.2 Axial acquisition image through the main pul-
monary artery (MP) and left (LP) and right (RP) pulmonary
arteries. The RP lies anterior to the right bronchus (RB);
the LP has crossed over the left bronchus (LB). The supe-
rior vena cava (SV) lies behind the ascending aorta (AoA)
and RP. The confluence of the branches of the right upper
lobe pulmonary vein (arrow 1) lies immediately anterior to
the right upper lobe pulmonary artery (arrow 2). The left
upper lobe pulmonary vein (arrow 5) lies anterior to the LP.
The collapsed esophagus (arrow 3) lies behind the LB, and
anterior to the azygos vein (arrow 4) and descending aorta
(AoD). The parietal pericardium (arrowhead) reflects over
the ascending aorta (AoA) and MP. The right (arrow 6) and
left (arrow 7) internal mammary arteries lie to the right and
left of the sternum (S), respectively.
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Figure 5.3 Axial acquisition image obtained just inferior
to Figure 5.2. The anterior pulmonary artery sinus of
Valsalva (arrow 1) is contained within the parietal peri-
cardium (arrowheads). The confluent right upper lobe pul-
monary vein (arrow 2) lies immediately anterior to the hilar
right pulmonary artery (RP), which lies anterior to the right
bronchus (RB). The segmental left upper lobe pulmonary
veins (arrows 5 and 6) have not yet joined. The left pul-
monary artery (arrow 7) has crossed, and is now posterior
to the left bronchus (LB). A tiny bronchial artery (arrow 4)
is viewed in cross section. The right (arrow 8) and left
(arrow 9) internal mammary arteries lie to the right and left
of the sternum (S), respectively.
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Figure 5.4 Axial acquisition image obtained just inferior to
Figure 5.3, through the roof of the left atrium (arrow 6). The
main pulmonary artery (MP) is enveloped by the parietal
pericardium (arrow 7). The superior aspect of the right atrial
appendage (arrows 1 and 2) lies anterior to the ascending
aorta (AoA). At this level, the confluence of the right upper
lobe pulmonary vein (arrow 3) is anterior to the right upper
lobe pulmonary artery (arrow 4) as is splits off from the right
lower lobe pulmonary artery (arrow 5). Portions of the cavity
of the left atrial appendage (arrows 8 and 9) are separated
from each other by the interposed pectinate muscles.
Posterior to the left atrial appendage, the left upper lobe pul-
monary vein (arrow 10) is seen draining into the posterior
aspect of the left atrium. The left lower lobe pulmonary
artery (arrow 11) lies to the left of the left lower lobe
bronchus (arrow 12). An intercostal artery (arrow 13) is seen
in cross section to the right of the descending aorta (AoD).
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Figure 5.5 Axial acquisition image obtained through the
bodies of the right (arrow 1) and left (arrow 8) atrial
appendages.The left upper lobe pulmonary vein (arrow 9) is
now seen draining into the body of the left atrium (LA). The
LA lies between the ascending (AoA) and descending (AoD)
aorta. A right-sided intercostals artery (arrow 7) is seen in
cross section; a left-sided intercostal artery (arrow 10) is
viewed in longitudinal section as it passes from the
descending aorta (AoD) toward the underside of a left rib.
Intracavitary filling defects characterize the pectinate mus-
cles of the right atrial appendage (arrow 1). At this level, the
superior vena cava (arrow 2) has not yet been incorporated
into the right atrium. The right upper lobe pulmonary vein
(arrow 3), right lower lobe pulmonary artery (arrow 5) and
right upper (arrow 4) and lower (arrow 6) lobe bronchi com-
prise the right pulmonary hilum. At this level, below the level
of the pulmonary valve, we view the myocardium (arrow-
heads) of the right ventricular outflow tract (RVO). The right
(arrow 11) and left (arrow 12) internal mammary arteries lie
to the right and left of the sternum (S), respectively.
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Figure 5.6 Axial acquisition image obtained through the
ascending aorta (AoA) at the level of the origin of the left
main coronary artery (arrow 6). The myocardium (arrow-
heads) of the right ventricular outflow tract (RVO) is visual-
ized. A tubular filling defect (arrow 1a) within the right atrial
appendage (arrow 1) represents a large pectinate muscle.
Similarly, pectinate muscles of the left atrial appendage
appear as short filling defects (arrowheads) along the lat-
eral appendage wall. The superior vena cava (arrow 2) has
not yet been assimilated into the right atrium. Immediately
posterior to the superior vena cava, the right upper lobe 
pulmonary vein (arrow 3) has entered the left atrium (LA).
The right lower lobe pulmonary artery (arrow 5) and
bronchus (arrow 4) are viewed in cross section. Circular
lucencies represent air within the nearly collapsed esopha-
gus (arrow 7) sandwiched between the entrance of the left
upper lobe pulmonary vein into the LA and the descending
aorta (AoD). The right (arrow 8) and left (arrow 9) internal
mammary arteries lie to the right and left of the sternum (S),
respectively.

1

1a

2
3

4

5

8

9

6

7LA

AoD

AoA

RVO

S

9781841846255-Ch-05  10/12/07  4:50 PM  Page 55



56 Computed Tomography of the Cardiovascular System

Figure 5.7 Axial acquisition image obtained through the
aortic root (Ao) just after the origin of the left main coronary
artery (arrow 5). The right atrial appendage (arrow 1) is ante-
rior to the Ao. The low attenuation (fatty infiltrated) sinus
venosus atrial septum (arrow 2) separates the posterior wall
of the superior vena cava (SV) from the cavity of the left
atrium (LA) adjacent to the entry of the right upper lobe pul-
monary vein (arrow 3). The collapsed esophagus (arrow 7) is
interposed between the LA and the descending aorta (AoD).
A right-sided (arrow 4) and left-sided (arrow 8) intercostal
artery is seen in cross section against the volume averaged
vertebral body (VB). At this level, portions of the highest 
marginal branch (arrowheads) of the right coronary artery
(the ‘conus artery’) can be seen passing anterior to the right
ventricular outflow (RVO).The right (arrow 9) and left (arrow 10)
internal mammary arteries lie to the right and left of the 
sternum (S), respectively.
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Figure 5.8 Axial acquisition image obtained through the
aortic root (Ao) and posterior left (pl) aortic sinus of
Valsalva. The distal left main coronary artery (arrow 7) has
not yet dipped beneath the left atrial appendage (arrow 6)
to become the circumflex artery. The proximal left anterior
descending artery is seen passing along the superior
aspect of the interventricular septum, posterior to the pul-
monary artery sinuses of Valsalva (arrow 4) and right ven-
tricular outflow (RVO). An isolated right middle lobe
pulmonary vein (arrow 2) is seen entering the left atrium
(LA). More proximal segments of the conus branch of the
right coronary artery (arrowheads) are seen embedded in
the fat between the right atrial appendage (arrow 1) and
RVO. Adjacent to the vertebral body, a segment of a right
(arrow 3) and left (arrow 8) intercostal artery is seen in
cross section. The right (arrow 9) and left (arrow 10) inter-
nal mammary arteries lie to the right and left of the ster-
num (S), respectively. The superior vena cava (SV) and
descending aorta (AoD) are labeled.
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Figure 5.9 Axial acquisition image obtained through the
aortic root (Ao) and posterior left (pl) aortic sinus of Valsalva.
The proximal left anterior descending (arrow 5), proximal cir-
cumflex (arrow 9), and a ramus medianus branch are iden-
tified embedded in fat. Curving away from the ramus branch
(arrow 7), the distal portion of the anterior interventricular
vein (arrow 8) is passing toward the posterior atrioventricu-
lar ring. Segments of the conius artery (arrowheads) are
embedded in the fat of the anterior atrioventricular ring, and
along the epicardium of the right ventricular outflow (RVO)
myocardium. At this level, the inferior aspect of a cusp of the
pulmonary valve (arrow 4) is seen. The extension of the
crista terminalis (arrow 1) appears as a thick, curving filling
defect in the body of the right atrial appendage. The sinus
venosus interatrial septum (arrow 2) is embedded in low
attenuation fat.The inferior aspect of an isolated right middle
lobe pulmonary vein (arrow 3) is seen entering the left
atrium (LA). The right (arrow 10) and left (arrow 11) internal
mammary arteries lie to the right and left of the sternum (S),
respectively. The descending aorta (AoD) is labeled.
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3 THE CARDIAC VEINS

The venous drainage of the heart is carried by three very

different sets of veins; the coronary sinus and its tributaries,

the anterior cardiac veins, and the thebesian veins. Venous

return from the left ventricular myocardium is through the

anterior interventricular, the middle (or marginal) cardiac,

and the posterior cardiac veins (Figures 5.9–5.20, 5.28–5.37,

5.39–5.53, 5.61, 5.62). The anterior interventricular (or ante-

rior cardiac) vein ascends in the anterior interventricular

sulcus, parallel with the anterior descending coronary

artery, and passes over the base of the heart toward the pos-

terior atrioventricular ring, to enter the great cardiac vein.

The great cardiac vein (GCV) extends from the conflu-

ence of the anterior interventricular vein in the posterior

atrioventricular ring. It receives the middle ventricular and

posterior cardiac veins, and then passes beneath the LA to

the diaphragmatic surface of the heart. The coronary sinus

is the confluence of the large cardiac veins. Before draining

into the right atrium, the roof of the coronary sinus forms a

portion of the floor of the left atrium. The coronary sinus

(CS) drains into the right atrium medial, and slightly supe-

rior to the entry of the inferior vena cava. The eustachian

valve separates these two structures.

The anatomy of the major cardiac veins varies consider-

ably among individuals. The great cardiac vein spirals with

the circumflex coronary artery in the posterior atrioventric-

ular ring, receives the marginal and posterior cardiac veins,
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Figure 5.10 Axial acquisition image obtained through
the aortic root (Ao) and posterior left (pl) aortic sinus of
Valsalva. The anterior junction line (arrowhead) is formed
by the visceral and parietal pleura meeting at the midline.
The circumferential myocardium of the right ventricular
infundibulum (small arrows) is also midline, residing
behind the sternum (S). The proximal right coronary artery
(arrow 2) and segments of the conus artery (arrows 1 and
3) are embedded within the fat of the anterior atrioventric-
ular ring. A portion of the sinoatrial node branch of the right
coronary artery (arrow 4) is seen behind the Ao passing
toward the junction of the superior vena cava and atrial
septum. A diagonal branch (arrow 6) of the anterior
descending coronary artery (arrow 5) is seen in the epicar-
dial fat above the interventricular septum. The ramus
branch (arrow 8) has just passed beneath the anterior
interventricular vein (arrow 7) on its path toward the 
posterior atrioventricular ring. Within the ring itself, the 
circumflex coronary artery (arrow 9) and great cardiac 
vein (arrow 10) are seen. The left lower lobe pulmonary
vein (arrow 11) characteristically passes immediately in
front of the descending aorta (AoD) before entering the left
atrium (LA).

4

3

2

1
5

6
7

8

9

10

11

LA

Ao pl

RVO

AoD

S

Figure 5.11 Axial acquisition image obtained through
the aortic root (Ao) and posterior left (pl) aortic sinus of
Valsalva immediately inferior to Figure 5.10. The origin of
the conus artery (arrow 3) from the very proximal right
coronary artery (arrow 2) is seen. Notice the course of the
sinoatrial node branch (arrow 2) as it passes behind the
right atrium (RA) toward the interatrial septum (arrow 3).
Passing the right ventricular outflow (RVO), the mid-ante-
rior descending coronary artery (arrow 5) and a diagonal
branch (arrow 6) continue along the top of the interventric-
ular septum and anterolateral wall of the left ventricle,
respectively. The ramus branch (arrow 7) is seen passing
along the anterolateral left ventricular wall. Within the pos-
terior atrioventricular ring, the circumflex artery (arrow 8)
and great cardiac vein (arrow 9) are intertwined. The left
lower lobe pulmonary vein (arrow 10) passes anterior to
the descending aorta (AoD) to enter the left atrium (LA).
The right and left internal mammary arteries (arrowheads)
lie to the right and left of the sternum (S), respectively.
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Figure 5.12 Axial acquisition image obtained through
the aortic root (Ao) immediately inferior to Figure 5.11. The
right coronary artery (arrow 2) arises from the anterior
aortic sinus of Valsalva (a). The inferior aspect of the pos-
terior left sinus (pl) is labeled. A segment of the proximal
right coronary artery has looped superiorly (out of plane)
and then inferiorly (arrow 1) to begin descent in the ante-
rior atrioventricular ring. A portion of the sinoatrial node
artery (arrow 3) is viewed passing toward the interatrial
septum (arrow 4). The anterior descending artery (arrow
5), a diagonal branch of the anterior descending artery
(arrow 6), and the ramus branch (arrow 8) have passed
beyond the top of the myocardium of the anterior left ven-
tricular wall (arrow 7). The circumflex artery (arrow 9) and
great cardiac vein (arrow 10) are again seen intertwined in
the posterior atrioventricular ring. The left lower lobe pul-
monary vein (arrow 11) passes anterior to the descending
aorta (AoD) to enter the left atrium (LA). The right and left
internal mammary arteries (arrowheads) lie to the right
and left of the sternum (S), respectively.
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Figure 5.13 Axial acquisition image obtained through
the posterior right aortic sinus of Valsalva (pr). The right
coronary artery is viewed in cross section within the ante-
rior atrioventricular ring. Muscle bundles (arrowheads) are
seen within the sinus of the right ventricle (RV) passing
between the interventricular septum and the RV free wall.
Embedded within fat in the anterior interventricular groove,
the anterior descending coronary artery (arrow 5) and a
diagonal branch (arrow 6) are viewed in cross section.
Similarly, along the anterior aspect of the left ventricle, the
anterior interventricular vein (arrow 7) and ramus branch
(8) are viewed in cross section. The pr abuts the right (RA)
and left (LA) atrium, and the interatrial septum (arrow 2).
Notice continuity between the anterior mitral leaflet (arrow
11) and the aortic annulus (arrow 3) supporting the pr.
Within the posterior atrioventricular ring, the middle ven-
tricular vein (arrow 9) is seen draining into the great car-
diac vein (arrow 10). The right (arrow 4) and left (arrow 12)
lower lobe pulmonary veins are seen draining into the LA.
The right and left internal mammary arteries (small arrows)
lie to the right and left of the sternum (S), respectively.
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Figure 5.14 Axial acquisition image obtained through 
the posterior right aortic sinus of Valsalva (pr), inferior to
Figure 5.13. The right coronary artery (arrow 1) is viewed in
cross section. The pr is the inferior-most aortic sinus, lying
between the right (RA) and left (LA) atrium. Note how thin
the interatrial septum (arrow 2) is here. The anterior mitral
leaflet (arrow 3) is in continuity with the aortic annulus
beneath the pr. The posterior mitral leaflet (arrow 9) is
attached on the posterior atrioventricular ring, which con-
tains the great cardiac vein (arrow 13) and circumflex artery
(arrow 12) and segments (arrows 10 and 11) of a marginal
branch of the circumflex artery. A myocardial muscle bundle
characteristically crosses the sinus of the right ventricle (RV)
(short arrow); a left ventricular papillary muscle (arrow 8)
protrudes from the lateral wall into the ventricular cavity. The
right (arrow 4) and left (arrow 14) lower lobe pulmonary
veins drain into the LA. The right and left internal mammary
arteries (arrowheads) lie to the right and left of the sternum (S),
respectively.
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Figure 5.15 Axial acquisition image obtained through the
inferior aspect of the posterior right aortic sinus of Valsalva
(pr), inferior to Figure 5.14. Line AB ‘divides’ the heart into
‘right’ and ‘left.’ Notice how the inflow to the right ventricle (RV)
lies to the right with respect to the inflow of the left ventricle
(LV).The membranous (arrow 1) and atrioventricular (arrow 4)
portions of the interventricular septum lie posterior and to the
right of the muscular interventricular septum (ivs).The primum
interatrial septum (arrow 5) and anterior mitral leaflet 
(arrow 11) are continuous with each other as well as the
aortic annulus and primum atrial septum and atrioventricular
and membranous interventricular septum.The origin of a mar-
ginal branch (arrow 2) of the right coronary artery (arrow 3)
passes within the epicardial fat, beneath the pericardium
(small arrowheads about the perimeter of the heart).Muscular
trabeculations within the (RV) chamber pass from the septum
to the free wall. Within the fat in the anterior interventricular
groove, the anterior descending (arrow 8) and two diagonal
branches (arrows 9 and 10) are viewed in cross section. The
circumflex artery (arrow 12) and great cardiac vein (arrow 13)
are viewed in cross section within the fat of the posterior atri-
oventricular ring. The descending aorta (AoD) is labeled. The
right and left internal mammary arteries (small arrows) lie to
the right and left of the sternum (S), respectively.
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Figure 5.16 Axial acquisition image obtained through
the atrioventricular septum, inferior to Figure 5.15.The atri-
oventricular septum (arrow 4), primum atrial septum (arrow 6)
and anterior mitral leaflet (arrow 10) all share fibrous con-
tinuity. Viewed in cross section embedded in the fat of the
anterior atrioventroicular ring are the right coronary artery
(arrow 3), a marginal branch of the right coronary artery
(arrow 1), and the anterior cardiac vein (arrow 2).The ante-
rior descending artery (arrow 8) is viewed in cross section
in the fat of the anterior interventricular groove. A diagonal
branch of the anterior descending artery (arrow 9) passes
over the left ventricular myocardium. A marginal branch of
the circumflex artery (arrow 11) and the great cardiac vein
(arrow 12) are seen in cross section in the posterior atri-
oventricular ring. The distal circumflex artery (arrow 13)
continues in the distal atrioventricular ring as a very small
vessel. Notice the intimate relationship between the air-
filled esophagus (arrow 7) and the left atrium (LA). Portions
of pericardium (arrowheads) are identified about the
periphery of the heart.
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Figure 5.17 Axial acquisition image obtained about 2 cm
inferior to Figure 5.16. A marginal branch of the right coro-
nary artery (arrow 1) passes along the free wall of the right
ventricle (RV). The right coronary artery (arrow 2) is viewed
in cross section within the fat of the anterior atrioventricular
ring. The anterior descending coronary artery (arrow 5) is
viewed in cross section. A marginal branch of the circumflex
coronary artery (arrow 6) is viewed in longitudinal section
along the posterior left ventricular (LV) wall. The moderator
band, a muscular trabeculation (arrowhead) that extends
from the interventricular septum to the right ventricular (RV)
free wall is seen. The distal great cardiac vein disappears
beneath the left atrium (LA), and emerges medially as the
coronary sinus (arrow 4) to enter the right atrium (RA). The
crista terminalis (arrow 3) is labeled.
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Figure 5.18 Axial acquisition image obtained through the
dome of the right diaphragm (D), 1 cm inferior to Figure 5.17.
The distal right coronary artery (arrow 1) is viewed in cross
section. A marginal branch of the right coronary artery (arrow 3)
passes along the right ventricular (RV) free wall. The distal
anterior descending coronary artery (arrow 4) is seen near
the cardiac apex. The coronary sinus (arrow 2) receives the
middle (or marginal) cardiac vein (arrow 6). Running parallel
to the coronary sinus (arrow 2) in the inferior aspect of the
posterior atrioventricular ring is the posterior left ventricular
branch (arrow 5) of the distal right coronary artery. At this
level, the suprahepatic inferior vena cava (IVC) is just enter-
ing the right atrium (RA). Portions of pericardium (small
arrowheads) are identified about the periphery of the heart.
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Figure 5.19 Axial acquisition image obtained through
the liver (Li) and the inferior aspect of the anterior atrioven-
tricular ring, 1 cm inferior to Figure 5.18. The distal right
coronary artery (arrow 1) is viewed in longitudinal section,
embedded within the fat of the atrioventricular ring,
between the inferior aspect of the right atrium (arrow 2)
and the cavity of the right ventricle (RV). At this level, the
inferior interventricular vein (arrow 6) has not yet become
confluent with the coronary sinus. The posterior left ven-
tricular branch of the distal right coronary artery (arrow 7)
and a tributary of the marginal cardiac vein (arrow 3) are
viewed in cross section in the fat of the posterior atrioven-
tricular ring. The distal anterior descending coronary artery
(arrow 4) is viewed in cross section within the anterior
interventricular groove. The posterior papillary muscle
(arrow 5) of the left ventricle (LV) appears as a lobulated
intracavitary filling defect. The esophagus is labeled.
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Figure 5.20 Axial acquisition image obtained through
the liver (Li), the intrahepatic inferior vena cava (IVC), and
the cardiac crux (arrow 2), the intersection of the interven-
tricular septum (ivs) and the anterior (**) and posterior atri-
oventricular rings. The posterior descending coronary
artery (arrow 1) runs with the posterior cardiac vein (arrow 5).
Posterior to the vein, embedded in the fat of the inferior
aspect of the posterior atrioventricular ring, a posterior left
ventricular branch of the distal right coronary artery (arrow
7) runs along the inferior wall of the left ventricle (LV). This
distal marginal branch is the posterior extension of this
dominant right coronary artery. The distal anterior
descending artery (arrow 4), and a tributary of an anterior
cardiac vein (arrow 3) lie in the epicardial fat between the
right (RV) and left (LV) ventricles. The descending aorta
(AoD) and an intercostal artery in cross section (arrow 8)
are labeled.
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and drains into the right atrium as the coronary sinus. 

The marginal cardiac veins originate from the posterior or

lateral aspects of the left ventricle and drain into the great 

cardiac vein. Not uncommonly, they drain directly into the

coronary sinus.

Venous drainage from the right ventricular free wall is

via the anterior cardiac veins (Figures 5.16, 5.21–5.25, 5.50,

5.59, 5.63). These veins travel along the anterior aspect of the
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Figure 5.21 Right anterior oblique (RAO) reconstruction
obtained through the body of the sternum (arrow 1) and
liver (Li). A marginal branch of the right coronary artery
(arrow 3) passes along the free wall of the right ventricle,
crossing a tributary of the anterior cardiac vein (arrow 2).
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Figure 5.22 Right anterior oblique (RAO) reconstruction
obtained through the sternum (S) and the anterior atri-
oventricular ring. The mid right coronary artery (arrow 3)
runs within the low attenuation fat of the ring. The anterior
cardiac vein (arrow 2) is viewed in cross section as it
passes beneath the right atrial appendage (arrow 1) to
drain into the right atrium.
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Figure 5.23 Right anterior oblique (RAO) reconstruction
obtained to the left of Figure 5.22, through calcified right
costal cartilages (arrowheads) and the anterior atrioven-
tricular ring. Proximal (arrow 2) and distal (arrow 4) right
coronary segments are viewed within the fat of the atri-
oventricular ring. The right atrial appendage (arrow 1) has
a broad opening into the right atrium (RA).The cavity of the
right ventricle (RV) is slightly inferior to the RA.
Intracavitary filling defects within the RV (arrow 3) are
muscle bundles extending from the interventricular septum
to the free wall.
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Figure 5.24 Right anterior oblique (RAO) reconstruction
obtained to the left of Figure 5.23, through calcified right
costal cartilages (arrowheads) and the anterior atrioven-
tricular ring. In the fat of the superior aspect of the ring, the
right coronary artery (arrow 1), and a proximal (arrow 4)
and more distal segment (arrow 5) of the first marginal, or
conus artery crosses the right ventricular (RV) infundibu-
lum. The distal right coronary artery (arrow 3) passes
immediately beneath the tricuspid annulus (short arrows).
The anterior cardiac vein, viewed in cross section, has not
yet drained into the right atrium (RA).
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heart, cross the anterior atrioventricular ring, and enter the

right atrium, either directly or through a small right atrial

cardiac vein. The thebesian veins are very small vessels

which drain myocardial blood directly back to the cardiac

chambers.1

4 RIGHT ATRIUM

The right atrium is generally round in shape, and forms 

the right lower border of the heart (Figures 5.11–5.18,

5.23–5.31, 5.49–5.55, 5.58, 5.59, 5.63). The lateral RA wall is

very thin; the distance between the cavity of the RA and the

outer lateral border of the heart should be no greater than 3

mm. The cavity of the RA is segregated into an anterior tra-

beculated portion, and posterior smooth-walled portion, by

the crista terminalis, the remnant of the vein of the sinus

venosus (Figures 5.9, 5.15–5.17).

The interatrial septum usually bows toward the RA

with normal thinning seen in the region of the foramen
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Figure 5.25 Right anterior oblique (RAO) reconstruction
obtained to the left of Figure 5.24, through the left internal
mammary artery (arrow 7), the tricuspid valve (arrow-
heads), and the proximal (arrow 6) and distal (arrow 4)
right coronary artery. A right ventricular papillary muscle
(arrow 8) appears as a large filling defect. The chordal
attachment to the valve leaflet (arrow 9) is finer, and less
apparent. The right atrial appendage (arrow 1) contains
tubular filling defects (arrow 2) which are the pectinate
muscles, similar in appearance to muscle bundles seen in
the right ventricle. A more proximal segment of the conus
artery is viewed in cross section cephalad to the proximal
right coronary artery (arrow 6). The anterior cardiac vein is
just breaking the wall of the right atrium. The myocardium
of the infundibulum surrounds (and forms) the right ventric-
ular outflow tract (RVO).

RVO

3

2

1
5

6

7

894

Figure 5.26 Right anterior oblique (RAO) reconstruction
obtained to the left of Figure 5.25, through the posterior
aspect of the right atrial appendage (arrow 1). The proximal
(arrow 3) and distal (arrow 4) right coronary artery is viewed
in cross section as it enters and passes under the anterior
atrioventricular ring, respectively. The sinoatrial node artery
(arrow 2) is viewed in cross section, as it passes posteriorly
and superiorly toward the superior vena cava (out of the
plane of this figure). Just above the right ventricular outflow
(RVO), a sinus of Valsalva of the main pulmonary artery
(arrow 5) is now seen. Portions of pericardium (small arrow-
heads) are identified about the periphery of the heart.

RV

RVO

AoA

1 5

2

3

4

Figure 5.27 Right anterior oblique (RAO) reconstruction
obtained to the left of Figure 5.26, through the anterior
aortic sinus of Valsalva (a) and the muscular interventricu-
lar septum (IVS). The superior vena cava (arrow 1) passes
to the right of the ascending aorta (AoA) to drain into the
right atrium (RA). Anterior, and to the left of the AoA, the
right ventricular outflow tract (RVO) is seen immediately
inferior to leaflet tissue of the pulmonary valve (arrow 7).
The sinoatrial node artery (arrow 5) and distal right coro-
nary artery (arrow 6) are both viewed in cross section.
Portions of the distal anterior descending artery (arrows 8
and 9) are viewed in longitudinal section as they pass along
the superior aspect of the IVS.
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ovale (Figures 5.11–5.14, 5.16, 5.54). The mid-portion of the

interatrial septum is called the secundum septum, and it

comprises the bulk of the interatrial septum. The right

atrium usually appears nearly the same size as the left

atrium. Measurement of right atrial size is less difficult than

estimation of RA volume. Nevertheless, RA enlargement is

associated with clockwise cardiac rotation.

The right atrial appendage is a broad-based, triangular

structure, contained within the pericardium, which extends

from about the middle of the heart obliquely around the

ascending aorta (Figures 5.4–5.9, 5.22–5.25, 5.50–5.55,

5.58–5.61, 5.63). Pectinate muscles are characteristically seen

in the RA anterior to the crista terminalis, appearing as

intracavitary filling defects, analogous to myocardial bun-

dles in the right ventricle (Figures 5.13–5.15, 5.17, 5.23).

The tricuspid valve is contained within the anterior atri-

oventricular ring. Its septal and anterior leaflets appear as

long filling defects attached to the AV ring. Very fine chor-

dae and papillary muscles of varying size are connected to

the RV free wall and septum (Figures 5.24, 5.25).

5 RIGHT VENTRICLE

The right ventricle resides immediately posterior to the ster-

num, more or less in the midline (Figures 5.13–5.20,

5.20–5.24, 5.44–5.47, 5.59). Unless hypertrophied, the right

ventricular free wall myocardium is only about 2 to 3 mm in

thickness, and at end diastole may be difficult to visualize.

The shape of the RV can be surmised by visualizing the 

ventricle as the sum of the axial sections obtained during 

CT examination. From the level of the pulmonary 

valve, moving caudad, the shape of the ventricle changes. 

The right ventricular outflow tract is round in shape

(Figures 5.5–5.12, 5.25–5.27, 5.49, 5.60, 5.61, 5.63), surrounded
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Figure 5.28 Right anterior oblique (RAO) reconstruction
obtained to the left of Figure 5.27, immediately posterior to
the interventricular septum, within the atrioventricular
septum (arrow 9) and the left ventricle (LV). The right upper
lobe pulmonary vein (arrow 1) drains into the left atrium (LA)
after it passes beneath the right pulmonary artery (RP).
Notice the relationship between the posterior right aortic
sinus of Valsalva (pr) and the right (RA) and left (LA) atrium.
The coronary sinus (arrow 4) entry into the RA is separated
from the inferior vena cava (arrow 2) by the eustacian valve
(arrow 3). Medial, and anterior to the coronary sinus, the
distal right coronary artery (arrow 5) is becoming the poste-
rior left ventricular branch, passing toward the posterior atri-
oventricular ring.The posterior interventricular vein (arrow 10)
is viewed longitudinally along the inferior aspect of the inter-
ventricular septum. A segment of the left anterior descend-
ing artery (arrow 7) is viewed after passage behind the right
ventricular outflow. The main pulmonary artery (MP) lies to
the left of the ascending aorta (AoA). The pulmonary artery
sinus of Valsalva (arrow 6) lies superior and to the left of the
aortic valve.
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Figure 5.29 Right anterior oblique (RAO) reconstruction
obtained to the left of Figure 5.28, through the atrioventric-
ular septum (arrow 5) and posterior right aortic sinus of
Valsalva (pr). The left atrium (LA) lies superior and medial
to the right atrium (RA), inferior to the transverse right pul-
monary artery (RP), and posterior to the aortic root (Ao).
Notice the right-to-left and inferior-to-superior relationship
of the Ao and the main pulmonary artery (MP). A portion of
the mid anterior descending coronary artery (arrow 4) is
seen as it passes from behind the right ventricular outflow
along the superior aspect of the anterior interventricular
groove. The posterior interventricular vein (arrow 8) and
great cardiac vein (arrow 3) become confluent with the
coronary sinus (arrow 2) prior to drainage into the RA,
medial, and slightly superior to drainage of the suprahep-
atic inferior vena cava (arrow 1).
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by the ventricular infundibulum, and lies to the patient’s

left. Moving in a caudad direction, the chamber increases in

size, assuming a triangular shape (Figures 5.14–5.20,

5.24–5.26, 5.43–5.48, 5.58–5.61, 5.63); the base formed by the

AV ring, and the apex at the intersection of the free wall and

interventricular septum.1

The tricuspid valve is separated from the pulmonary

valve by the infundibulum. The right ventricular surface of

the interventricular septum is irregular. Although the sep-

tomarginal trabeculation may not always be identified, pap-

illary muscles extending from it to the tricuspid valve leaflets

are commonplace (Figures 5.15, 5.17, 5.46, 5.47). Numerous

muscle bundles extend from the interventricular septum

across the RV chamber to the free wall. The inferior-most of

these is the moderator band, which carries the conducting

system right bundle fibers.

The interventricular septum appears as intermediate

attenuation muscle. The bulk of the septum appears 

relatively thick (never greater than 1.5 times the thickness 

of the free wall), and normally bows toward the right 

ventricle (Figures 5.15–5.20, 5.27, 5.40–5.48). The 

posterior superior aspect of the septum is embryologically

derived from the endocardial cushions; this is the membra-

nous and atrioventricular septum. It appears as a thin 

(not uncommonly fatty infiltrated, low attenuation) struc-

ture, which has a characteristic anatomic relationship with

the aortic valve, primum interatrial septum, and anterior

mitral and septal tricuspid leaflets (Figures 5.15, 5.16, 5.28,

5.29, 5.49).2

6 PULMONARY ARTERIES

The pulmonary valve lies slightly out of the axial plane, so

may appear elongated in conventional axial acquisition

(Figures 5.3, 5.9, 5.26–5.28, 5.49, 5.58–5.61). The caliber of

the main pulmonary artery should be about the caliber of

the ascending aorta at this anatomic level. The left pul-

monary artery is the extension of the main PA over the top
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Figure 5.30 Right anterior oblique (RAO) reconstruction
obtained to the left of Figure 5.29, through the posterior
right (pr) and left (pl) aortic sinuses of Valsalva. The left
main coronary artery (arrow 1) has just exited the pl. After
passing behind the right ventricular outflow and main pul-
monary artery (MP) the anterior descending artery (arrows
5 and 6) is seen in longitudinal section within the anterior
interventricular groove along the superior aspect of the
interventricular septum. The left atrium (LA) lies high and
posterior, beneath the transverse right pulmonary artery
(RP) and superior to the right atrium (RA). The anterior-
most portion of the anterior mitral leaflet (arrow 7) is seen
in continuity with the inferior aspect of the pr. At this level,
the great cardiac vein (arrow 3) is viewed longitudinally
within the posterior atrioventricular ring, slightly anterior,
and not yet confluent with the coronary sinus (arrow 2).
The posterior left ventricular branch of the distal right coro-
nary artery (arrow 4) is viewed in cross section anterior to
the great cardiac vein in the posterior atrioventricular ring.
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Figure 5.31 Right anterior oblique (RAO) reconstruction
obtained to the left of Figure 5.30, posterior to the aortic
root. The left atrium is posterior and superior to the left
ventricle (LV), and inferior to the transverse right pul-
monary artery (RP). The mitral valve (arrowheads) sepa-
rates the LA from LV. The RP lies anterior to the right
bronchus (RB).The right lower lobe pulmonary vein (arrow 1)
is seen entering the LA. The anterior descending coronary
artery (arrow 6) passes beneath the anterior-most exten-
sion of the left atrial appendage (arrow 5), and is seen
giving a septal perforating branch (arrow 7) into the supe-
rior aspect of the interventricular septum. Farther down the
anterolateral wall of the LV, a diagonal branch of the ante-
rior descending artery (arrow 8) is seen. The great cardiac
vein (arrow 2) and posterior left ventricular branch of the
distal right coronary artery (arrow 3) lie side-by-side in the
fat of the posterior atrioventricular ring. A distal branch of
the posterior left ventricular branch of the right coronary
artery (arrow 4) is viewed in cross section as it heads
toward the posterior wall of the LV.
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of the left atrium. When the PA crosses the left bronchus, it

becomes the left PA (Figures 5.2, 5.3, 5.56, 5.58, 5.61). The

right PA originates from the underside of the main PA,

passes along the roof of the left atrium, posterior to the

ascending aorta and superior vena cava, to enter the right

hilum (Figures 5.2–5.4, 5.28–5.33, 5.54–5.58, 5.61). The 

pericardium is reflected over the top of the main PA.3

7 PULMONARY VEINS

The upper lobe pulmonary veins lie anterior to their

respective pulmonary arteries (Figures 5.2–5.9, 5.27, 5.28,

5.35–5.37, 5.55–5.57, 5.58–5.63). As the left upper lobe vein

courses inferiorly, it passes in front of the left PA, and enters

the left atrium immediately posterior to the orifice of the left

atrial appendage. The right upper lobe vein lies anterior to

the right pulmonary artery. It passes from anterior to poste-

rior and inferiorly to enter the left atrium immediately 

posterior to the entrance of the superior vena cava into the

right atrium. The left lower lobe pulmonary vein always

courses in a caudad direction directly anterior to the

descending thoracic aorta before entering the posterior left
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Figure 5.32 Right anterior oblique (RAO) reconstruction
obtained to the left of Figure 5.31, through the anterior
mitral leaflet (arrow 7). A left ventricular (LV) papillary
muscle (arrow 9) and chordae tendineae (arrow 8) are
seen connecting to the leaflet. The left atrial appendage
(arrow 4) is seen draining into the left atrium (LA). Beneath
the proximal portion of the left atrial appendage, the ante-
rior descending (arrow 5) and circumflex (arrow 6) coro-
nary arteries separate from the left main artery. The great
cardiac vein (arrow 2) and posterior left ventricular branch
of the distal right coronary artery (arrow 3) are seen within
the posterior atrioventricular ring. The segmental veins of
the right lower lobe (arrow 1) drain to the LA. The trans-
verse portion of the right pulmonary artery (RP) passes
along the superior aspect of the LA.
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Figure 5.33 Right anterior oblique (RAO) reconstruction
obtained to the left of Figure 5.32, through the posterior
aspect of the left ventricle (LV). The superior (arrow 8) and
inferior (arrow 9) papillary muscles lie nearly parallel to each
other in this section.The entrance of the right lower lobe pul-
monary vein (arrow 1) into the left atrium (LA) and left atrial
appendage (arrow 5) are viewed in longitudinal section.
Notice the filling defect of a pectinate muscle bundle (arrow
6) within the left atrial appendage. The circumflex coronary
artery (arrow 7) passes beneath the left atrial appendage, to
enter the posterior atrioventricular ring. Beneath the LA
within the inferior aspect of the posterior atrioventricular
ring, the great cardiac vein (arrow 2), and distal left ventric-
ular branches (arrows 3 and 4) are viewed in cross section.
The transverse portion of the right pulmonary artery (RP)
passes along the superior aspect of the LA.
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Figure 5.34 Right anterior oblique (RAO) reconstruction
obtained to the left of Figure 5.33, through posterior aspects
of the mitral leaflets (short arrows). The superior papillary
muscle (arrow 7) and a chordae tendineae (arrowhead) are
seen. The circumflex artery (arrow 5) is viewed in cross sec-
tion within the fat of the posterior atrioventricular ring, inferior
to the posterior aspect of the left atrial appendage (arrow 4).
A diagonal branch of the anterior descending artery (arrow 6)
is viewed in longitudinal section, as it passes over the antero-
lateral wall of the LV. The great cardiac vein (arrow 1) is
viewed in cross section beneath the LA. A segment of a low
marginal cardiac vein (arrow 3) is viewed prior to its conflu-
ence with the great cardiac vein. Segments of a distal poste-
rior left ventricular branch of the distal right coronary artery
(arrows 8 and 9) are viewed along the inferolateral LV wall. A
segment of the air-filled esophagus (arrow 2) is seen.
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aspect of the left atrium (Figures 5.10–5.15, 5.31–5.33,

5.54–5.57, 5.60–5.62). The right lower lobe vein drains to the

right posterior inferior aspect of the left atrium.3

8 LEFT ATRIUM

The left atrium lies posterior, superior, and toward the left

with respect to the right atrium (Figures 5.14–5.17,

5.28–5.37, 5.51–5.57, 5.62). The two atria share the intera-

trial septum, which forms an oblique surface between the

two. The interatrial septum normally thins in the region of

the foramen ovale. The left atrium is just about the same

size as the right atrium. The inner surface of the LA is bald

smooth. The confluence of the left upper lobe pulmonary

vein and orifice of the left atrial appendage is a redundant

endothelium, which may appear to be thickened in its

medial-most aspect (Figure 5.36). The left atrial appendage

is long and finger-like (Figures 5.4–5.9, 5.31–5.36,

5.49–5.53). Analogous to the right atrial appendage, it con-

tains pectinate muscles. However, these myocardial trabec-

ulations are always smaller in caliber than those of the RAA,
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Figure 5.35 Right anterior oblique (RAO) reconstruction
obtained to the left of Figure 5.34, through the distal tra-
chea (T), esophagus (arrow 1) and descending aorta
(AoD). The left upper lobe pulmonary vein (arrow 5) drains
into the left atrium (LA) posterior and superior to the orifice
of the left atrial appendage (arrow 6). A high marginal car-
diac vein (arrow 8) has not yet drained into the proximal
aspect of the great cardiac vein (arrow 7). The circumflex
coronary artery (arrow 9) is viewed in cross section in the
superior aspect of the posterior atrioventricular ring. A
more proximal portion of a low marginal cardiac vein
(arrow 3) and a posterior left ventricular branch of the
distal right coronary artery (arrow 4) are viewed in the infe-
rior aspect of the posterior atrioventricular ring, along with
the great cardiac vein (arrow 2).
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Figure 5.36 Right anterior oblique (RAO) reconstruction
obtained to the left of Figure 5.35, through the trachea (T),
esophagus (arrow 1), descending aorta (AoD) and poste-
rior aspect of the posterior atrioventricular ring. The proxi-
mal (arrow 4) and distal (arrow 8) parts of the great cardiac
vein and trunk circumflex artery (arrow 6) are viewed. The
left upper lobe pulmonary vein (arrow 2) drains from upper
left medially to enter the left atrium (LA) behind the orifice
of the left atrial appendage (arrow 3). Note the apparent
thickened endothelium between the upper lobe vein
drainage and atrial appendage ostium (arrowheads). A
proximal segment of a low marginal cardiac vein (arrow 7)
passing along the posterior LV wall has not yet entered the
great cardiac vein.
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Figure 5.37 Right anterior oblique (RAO) reconstruction
obtained to the left of Figure 5.36, through the thoracic
spine, mid esophagus (arrow 1) and descending aorta
(AoD). The posterior-most aspect of the left atrium (LA),
myocardium of the posterior LA wall (**), and distal left
upper lobe pulmonary vein (LUL) prior to its drainage into
the LA are visualized. The proximal portion of a high mar-
ginal cardiac vein (arrow 7) is just about to drain into the
great cardiac vein (arrow 6) cephalad to a segment of the
circumflex artery (arrow 8). A low marginal cardiac vein
along the posterior left ventricular wall (arrow 10) drains
(arrow 11) into the distal great cardiac vein (arrow 9).
Intercostal arteries (arrowheads) and veins (short arrows)
lie adjacent to the thoracic vertebral bodies.
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and almost never cross from one face of the appendage 

to the other. The LAA runs from caudad to cephalad,

around the left aspect of the heart, below the level of the 

pulmonary valve.

The mitral valve lies within the posterior atrioventricu-

lar ring, immediately subjacent to the circumflex coronary

artery (Figures 5.13–5.16, 5.30–5.35, 5.49, 5.50). Fibrous 

continuity between the anterior mitral leaflet and the aortic

annulus is characteristically found in morphologic left ven-

tricles (Figures 5.13–5.16, 5.30). Ordinarily, the chordae

tendineae of the anterior and posterior mitral leaflets are not

visualized on CT examination. However, introduction of

ECG-gated 16 and 64-detector systems has improved the

spatial and temporal resolution to a point where these struc-

tures are now commonly identified1,2 (Figures 5.32, 5.34).

9 LEFT VENTRICLE

The left ventricle is generally in the shape of a prolate-

ellipse. It is symmetrical, with a long axis and two orthogo-

nal shorter axes. The left ventricular papillary muscles are

always seen as filling defects in the LV cavity (Figures 5.14,

5.19, 5.32–5.34, 5.44–5.46). Analogous to visualization of the

chordeae, attachment of the papillary muscles to the

chordeae is frequently visualized on the newer scanners.

The posterior AV ring also contains the great cardiac

vein. This vein lies anterior to the circumflex artery, and

passes around the ring between the LA and LV, to run

beneath the LA prior to its drainage into the RA. Before

entering the RA, is receives other venous tributaries, which

run along the epicardial surface of the heart.

The left ventricle lies posterior and to the left with

respect to the right ventricle (Figure 5.15). The left ventric-

ular myocardium is nearly uniform in thickness (1 cm at end

diastole). However, in axial acquisition, the poster LV wall

may appear thicker than the septal or apical myocardium,

because it has been cut obliquely with respect to its internal

axis (Figures 5.18–5.20). Although some trabecular myocar-

dial filling defects may be identified within the ventricular

cavity, the LV is characterized by its smooth walls and 

two large papillary muscles. These always originate from

the posterior wall of the ventricle. The plane of the 

interventricular septum is directed anterior to the coronal

plane, and inferiorly toward the left hip. It normally bows

toward the RV (Figures 5.16–5.19, 5.27, 5.41–5.48). The

aortic valve shares the fibrous trigone of the heart and is, as

previously described, in continuity with the anterior mitral

leaflet.3

10 AORTIC ROOT

The aortic valve has three sinuses of Valsalva, the right

(anterior), the left (posterior), and the non-coronary 

(right posterior) (Figures 5.8–5.14, 5.27–5.30, 5.49–5.53).

The right coronary artery (RCA) originates from the right

sinus. The left main coronary artery (LMCA) arises from

the left sinus. The non-coronary sinus is the most inferior

sinus, and provides no coronary artery; it abuts the right and

left atria.

11 CORONARY ARTERIES

The right coronary artery (Figures 5.7–5.36, 5.44–5.54,

5.58–5.61, 5.63) originates from the right aortic sinus of

Valsalva. It takes a short right turn to enter the fat within

the anterior atrioventricular ring, and passes around to the

intersection of the A-V ring and the interventricular

septum, the so-called crux of the heart. The RCA originates

more caudally from the aorta than the LMCA.

The distal RCA usually gives the posterior descending

artery (PDA) to perfuse the inferior interventricular

septum. In 85% of individuals, the PDA arises from the

distal right coronary artery; this is called a right dominant

circulation. The PDA may also derive from the left circum-

flex artery (LCX), forming a left dominant circulation or

there may be ‘co-dominance’ with derivation of the PDA

from the RCA and LCX.

The sinoatrial node artery arises from the proximal

RCA, and passes behind the superior vena cava to the top of

the interatrial septum. Marginal branches from the RCA

arise at a right angle from the plane of the AV ring, and

then course within the epicardial fat across the right ventric-

ular free wall. The highest marginal branch from the RCA

is the conus artery. In right dominant circulations, the distal 

RCA continues in the posterior A-V ring as the posterior

left ventricular branches.4

The LMCA arises from the left aortic sinus of Valsalva

(Figures 5.6–5.8, 5.30. 5.32, 5.52, 5.53). The artery continues

posteriorly, and passes beneath the left atrial appendage, to

enter the posterior AV ring. It continues within the ring 

as the circumflex artery (Figures 5.9–5.17, 5.32–5.38,

5.50–52, 5.60–5.62). Marginal branches arise from the poste-

rior AV ring, and pass along the posterior LV wall. In 15%

of individuals, the circumflex artery continues around 

the posterior AV ring, and the PDA arises from the distal

LCX, or is its continuation. This is called left dominant 

circulation.
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Before the left main artery passes beneath the LAA, the

anterior descending artery arises along the top of the inter-

ventricular septum (Figures 5.7–5.20, 5.26–5.32, 5.39–5.51,

5.58–5.63). Within the epicardial fat, it passes along the top

of the septum in the anterior interventricular groove to the

cardiac apex. As the RCA defines the right margin of the

RV, the LAD defines the left border, and thus the position

of the RV, an indicator of RV size. Diagonal branches of the

LAD pass along the anterolateral aspect of the ventricle.4,5

12 PERICARDIUM

The heart is contained within the middle mediastinum by

the pericardium. The visceral pericardium is adherent to the

ventricular myocardium, and cannot be visually separated

from the epicardial fat. The parietal pericardium may be

identified as a paper-thin high signal intensity surface 

surrounding the heart and great arteries (Figures 5.2, 5.3,

5.15, 5.16, 5.18, 5.20, 5.41–5.54). On the left side of the heart,

it attaches over the top of the main pulmonary artery. The

ascending aorta is enveloped up to about the level of the

azygos vein. Recesses (potential spaces) in the pericardium

are typically found anterior to the ascending aorta and

medial to the main pulmonary artery (the anterior aortic

recess), between the ascending aorta and transverse right

pulmonary artery (the superior pericardial recess), and

around the entry of the pulmonary veins to the left atrium.

Visualization of the parietal pericardium depends upon the

presence and extent of low-density fatty deposition in the

pericardial fat pad and middle mediastinum.1,2
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Figure 5.38 Right anterior oblique (RAO) reconstruction
obtained to the left of Figure 5.39, through the thoracic
spine, left bronchus (LB), confluence (cc) of the left lower
lobe pulmonary veins prior to entering the left atrium, and
descending aorta (AoD). Intercostal arteries (arrowheads)
are viewed in cross section. A marginal branch of the cir-
cumflex coronary artery (arrow 2) is viewed in longitudinal
section along the posterior aspect of the left ventricular
myocardium. Note the calcified thoracic vertebral disc
(arrow 1).
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Figure 5.39 Short axis reconstruction obtained through
the myocardium of the left ventricular apex (arrow 3). The
distal anterior descending coronary artery (arrow 4)
passes in the fat of the interventricular sulcus toward the
underside of the apical interventricular septum. Running
with the artery are segments of the anterior cardiac vein
(arrows 1 and 2).
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Figure 5.40 Short axis reconstruction obtained to the
right of Figure 5.39, through the right ventricular apex (R).
The anterior descending artery is seen just before (arrow 1)
and after (arrow 4) it passes about the cardiac apex
between the right (R) and left (L) ventricles. A branch from
the distal anterior descending artery (arrow 5) passes
toward the lateral wall. Reaching toward the cardiac apex,
the distal posterior cardiac vein, beneath the interventricu-
lar septum (iv).
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Figure 5.41 Short axis reconstruction obtained to the
right of Figure 5.40. The anterior descending coronary
artery is viewed in cross section along the distal anterior
interventricular groove (arrow 1), and the inferior aspect of
the distal interventricular septum (arrow 2). A branch from
the distal anterior descending artery (arrow 3) passes
toward the lateral wall. Portions of pericardium (small
arrowheads) are identified about the periphery of the
heart.
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Figure 5.42 Short axis reconstruction obtained to the
right of Figure 5.41. The anterior descending coronary
artery (arrow 1) passes beneath the pericardium (arrow-
heads) along the anterior interventricular groove. The
distal posterior cardiac vein (arrow 3) is viewed in cross
section passing along the inferior aspect of the interven-
tricular septum (iv) between the right (RV) and left (LV)
ventricles. A branch from a distal posterior left ventricular
branch of the distal right coronary artery (arrow 2) passes
along the LV lateral wall.
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Figure 5.43 Short axis reconstruction obtained to the
right of Figure 5.42. The anterior descending coronary
artery (arrow 1) passes beneath the pericardium (arrow-
heads) along the anterior interventricular groove. The distal
posterior cardiac vein (arrow 3) is viewed in cross section
passing along the inferior aspect of the interventricular
septum (iv) between the right (RV) and left (LV) ventricles.
A high diagonal branch of the anterior descending artery
(arrow 2) is viewed in cross section along the anterior wall.
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Figure 5.44 Short axis reconstruction obtained to the
right of Figure 5.43.The anterior descending artery (arrow 1)
and a diagonal branch (arrow 5) of the anterior descend-
ing artery are viewed in cross section. Between the two
arteries, the anterior interventricular vein (arrow 4) is seen
in cross section. A more distal diagonal branch (arrow 6) is
within the anterior epicardium. Along the inferior aspect of
the interventricular septum (iv), the posterior descending
coronary artery (arrow 3) and the inferior interventricular
vein (arrow 10) are viewed in cross section. A distal poste-
rior left ventricular branch of the distal right coronary artery
(arrow 9) is found along the inferior left ventricular (LV)
wall. At this anatomic level, the papillary muscles of the LV
(arrows 7 and 8) are seen as large intracavitary filling
defects. A marginal branch of the right coronary artery
(arrow 2) is seen in cross section, embedded in the epicar-
dial fat of the right ventricular (RV) free wall. Portions of
pericardium (small arrowheads) are identified about the
periphery of the heart.
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Figure 5.45 Short axis reconstruction obtained to the right
of Figure 5.44. The anterior descending artery (arrow 1) is
viewed in cross section along the superior aspect of the inter-
ventricular septum (iv). The posterior descending artery
(arrow 3) and inferior interventricular vein (arrow 8) are
viewed in cross section along the inferior aspect of the iv. A
diagonal branch of the anterior descending artery (arrow 4)
and a posterolateral branch of the distal right coronary artery
(arrow 7) are viewed along the anterior and posterolateral
walls, respectively. The papillary muscles of the LV (arrows 5
and 6) are seen as large intracavitary filling defects within the
left ventricle (LV). A marginal branch of the right coronary
artery (arrow 2) is viewed in the right ventricular (RV) free wall
epicardium. Portions of pericardium (small arrowheads) are
identified about the periphery of the heart.
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Figure 5.46 Short axis reconstruction obtained to the
right of Figure 5.45.The anterior descending artery (arrow 1)
and a diagonal branch of the anterior descending coronary
artery (arrow 5) are viewed in cross section within the fat
of the anterior left ventricular (LV) wall. In addition, a tribu-
tary of the anterior interventricular vein (arrow 6) is found
within the fat, as well. The posterior descending artery
(arrow 3) and the inferior interventricular vein (arrow 4) are
viewed in cross section along the inferior aspect of the
interventricular septum (iv). A posterolateral branch of 
the distal right coronary artery (arrow 9) is seen along the 
posterolateral LV wall. The papillary muscles of the LV
(arrows 7 and 8) appear as filling defects toward the pos-
terior aspect of the LV cavity. In this section, the parietal
band of the crista supraventricularis (small arrow) appears
as a filling defect in the superior portion of the right ventricle
(RV). Portions of pericardium (small arrowheads) are
identified about the periphery of the heart.
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Figure 5.47 Short axis reconstruction obtained to the right
of Figure 5.46. This section is proximal to the papillary mus-
cles of the left ventricle (LV). The anterior descending coro-
nary artery (arrow 5), a septal perforating branch (arrow 1)
and a diagonal branch (arrow 6) are all viewed in cross sec-
tion within the epicardial fat of the anterior wall of the LV. In
addition, tributaries of the anterior interventricular vein
(arrows 7 and 8) are found within the fat, as well. A proximal
marginal branch of the circumflex coronary artery (arrow 9)
is viewed in cross section. The posterior descending coro-
nary artery (arrow 3), the inferior interventricular vein (arrow
4), and portions of the posterior left ventricular branch of the
distal right coronary artery (arrows 11, 12, 13, and 14) are
viewed in cross section beneath the interventricular septum
(iv) and inferior LV wall. A distal marginal branch
of the circumflex artery is viewed in cross section along 
the posterolateral LV wall (arrow 10). The conus artery
(arrow 2) is viewed in cross section along the right ventric-
ular (RV) outflow myocardium. A marginal branch of the mid
right coronary artery is viewed in cross section (arrow 2a)
within the epicardial fat of the RV free wall. Portions of 
pericardium (small arrowheads) are identified about the
periphery of the heart.
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Figure 5.48 Short axis reconstruction obtained to the right of Figure 5.47, through the distal right coronary artery 
(arrow 3), passing within the inferior aspect of the anterior atrioventricular ring. The anterior descending coronary 
artery (arrow 5) and a diagonal branch of the anterior descending artery (arrow 6) are viewed in cross section within the
epicardial fat of the anterior wall of left ventricle (LV). A small septal perforating branch (small arrow) is seen arising from
the anterior descending artery. The anterior interventricular vein (arrow 7) is viewed in cross section as it passes toward the
posterior atrioventricular ring. Both rami of a bifurcating marginal branch of the circumflex coronary artery (arrows 8 
and 9) are viewed in cross section along the anterior LV wall. The inferior interventricular vein (arrow 4) is seen in cross
section along the inferior aspect of the interventricular septum. A posterolateral branch of the distal right coronary artery
(arrow 10) is seen along the inferior LV wall. The conus artery (arrow 1) and a marginal branch of the right coronary 
artery (arrow 2) are viewed in cross section along the free wall of the right ventricle (RV). Portions of pericardium (small 
arrowheads) are identified about the periphery of the heart.
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Figure 5.49 Short axis reconstruction obtained to the right of Figure 5.48, through the anterior aortic sinus of Valsalva
(a). The mid right coronary artery (arrow 2) weaves through the fat of the anterior atrioventricular ring. A portion of the
conus artery (arrow 1) is seen in cross section within the epicardial fat of the right ventricular outflow (rvo). The anterior
descending artery (arrow 5) passes behind the main pulmonary artery (MP) and beneath the left atrial appendage (arrow 6)
within the epicardial fat of the anterior left ventricular (LV) wall. The anterior interventricular vein (arrow 7) passes posteri-
orly, separating from the anterior descending artery as it enters the posterior atrioventricular ring. A tributary of the middle
cardiac vein (arrow 8) and a segment of a marginal branch of the circumflex artery (arrow 11) are viewed in the epicardium
of the posterior LV wall. Large (arrow 12) and small (arrow 14) tributaries of the posterior cardiac vein are viewed in cross
section. The distal right coronary artery (arrow 4) and the origin of a posterior LV branch are viewed within the fat of the
inferior aspect of the posterior atrioventricular ring. The anterior (arrow 9) and posterior (arrow 10) mitral valve leaflets are
seen as redundant sheet-like filling defects within the LV cavity. The atrioventricular septum (arrow 3) lies along the pos-
terolateral aspect of the anterior aortic sinus (a). Portions of pericardium (small arrowheads) are identified about the
periphery of the heart.
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Figure 5.50 Short axis reconstruction obtained to the right of Figure 5.49, through the anterior (a) and posterior left (pl)
aortic sinuses of Valsalva (a) and proximal right coronary artery (arrow 1). Immediately after it enters the fat of the ante-
rior atrioventricular ring, the right coronary artery descends within the ring behind the right atrial appendage (arrow 3). The
anterior cardiac vein (arrow 4) drains the right ventricle, and is seen passing toward the junction of the right atrial body
(RA) and appendage (arrow 3). The anterior interventricular vein (arrow 9) has not yet drained into the great cardiac vein
(not visualized). A low posterior cardiac vein (arrow 13) is about to drain into the great cardiac vein (arrow 6) and RA. The
eustachian valve (arrow 5) segregates coronary sinus from inferior vena cava (IVC) blood flow. The very proximal most left
anterior descending artery (arrow 7) is viewed in cross section. Notice the nonobstructive eccentric low attenuation fatty
plaque. A high marginal branch is seen passing beneath the left atrial appendage (small arrows). Immediately adjacent,
the anterior interventricular vein is passing toward the posterior atrioventricular ring. The anterior (arrow 12) and posterior
(arrow 10) mitral leaflets are thin and well-defined. A segment of a marginal branch of the circumflex artery (arrow 11) is
viewed in the epicardial fat of the posterior LV wall. Portions of pericardium (small arrowheads) are identified about the
periphery of the heart.
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Figure 5.51 Short axis reconstruction obtained to the right of Figure 5.50, on the left atrial (LA) side of the posterior atri-
oventricular ring. The sinoatrial node artery (arrow 1) ascends in the epicardial fat beneath the right atrial appendage (raa)
after originating from the proximal right coronary artery (arrow 2). The great cardiac vein (arrow 10) is confluent with the
coronary sinus (arrow 11) prior to drainage into the right atrium (RA). The left anterior descending coronary artery 
(arrow 3), a marginal branch of the circumflex artery (arrow 5) and the circumflex artery itself (arrow 7) are in the fat pos-
terior to the aortic root (Ao), beneath the left atrial appendage (arrow 4). The anterior interventricular vein (arrow 6) and a
middle cardiac vein (arrow 8) have not yet drained into the great cardiac vein. A more distal marginal branch of the circum-
flex artery (arrow 9) is viewed in cross section after origin from the trunk circumflex artery (arrow 7). Portions of pericardium
(small arrowheads) are identified about the periphery of the heart. The intraheparic inferior vena cava (IVC) and descend-
ing aorta (AoD) are labeled.
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Figure 5.52 Short axis reconstruction obtained to the
right of Figure 5.51, through the right atrial appendage
(arrow 1), posterior right aortic sinus of Valsalva (pr), and the
origin and proximal course of the circumflex coronary artery
(arrow 7) from the left main coronary artery (arrow 4). The
sinoatrial node artery is viewed in cross section (arrow 2)
beneath the right atrial appendage. After originating from the
left main artery, the circumflex artery (arrow 7) passes
beneath the left atrial appendage (arrow 5) and runs with
the great cardiac vein (arrow 6) in the fat of the posterior 
atrioventricular ring. A branch of a marginal cardiac vein
(arrow 8) has not yet drained into the distal great cardiac
vein (arrow 9), running along the floor of the left atrium (LA).
The esophagus (arrow 3) and descending aorta (AoD) are
labeled. Portions of pericardium (small arrowheads) are
identified about the periphery of the heart.
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Figure 5.53 Short axis reconstruction obtained to the
right of Figure 5.52, through the main pulmonary artery
(MP), the posterior right aortic sinus of Valalva (pr), and the
great cardiac vein (arrow 7) in the posterior atrioventricular
ring. The sinoatrial branch of the right coronary artery
(arrow 2) is seen beneath the right atrial appendage 
(arrow 1). The left atrial appendage (arrow 6) is not quite
confluent with the left atrium (LA). The origin of the left
main coronary artery from the posterior left aortic sinus of
Valsalva (pl) is seen. Portions of pericardium (small arrow-
heads) are identified about the periphery of the heart. The
suprahepatic inferior vena cava (arrow 3), esophagus
(arrow 4) and descending aorta (AoD) are labeled.
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Figure 5.54 Short axis reconstruction obtained to the
right of Figure 5.53, through the cavities of the right (RA)
and left (LA) atrium, ascending aorta (AoA) and proximal
right pulmonary artery (RP). The sinoatrial node coronary
artery (arrow 2) is viewed in cross section beneath the right
atrial appendage (arrow 3). The interatrial septum (arrow 3)
bows toward the RA as expected. A portion of the left lower
lobe pulmonary vein (arrow 5) has not yet drained to the
LA. The esophagus (arrow 4) and descending aorta (AoD)
are labeled. Portions of pericardium (small arrowheads) are
identified about the periphery of the heart.
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Figure 5.55 Short axis reconstruction obtained to the
right of Figure 5.54, through the cavities of the right (RA)
and left (LA) atrium, ascending aorta (AoA) and proximal
right pulmonary artery (RP). The right atrial appendage
(arrow 1) lies anterior to the AoA. The left upper lobe pul-
monary veins are about to drain into the LA; the left lower
lobe veins (arrow 4) have entered the LA. The esophagus
(arrow 2) and descending aorta (AoD) are labeled. Note
the calcified lower thoracic intervertebral disc (arrow 5).
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Figure 5.56 Short axis reconstruction obtained to the
right of Figure 5.55, through the sinus venosus interatrial
septum (arrow 2), the distal superior vena cava (SV), prox-
imal right pulmonary artery, and lateral aspect of the left
atrium (LA). The lateral aspect of the acending aorta
(arrow 1) is on the periphery of the image. The left upper
lobe (arrow 4) and right lower lobe (arrow 3) pulmonary
venous drainage to the LA is labeled. In this plane, the left
pulmonary artery (arrow 5) has just crossed over the top of
the left bronchus (arrow 6). The descending aorta is
labeled.

LA

SV
RP

AoD 6

5

4

3

2

1

Figure 5.57 Short axis reconstruction obtained to the
right of Figure 5.56, through the inferolateral aspect of the
left atrium (LA), at the entry of a segmental right middle
lobe pulmonary vein (arrow 2). The entry of the right upper
lobe pulmonary vein (arrow 1) into the LA is noted. Note
that the superior vena cava (SV) lies anterior and toward
the right of the right pulmonary artery (RP). The descend-
ing aorta (AoD) is labeled.
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Figure 5.58 Surface rendered 3-dimensional reconstruc-
tion of the heart viewed from above and the right (i.e., cau-
dally angulated right anterior oblique view). The proximal
right coronary artery (RCA) (arrow 4) travels embedded in
the (invisible) fat of the anterior atrioventricular (AV) ring.
Marginal branches of the RCA cross the ring and course
along the RV free wall. The ring is bordered along its right
aspect by the right atrial appendage (RAA), and body of
the right atrium (RA). The medial aspect of the right ventri-
cle (RV) forms the leftward aspect of the atrioventricular
ring. The superior vena cava (SV) lies to the right of the
ascending aorta (AoA), and passes posteriorly and toward
the right to enter the RA immediately anterior to the left
atrium (LA). The pulmonary artery sinuses of Valsalva (s)
characterize the proximal most portion of the pulmonary
arteries. The pulmonary valve (at the base of the sinuses)
is separated from the tricuspid valve (within the atrioven-
tricular ring) by the RV infundibulum. The conus artery
(arrowheads) is the highest marginal branch of the RCA. It
travels along the surface of the infundibular free wall
myocardium. The main pulmonary artery (arrow 5) passes
to the left of the AoA, and continues as the left pulmonary
artery (LP). The right pulmonary artery (*) is obscured by
the AoA, SV, and right upper lobe pulmonary vein (arrow 3).
The right upper lobe pulmonary artery (arrow 1) and hilar
right pulmonary artery (arrow 2) both lie posterior to the
right upper lobe pulmonary veins. The left anterior
descending coronary artery (LAD) (arrow 8) passes in the
anterior interventricular groove, demarking the leftward
border of the RV. Further along the lateral wall of the left
ventricle, a diagonal branch of the LAD is seen. Between
the two arteries is the anterior interventricular cardiac vein
(arrow 7). The descending aorta (AoD) is labeled.
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Figure 5.59 Surface rendered 3-dimensional reconstruction of the heart viewed from the front. The right ventricle (RV)
is an anterior structure, bounded on the right by the right coronary artery (arrow 2) in the anterior atrioventricular ring and
the left anterior descending coronary artery (arrow 11) in the anterior interventricular groove; the pulmonary artery 
(arrow 6) sinuses of Valsalva (s) define the superior-most aspect of the RV. The conus artery (arrow 12) runs along the
high RV free wall; a marginal branch of the right coronary artery (arrow 4) runs along the mid RV free wall. The anterior
cardiac vein (arrow 3) runs with the marginal branch, crossing the anterior atrioventricular ring to drain into the right atrium
(RA).The anterior interventricular vein (arrow 9) and diagonal branch of the anterior descending artery (arrow 10) are seen
passing from beneath the underside of the left atrial appendage (arrow 8) onto the anterolateral wall of the left ventricle
(LV). The right (arrow 1) and left (arrow 7) upper lobe pulmonary veins, superior vena cava (arrow 5), and ascending aorta
(AoA) are labeled.
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Figure 5.60 Surface rendered 3-dimensional reconstruction of the heart rotated toward the patient’ s right, viewed in left
anterior oblique. The anterior descending coronary artery (arrow 9) divides the right ventricular cavity from the left (LV). A
diagonal branch of the anterior descending artery (arrow 8) and a marginal branch of the circumflex artery (arrow 6) are
seen passing over the anterolateral LV wall. The anterior interventricular vein (arrow 7) is viewed draining toward the pos-
terior atrioventricular ring. The conus artery (arrow 3) is seen passing over the free wall of the right ventricular outflow
(RVO); a marginal branch of the right coronary artery is viewed passing over the free wall of the right ventricular (RV) sinus.
The pulmonary artery (MP) sinuses of Valsalva (s) define the top of the RVO. Portions of the ascending aorta (arrow 1),
right (arrow 2) and left (LAA) atrial appendage and left lower lobe pulmonary veins (arrow 5) are labeled.
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Figure 5.61 Surface rendered 3-dimensional reconstruction of the heart rotated toward the patient right, with the cardiac
apex tipped inferiorly, displayed in cranialized left anterior oblique view. The anterior descending artery (arrow 4) gives a
diagonal branch (arrow 11) after it emerges from beneath the left atrial appendage (LAA). The anterior interventricular vein
(arrow 10) and a marginal branch of the circumflex artery (arrow 9) are viewed just distal to the LAA. The circumflex artery
(arrow 8) and great cardiac vein (arrow 6) run together in the posterior atrioventricular ring. The proximal right coronary
artery (arrow 2) is seen in the anterior atrioventricular ring. A marginal branch of the right coronary artery (arrow 3) passes
around the free wall of the RV. The right upper lobe pulmonary veins (arrow 1), the left upper (arrow 5) and lower (arrow 7)
pulmonary veins, the ascending aorta (AoA) and superior vena cava (SV) are labeled. The pulmonary artery sinuses of
Valsalva (s), and bifurcation of the main pulmonary artery (MP) into left (LP) and right (RP) pulmonary arteries is displayed.
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Figure 5.62 Surface rendered 3-dimensional reconstruction of the heart viewed from the posterior atrioventricular ring.
The anterior descending coronary artery (arrow 5) runs down the anterior interventricular sulcus. A diagonal branch of the
anterior descending artery (arrow 4) and a marginal branch of the circumflex artery (arrow 3) pass along the anterolateral
and posterolateral left ventricular (LV) wall, respectively. The anterior interventricular vein (arrow 2) is joined by marginal
cardiac vein (arrow 10) and the inferior interventricular vein (arrow 7) to form the great cardiac vein (arrow 8) which drains
via the coronary sinus (arrow 6) into the right atrium, medial to the drainage of the inferior vena cava (IVC). The left upper
(lu), right upper (ru), and left lower (ll) and right lower (rl) lobe pulmonary veins are seen draining to the posterior left atrium
(LA). The left atrial appendage (LAA) and right pulmonary artery (RP) are labeled.
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13 CONCLUSION

When carefully performed, contrast-enhanced ECG-gated

computed tomography provides robust image data sets,

from which a great deal of anatomic and physiologic infor-

mation can be readily extracted. Recognition of the abnor-

mal is based upon appreciation of its variance from normal.

When carefully interpreted, CT examinations clarify diffi-

cult areas of cardiac morphology, characterize the severity

of a particular lesion, and reflect the pathophysiologic

sequelae of the underlying disease.
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Figure 5.63 Surface rendered 3-dimensional reconstruction of the heart rotated toward the patient’s left, displayed in
right anterior oblique view. The right coronary artery passes from superior-to-inferior within the fat of the anterior atrioven-
tricular ring. As the artery passes inferiorly, it provides the conus artery (arrow 5) which perfuses the right ventricular (RV)
outflow, and a marginal branch (arrow 8) which perfuses the RV free wall. The posterior descending artery (arrow 4) arises
from the distal right coronary artery, along the inferior aspect of the interventricular septum. The anterior cardiac vein
(arrow 9) crosses the RV free wall and anterior atrioventricular ring to drain into the right atrium (RA). Toward the left, the
anterior descending coronary artery (arrow 7) runs in the anterior interventricular groove; a diagonal branch of the ante-
rior descending artery (arrow 6) is seen on the anterolateral wall. The right upper (arrow 1) and lower (arrow 2) lobe pul-
monary veins, superior vena cava (SV), ascending aorta (AoA) and a pulmonary artery sinus of Valsalva (s) are labeled.
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6
Pathology of Coronary Artery
Atherosclerosis: Aspects Relevant 
to Cardiac Imaging

Dylan V. Miller

Recent years have seen exponential improvements in rapidity

and resolution of tomographic cardiac imaging, such that it

seems the once science-fiction notion of externally ‘scanning’

near-microscopic details of living patients is becoming a real-

ity. While histopathology remains the standard for defini-

tively characterizing coronary plaques (as the oft-repeated

pathology joke punchline goes) the answer comes a week too

late. Consequently, there has been a cooperative striving

among several disciplines for an accurate noninvasive means

of assessing coronary disease and predicting which patients

will develop acute coronary syndrome, and when. An excit-

ing opportunity has arisen to connect the knowledge and

experience from decades of histopathologic studies of autopsy

and explanted hearts with the emerging ability to radi-

ographically resolve fine details of plaque morphology. This

chapter will attempt to realize that opportunity.

1 ATHEROSCLEROSIS

1.1 Definitions

Atherosclerosis is a term derived from the Greek ‘athera-’

meaning porridge and ‘-scleros’ meaning hard. Coronary

artery atherosclerosis is an intimal disease (though associ-

ated changes are seen in the media and adventitia) affecting

the epicardial muscular arteries. It is characterized by both

hardening of the artery wall and deposition of a soft mate-

rial in the intimal layer. It follows a chronic progressive

course from an initial ‘fatty streak’ to diffuse stenotic dis-

ease. This progression is thought to proceed via punctuated

quantum evolution with periods of accelerated growth fol-

lowed by recovery, stabilization, and return to quiescence.

Atherosclerosis is thought to occur in three phases: (1) initi-

ation or formation of the nascent lesion, (2) progression

through the dynamic interplay of continued plaque growth

and vessel adaptation, and (3) complication or clinical man-

ifestation of disease.1 Atherosclerosis should be distin-

guished from arteriosclerosis, a term which refers to a

related processes of hypertrophy and/or calcification with

intimal fibrosis but without plaque formation.

1.2 Distribution and macroscopic
morphology

Plaques are not distributed randomly throughout the coro-

nary circulation. There is a propensity for development in

the proximal halves of the left anterior descending (LAD)

and left circumflex (LCX) arteries, with the right coronary

artery (RCA) showing a more even distribution throughout

its course.2,3 Plaques appear to develop at predisposed sites,

79
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such as arterial branchpoints and areas of flow turbulence.4

Statistically, when a high grade stenosis of the LAD is pres-

ent there is usually significant disease in all three vessels.5 In

autopsy studies, single vessel lesions of the left main and

LAD are most frequent compared to angiographic studies

where RCA and LCX disease predominates.5

Seventy percent of lesions show eccentric plaque forma-

tion when cut on cross section, with the remainder showing

concentric lesions (Figure 6.1).6 As stenosis becomes severe,

the lumen is compressed and becomes ellipsoid, semilunar,

or polymorphic in shape. In the setting of vasospasm, these

factors become clinically significant as some configurations

are more susceptible to flow reduction (Figure 6.2).

1.3 The atheroma

The fundamental unit of atherosclerosis is the atheroma or

fibrofatty plaque. The pathogenesis of plaque formation is

multifactorial and not entirely understood. The established

theories regarding the initial inciting event(s) triggering

plaque formation all focus on the intima and include: (1) A

monoclonal expansion of cells (from a single smooth muscle

myocyte) forms the initial lesion as a result of genetic ‘trans-

formation’ due to viral infection or another (perhaps

random) mutation event. The context of hyperlipidemia

makes it more likely for these early lesions to propagate and

enlarge.7 (2) Endothelial injury, resulting from hemody-

namic shear forces, toxic or oxidative damage (smoking or

oxidized LDL), or infection, denudes the intima and exposes

the basement membrane matrix. In the healing process, cells

are recruited that initiate early plaque formation.8–10 (3) As a

response to non-lethal injury, including flow turbulence

without traumatic shear forces, endothelial cells elaborate

growth factors and cytokines that cause the intima to become

permeable to monocytes as well as acting on medial smooth

muscle cells, inducing early plaque formation.11

80 Computed Tomography of the Cardiovascular System

Figure 6.2 Compound effect of vasospasm on lumen
morphology. Eccentricity and elongation of lumens 
narrowed by plaque are variably effected by vasospasm.
The fibrous cap and distensible core of a plaque buffer the
effects of medial constriction.

Figure 6.1 Eccentric (left) and concentric (right) lumen morphology. Because of asymmetric plaque distribution and growth,
the majority (70%) of plaques result in eccentric luminal distortion. (H&E 12.5X)
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Though across race and gender, plaque histomorphol-

ogy is remarkably constant, there is considerable variation

from patient to patient and even from centimeter to 

centimeter within the same coronary artery. With age, there

is also a general shift in plaque morphology to more 

frequent fibrotic and calcified plaques.12 The composition of

each plaque affects its appearance and physical properties.

Lipid and necrotic debris-rich plaques are soft and 

compliant compared to collagen and calcium-rich plaques

that are firm and rigid. Several components contribute to

these properties of a plaque, and a brief discussion of each

follows.

1.3.1 Lipid

For more than a century it has been known that serum

lipids play a central role in atherogenesis. Early studies

showed exclusive egg yolk and other lipid-rich diets fed to

animals induce atherosclerosis. Genetic hyperlipidemia syn-

dromes are also associated with severe and premature 

atherosclerosis.13 More recent and sophisticated investiga-

tions have implicated modified LDL particles as the 

primary agents of plaque formation and propagation.14

Lipids are predominantly in the esterified form and 

complexed within lipoprotein particles. The lipid particles

gain entry to the vessels wall through endothelial cell recep-

tor mediated endocytosis.

1.3.2 ‘Foam’ cells

These conspicuous cells within plaques display cytoplasmic

distention by numerous lipid vesicles microscopically 

resembling coalesced bubbles or foam. These cells 

are thought to derive from native vascular smooth muscle

cells15 as well as circulating monocytes that ingest the 

modified LDL particles.16 These cells also elaborate

cytokines and growth factors important in cell recruitment

and plaque progression.

1.3.3 Blood and its breakdown products

Whether by incorporation of silent superficial thrombus

resulting from microscopic endothelial injury or due to rup-

ture of the plaque microvasculature, red blood cells and

products of heme iron metabolism (hemosiderin laden cells,

and extracellular iron) are frequently found in plaques.

1.3.4 Necrotic debris

As the intima thickens and expands and the distance from

lumen to plaque core increases, the atheroma begins to out-

grow its blood supply. Without sufficient oxygen tension,

the smooth muscle and other cells in the plaque undergo cell

death, emptying their contents into the plaque substance.

1.3.5 Cholesterol crystals

Lipids released during cell necrosis are rich in cholesterol

which, no longer bound to protein, precipitates as large

needle-like crystals. These crystals often incite a foreign-

body giant cell reaction within the plaque.

1.3.6 Smooth muscle cells

The presence of these cells inside atheromas is well estab-

lished although their origin and function is not. They may

derive from endothelial cells, circulating stem cells, and/or

the vascular media.17 Smooth muscle cells also have been

shown to phagocytose lipid and LDL particles, similar to a

monocyte/macrophage.15 Some evidence suggests a transfor-

mation from contractile phenotype to a synthetic phenotype

occurs.18,19 These cells also produce inhibitors of proteolytic

enzymes, including matrix metalloproteinases.

1.3.7 Leukocytes

Foci of predominantly lymphocytic and monocytic inflam-

mation are variably seen in plaques and are considered a fea-

ture of remodeling. They can also be associated with areas of

collagen destruction in the fibrous cap and consequent

plaque vulnerability. The presence of inflammation in both

plaque remodeling and instability suggests this may have a

central role and that these may be inter-related processes.

These cells are the likely source of proteolytic enzymes

active in the remodeling process.20

1.3.8 Microvasculature

Likely stimulated by low oxygen concentration in the

plaque core, new growth of capillaries (neovascularization)

extending inward from the adventitial vasa vasorum can be

demonstrated in more established plaques.21 These young

Pathology of Coronary Artery Atherosclerosis: Aspects Relevant to Cardiac Imaging 81

9781841846255-Ch-06  10/12/07  4:59 PM  Page 81



vessels (part of so-called ‘granulation tissue’) are fragile and

prone to leak or rupture, leading to accumulation of blood

and iron deposits in the plaque as well.

1.3.9 Calcium

Calcification, associated both with the necrotic core and else-

where in the fibrous parts of the plaque, are commonly seen.

The composition is hydroxyapatite-like and contains phos-

phorus and carbonate as well. The mechanism of deposition

is thought to be influenced by pH changes within the

plaque22 and it is thought that membrane-bound vesicles and

cytoplasmic organelles of necrotic cells serve as the initial

nidus for precipitation.23 Enzymes reported to have primary

function in bone metabolism, such as osteopontin,24 have

been reported to have a role in this process25 and it is not

uncommon to see true ossification of plaque calcium includ-

ing the presence of lacunar cells and bone marrow elements.

Calcium deposition is typically a good indicator of overall

plaque burden, but does not correlate highly with the degree

of obstruction either at the site of calcification or elsewhere in

a vessel. This is particulary true in older patients, as there is a

general transition to rigid and calcified plaques with age.12

1.3.10 Collagen (fibrosis)

Like a scar forming at any other injury site in the body,

dense fibrillary collagen formation is universal part of

plaque structure. It is typically formed around the periphery

of a plaque including a ‘cap’ separating the core material

from the endothelium and vessel lumen. The thickness of

this core if thought to be proportional to the protection it

provides from plaque rupture and vessel thrombosis.

Pharmacotherapy with angiotensin converting enzyme

inhibitors and ‘statin’ agents is thought to promote and 

stabilize this fibrous cap.26

1.3.11 Fibrin and platelets (thrombus)

Activation of the coagulation cascade, together with platelet

aggregation, occurs either when the core contents are

exposed to luminal blood or when the delicate microvascu-

lature is disrupted and blood (and serum) are spilled inside

the plaque. Intraplaque fibrin material and platelet aggre-

gates are not uncommonly seen and are highly associated

with plaque vulnerability.

It should be borne in mind, however that these con-

stituents exist in a dynamic and constantly changing state,

such that one must resist the temptation to think of the

plaque strata like rings of a tree trunk, marking a succession

of thanksgiving feasts past or a retrospective chronicling of

various dietary indiscretions. This constant turnover helps

account for the apparent randomness of plaque instability

(discussed later), but also suggests a mechanism for regres-

sion and plaque shrinkage.

1.4 Adventitia and vasa vasorum

In addition to the intimal changes detailed above, it is also

becoming clear that the adventitia – particularly the vasa

vasorum – plays an important role in plaque biology.27 The

adventitia underlying a plaque frequently shows a collar of

dense mononuclear inflammation. There is also a significant

expansion of the vasa vasorum network at these sites.

Through detailed studies of vasculitis, it is evident that

adventitial inflammatory cells, particularly dendritic cells,

modulate the influx of cytotoxic cells through the vasa vaso-

rum and into the media and intima.28 It is possible that a

similar phenomenon occurs in atherosclerosis and that

intra-plaque inflammation associated with ‘instability’ can

be tied to signaling from adventitial dendritic cells.29

2 VASCULAR REMODELING

As a coronary plaque enlarges, compensatory changes in the

media occur in an attempt to maintain constant luminal area

and thus flow.30 (Figure 6.3) The media subjacent to the

plaque becomes distended and atrophied. The media of the

wall opposite the plaque often hypertrophies, possibly
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Figure 6.3 Vascular remodeling. As a plaque progresses
in size, compensatory changes occur in the vessel wall
resulting in dilatation and preservation of the original lumi-
nal diameter. The media underlying a plaque undergoes
atrophy and the smooth muscle of the plaque-free wall
hypertrophies.
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becoming more prone to spasm. Both processes involve the

combined effects of cell migration, proliferation, apoptosis

and extracellular matrix metabolism.31 Accommodation by

the vascular wall is generally successful in preserving unim-

peded flow until the plaque area approximates the luminal

area, though an accelerated rate of plaque growth may out-

strip the artery’s ability to adapt appropriately and in time.

These remodeling processes are also dynamic and can have

the opposite effects in other segments of the artery or at later

points in time, resulting in a reduction in wall thickness and

luminal diameter when flow velocity is reduced.

The phenomenon of coronary remodeling has been rec-

ognized as a significant contributor to the occasional discor-

dance between angiographic and histopathologic assessments

of stenosis. Angiography and other methods of ‘lumenogra-

phy’ are known to underestimate severity because in their

percent occlusion equation, the denominator represents the

least diseased adjacent segment of artery which may (either

due to remodeling or simply diffuse disease) actually contain

significant underlying plaque (Figure 6.4). This is especially

true in the proximal LAD. Units of measure must also be

reconciled as lumenography measures in a single linear

dimension (mm) and cross sectional assessments are 

2 dimensional (mm2); such that a 50% reduction in diameter

corresponds roughly to a 75% area reduction and 70% steno-

sis angiographically equates to a 90% occlusion by cross sec-

tional analysis. These mathematical calculations, however,

are based on the assumption that the lumen remains circu-

lar, which often is not the case (hence the need for multiple

orthogonal planes of imaging during cardiac catheteriza-

tion). By lumenography concentric plaques typically show

an hourglass type deformation and eccentric plaques are

more wide-mouthed. It should also be kept in mind that

coronary blood flow does not depend only on percent steno-

sis, but is also influenced by the length of a lesion, the shape

of the lumen, the blood pressure reaching the coronaries,

and extrinsic factors such as myocyte hypertrophy or an

intramyocardial course of an artery.

3 ACUTE CORONARY
SYNDROME AND 
VULNERABLE PLAQUE

The acute coronary syndrome (ACS) encompasses myocar-

dial infarction, unstable angina and sudden cardiac death. It

almost uniformly occurs in patients with coronary artery

disease32 and is due to acute thrombosis of usually a single

coronary artery. Curiously, this phenomenon of thrombosis

superimposed on atherosclerosis is as likely to involve 

non-critical plaques as it is areas of high grade stenosis.33,34

Consequently, the occurrence of ACS is difficult to predict

by any current imaging modality. It is also of interest to note

that a partially obstructing thrombus may still cause symp-

toms and damage myocardium, though these more fre-

quently lead to subendocardial rather than transmural

infarction. Arterial spasm may also mimic ACS clinically,

without any significant residual evidence obstruction.

The plaques associated with ACS-causing thromboses

demonstrate consistent histomorphologic features (Figure 6.5).
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Figure 6.5 Histopathologic features of unstable plaque.
Features of plaque instability are found in both critical and
non-critical stenosing lesions and include abundant soft
necrotic core material, a thin fibrous cap and active inflam-
mation within the fibrous cap. Inflammation can also be
seen in the adventitia (not pictured here). (H&E 50X)

Figure 6.4 Effect of vessel remodeling on discrepancies
between pathology and angiography.
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They are typically lipid-rich with prominent soft necrotic

cores, have a thinned fibrous ‘cap,’ and inflammatory foci

within the cap, plaque substance, and/or adventitia.26 Intra-

plaque hemorrhage and/or fibrin is also frequently seen.35 In

many cases, a breach of the fibrous cap can be found with

exposure of the thrombogenic plaque contents to luminal

blood. Using medical ‘archeology’ the sequence of events can

be reconstructed based on the pathologic findings (Figure 6.6).

The fibrous cap overlying a soft and pliable plaque is eroded

by proteolytic enzymes produced from the inflammatory cells

(representing an imbalance of degradation in the extracellular

matrix metabolism). Pressure inside the plaque rises due to

intraplaque hemorrhage, or else there is an endothelial injury

(perhaps due to hypertensive reaction to emotional stress or

some other ‘trigger’) causing disruption of the plaque. The

coagulation cascade is activated by tissue factor and other

thrombogenic plaque contents (plus platelet activation and

aggregation) and thrombosis ensues.

A number of fates await a newly formed coronary artery

thrombus. It may almost immediately begin to dissolve 

via intrinsic thrombolytic pathways. It, or portions of it, 

may dislodge and embolize to distal arteries and arterioles.

It may remain stable and, if not removed by an interven-

tional procedure, begin to organize and ultimately recanal-

ize, typically with multiple luminal channels (Figure 6.7).

The clinical manifestations of these events span a spectrum

from completely silent partial obstructions that resorb

(resulting in stepwise plaque progression) to sudden cardiac

death and from myocardial infarction with cardiogenic

shock to subtle changes in ejection fraction, eventually 

progressing to congestive heart failure or ischemic 

cardiomyopathy.

84 Computed Tomography of the Cardiovascular System
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Figure 6.6 Coronary pathology in acute coronary syndrome. The evolution of coronary lesions follows a progression
from (1) initial plaque formation, (2) plaque growth, (3) plaque vulnerability and rupture, and (4) thrombosis.
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4 CHRONIC CORONARY
OBSTRUCTION AND RELATED
CLINICAL SYNDROMES

Chronic flow-limiting obstructions of coronary arteries

without superimposed thrombosis manifests clinically as

stable, exertional angina. These typically correlate with dif-

fuse disease that is slowly progressive and does not show fea-

tures of plaque instability.

Chronic compromise of coronary blood flow may also

occur in the absence of significant coronary obstruction.

This can be due to coronary ostial stenosis, due to calcific

aortic atherosclerosis (more often affecting the right coro-

nary ostium), aortitis, or aortic dissection. Anomalous ori-

gins of the coronary arteries are also relatively rare causes of

chronic intermittent flow obstruction.

Coronary disease in diabetes warrants special considera-

tion as there is some evidence to suggest it differs from usual

atherosclerosis in non-diabetic patients. These differences

include greater calcification occurring in diabetic patients

dying suddenly compared to non-diabetic sudden death
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Figure 6.7 Organizing occlusive thrombus. The lumen is
completely obliterated by organizing thrombus. Early
recanalization is evident with multiple small vascular chan-
nels. (HE 12.5X)
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Figure 6.8 Pathologic versus tomographic approaches to cross sectional imaging.
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controls, an increase in cell-rich areas and necrotic core con-

tent, as well as generally earlier and more diffuse lesions in

comparison to a non-diabetic cohort.36

5 TOMOGRAPHIC IMAGING –
HISTOLOGY CORRELATION

Potentially erroneous assumptions can be made when com-

paring histologic and tomographic visualizations of coronary

arteries and this warrants some discussion. Images rendered

from tomography are actually a 2-dimensional flattening of

a complex 3-dimensional helical ‘section’ through the artery.

As such they represent a summed average of the actual cross

sectional morphologies from level to level throughout a

given thickness of artery (e.g. approx. 0.75 mm or 

750 microns using current CT scanners). Histologic sec-

tions, on the other hand, are 3-dimensional with a defined

thickness of typically 5–10 microns and show the actual

composition at a single microscopic level. This means that 

1 CT slice can contain 100–150 histology slices, making a

direct comparison of one CT slice with one histology slice

difficult. However, due to technical aspects of microtomy

using paraffin embedded tissue blocks (including ‘facing in’

to obtain a flat cutting surface as well as step sectioning to

obtain sections at different levels through the block), by

necessity, a significant number of sections end up on the cut-

ting room floor. Fortunately, for both modalities, the vari-

ability in plaque morphology from millimeter to millimeter

is negligible and when thrombi form they tend to propogate

over distances of several milimeters, so these two approaches

are reasonable approximations of each other when compar-

ing percent stenosis, and lumen morphology (Figure 6.8).
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7
Complementary Roles of Computed
Tomography and Myocardial Perfusion
Single Photon Emission Computed
Tomography

Daniel S. Berman, Leslee J. Shaw, and Alan Rozanski

This book has been dedicated to the application of cardiac

computed tomography (CT). However, a critical link to its

effective implementation is the development of patient

management strategies that integrate CT with conventional

cardiac imaging. The focus of this chapter is on the comple-

mentary roles of CT and stress ischemia testing with

myocardial perfusion single photon emission computed

tomography (SPECT, SPECT MPI).

For several decades, stress-rest SPECT myocardial per-

fusion imaging (MPI) has been a mainstay for the noninva-

sive assessment of patients with suspected and known CAD.

This test is effective both for the diagnostic assessment of

patients with an intermediate pretest likelihood of CAD,

and as a means for risk stratifying patients with either an

intermediate-to-high likelihood of CAD or those with

known CAD. Due to its proven effectiveness, SPECT MPI

studies are now performed in more than 7 million

Americans each year. Recently, cardiac CT has emerged as

another means of assessing patients with suspected CAD.

Cardiac CT provides high-resolution anatomic assessment

of coronary artery calcification (CAC) in noncontrast stud-

ies and angiographic disease extent and severity using coro-

nary CT angiography (CCTA). Potentially, SPECT 

MPI and cardiac CT may provide complementary informa-

tion regarding physiology and anatomy. Herein, we first

briefly review the current applications of SPECT MPI, fol-

lowed by our review of the emerging role of cardiac CT,

including its potential complementary use to SPECT MPI

for the clinical management of patients with suspected or

known CAD.

1 CLINICAL ASSESSMENT 
WITH MPI

1.1 Stress-induced ischemia 
on SPECT MPI

Within the ischemic cascade, perfusion abnormalities

develop prior to evidence of ST-segment changes on the

surface electrocardiography or the onset of anginal symp-

toms. Thus, MPI provides a more sensitive diagnostic

marker for obstructive CAD than clinical or stress ECG

testing. The underlying mechanism for stress-induced

ischemia is complex and both involves anatomic obstruction

to coronary blood flow and dynamic physiological factors

which may serve to cause reduced coronary blood supply

with exercise (e.g., paradoxical vasoconstriction due to coro-

nary endothelial dysfunction). Generally, coronary stenoses

induce alterations in peak-stress myocardial blood flow if

there is a moderate to severely obstructed lesion (>70% diam-

eter narrowing), a degree of stenosis accepted by interven-

tionalists as warranting revascularization. Stenoses of 50–70%

frequently show no stress-induced perfusion defect by
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SPECT MPI. By comparison, changes in resting myocardial

blood flow are principally seen only in the setting of a criti-

cal stenosis (i.e., >90%).1,2 However, it has recently been

shown that a large proportion of acute coronary events

occur in regions with only mild to moderate stenosis prior 

to the event. It is now considered likely that the dynamic

component of unstable plaques may explain the high sensi-

tivity of SPECT MPI for detecting patients at risk for car-

diac events.

The need for stress SPECT MPI is for diagnosis deter-

mined by first assessing patients’ pretest likelihood of CAD,

as assessed from the Bayesian analyses of patient age, sex,

risk factors, and symptoms, as initially developed by

Diamond and Forrester.3 Patients with an intermediate

likelihood of CAD following the analyses of the above 

factors (generally in the range of 15–85% CAD likelihood)

are considered the best candidates for stress testing (with 

or without imaging). Patients re-classified as “low likeli-

hood” patients following stress testing will still generally

require modification of coronary risk factors. Patients who

are re-classified as having a high likelihood of CAD 

following stress testing may become appropriate referrals

for cardiac catheterization, depending on the magnitude 

of inducible ischemia on stress testing. This diagnostic

application has resulted in class I indications in the recent

ACC/AHA/ASNC guidelines.4

Patients with an initially high likelihood of CAD prior

to stress testing are unique in that the question regarding

them is not diagnosis but rather prognosis – are they of suffi-

cient risk to merit aggressive intervention? As a consequence,

such high likelihood of CAD patients also commonly 

benefit from SPECT MPI as the next step in their clinical

evaluation, because a normal SPECT MPI study identifies

them as low-risk patients relative to future cardiac events

(<1%).5,6 When found to have normal SPECT MPI studies,

these patients are at low risk of prognosis, and usually can 

be followed using medical management. Of note, approxi-

mately 60% of high likelihood of CAD patients have 

been found to have normal SPECT MPI examinations,

allowing for consideration of a conservative management

plan. Conversely, the more abnormal the SPECT MPI

study is, the greater the likelihood that a patient would 

benefit from revascularization (e.g., PCI, CABG).7 This

approach is embodied in multiple ACC/AHA guidelines in

which stress testing, with or without stress imaging, is con-

sidered a class I indication in many patients with an inter-

mediate likelihood of CAD but class IIb indication for

diagnostic testing in patients with either high or low pretest

probability of CAD.4,8–10

1.2 Current evidence on risk
stratification with SPECT MPI

Risk stratification, along with diagnostic testing, is the other

common indicator for the use of SPECT MPI. A synthesis

of available prognostic evidence with SPECT MPI reveals

two key factors. First, a normal SPECT MPI is associated

with a very low risk of major adverse cardiovascular events

over the near term of follow-up (i.e., 1–3 years).11,12 In gen-

eral, longer term follow-up data estimating cardiac risk

beyond 2–3 years is not currently available. A recent meta-

analysis on the annualized cardiac death or myocardial

infarction (MI) rates for a normal SPECT MPI are 0.3% for

women and 0.8% for men.13 A similar low rate of cardiac

events has been reported when using all 3 available radioiso-

topes.14 A synopsis of available risk stratification evidence is

detailed in Table 7.1.12,13,15 Second, risk of cardiac death or

nonfatal MI is proportional to the extent and severity of

stress SPECT MPI abnormalities, as summarized by various

investigators.4,12,16,17 The risk of cardiac events is slightly ele-

vated with mild SPECT MPI abnormalities but can increase

up to 10-fold for patients with moderate to severe SPECT

MPI findings.11 It is this strong relationship between major

adverse cardiovascular events and SPECT MPI, as well as

the numerous large registries and controlled clinical trials,

that support numerous Class I indications for its use within

guidelines from the ACC.4

Today, the preferred interpretive technique is based 

on semiquantitative perfusion assessment, utilizing a 

17-segment myocardial model to define the extent of defects

across the myocardium as well as the severity of defects

within each region. Each segment is scored using a 5-point

scoring system ranging from 0 = normal perfusion to 

4 = absent perfusion. This score is applied to both the rest

and stress images and summed to calculate a summed rest

and stress score. The difference between the summed stress

and rest score widely utilized index is of the amount of

inducible ischemia (i.e., summed difference score).

More recently, we have advocated a new semiquantita-

tive method for expressing the amount of myocardium at

risk according to SPECT MPI.7 This method divides the

observed summed difference score in a given patient by 68

(maximum score possible) when using a 17-segment model.

With this approach, the percent of the myocardium that is

affected by reduced perfusion at stress or at rest can be

reported. Using the latter scoring technique, a moderate 

to severely abnormal study is one encompassing ≥5% to

≥10% of the myocardium.18 These thresholds were 

devised using validated prognostic models across diverse,
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large patient registries.18,19 The benefit to using measures

that identify the percent of the myocardium affected is that

they are more easily understood by referring physicians.

In prior work from our group, when more than 10% of

the myocardium is involved, such high risk patients were

found to receive an improved outcome following coronary

revascularization, based on observational data.7,20 For sympto-

matic patients with high risk findings, such as >10% of

ischemic myocardium, their risk of major adverse cardiovas-

cular events exceeded 5% per year.7 A recent meta-

analysis revealed that the annual rates of cardiac death or 

nonfatal MI averaged 5.9% (25th percentile = 4.6% to 

75th percentile = 8.5%) for a high risk MPI.12 Of note, comor-

bidity will accentuate this risk, such that patients with a heavy

risk factor burden may have annual event rates approaching

10% per year is the setting of a high risk study. These event

rates are consistent with those observed in patients having a

severe stenosis or multivessel coronary disease by angiographic

procedures. As such, it has been recommended that this risk is

sufficiently high to warrant referral to coronary angiography

in patients who manifest these findings.21

A list of high-risk SPECT MPI findings is detailed in

Table 7.2. These include large areas of reduced perfusion

defects and multivessel perfusion abnormalities of moderate

size. Patients with small perfusion defects can also be con-

sidered at sufficiently high risk to consider revascularization

if there are ancillary markers suggesting high risk including

transient ischemic dilation (TID) of the left ventricle22

new wall motion abnormalities after stress (post-stress 

stunning),23,24 increased lung uptake of radioactivity (associ-

ated with increased pulmonary capillary wedge pressure),25

and unusually prominent right ventricular visualization,
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Table 7.1 Meta-analyses on the annual rates of cardiovascular death or myocardial infarction by low to high risk
SPECT MPI

Low risk or normal stress High risk or severely moderate
perfusion abnormal stress perfusion

Underwood 0.8% 5.2%
Shaw 0.6% –

TI-201, Tc-99m S*, & Tc-99m M*
Shaw 0.85% (0.6%–1.2%) 5.9% (4.6%–8.5%)
Metz 1.2% (0.9%–1.5%) –
Patient subsets
Metz 0.4% (0.3%–0.5%) –

Women –
Men

Gender 1.4% (0.8%–2.1%) 6.3%
Women 0.7% 5.3%
Men 0.7%

Diabetes
Diabetics 1.9% 9.6%
Non-Diabetics 0.6% 5.8%

Diabetics
Women 2.7% 10.9%
Men 1.3% 6.5%

Type of stress 0.7%
Exercise 1.2% 5.6%
Pharmacologic stress 8.3%

Shaw report includes median event rates (25th, 75th percentile). For low risk, top values are in reports that highlighted only low risk
studies and bottom included low- to high-risk subsets. *S = Sestamibi, M = Myoview.

Table 7.2 Examples of high-risk markers from stress
SPECT MPI

1. Large anterior perfusion (fixed or reversible) defect
2. Multiple perfusion (fixed or reversible) defects of at

least moderate size
3. Moderate perfusion defect in the left anterior

descending vascular territory
4. Two or more defects with marked reduction in

perfusion
5. ≥5% ischemic myocardium
6. Stress defects in ≥5% myocardium
7. Increased lung uptake
8. Transient ischemic dilation
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reduced LVEF, and large end-systolic volumes. While both

reversible (ischemic) and fixed (“infarct”) defects confer

risk, only the magnitude of the ischemic defect appears to be

predictive of improvement in mortality risk after revascu-

larization. Hachamovitch et al.20 have recently shown that

the predictive value of ischemia regarding survival benefit

with revascularization extends across the range of ejection

fractions as measured after stress with gated SPECT MPI.

Finally, recent work from our institution has indicated 

the importance of assessing other clinical components in

determining the need to consider invasive management,

including factors such as age, symptoms (chest pain or 

shortness of breath),26 exercise duration, heart rate at rest

and percent heart rate response achieved, and inability to

exercise.

2 CLINICAL ASSESSMENT
WITH CAC SCANNING

2.1 Pathophysiology of coronary
artery calcification

The occurrence of macroscopic CAC, the amounts required

to be visualized by CT, is part of the atherosclerotic disease

process.27 Initially detected using fluoroscopic technique(s),28

CAC in the current era is more frequently assessed utilizing

electron beam (EBT) or multislice CT techniques27,29 as 

discussed in Chapter 10. Teleologically, it is postulated that

calcification of atherosclerotic plaque occurs in the body’s

effort to contain an ‘active,’ inflamed, or vulnerable coro-

nary plaque.29 Thus, the identification of a calcified region

within a coronary artery is thought to reflect a more

advanced stage of atherosclerotic plaque development, 

and it may have little relationship with disease activity.

Coronary calcification can frequently occur with positive

“remodeling” of the coronary artery with no resultant effect

on the coronary lumen, a process known as the Glagov 

phenomenon.30 Thus, a given CAC lesion is not site specific

for an underlying obstructive coronary stenosis.

However, whereas CAC does not predict obstructive

disease, it is strongly associated with the presence of ≥20%

stenoses and thus provides a strong link to the overall

burden of atherosclerosis. It is the accumulation of mild 

disease (i.e., ≥20% stenosis) that reflects the degree of 

atherosclerosis within the arterial wall.31 Other data note a

strong correlation between histopathologic evidence of 

coronary plaque and the extent of calcified and non-

calcified plaque noted on CT (r >0.90).32 Thus, the strength

of CT-determined CAC is that it is a measure of the global

atherosclerotic disease burden.

2.2 Measurement of CAC

CAC is frequently measured using a scoring system initially

devised by Agatston and colleagues.33 Using this score, the

extent and density of CAC is combined into one measure.

The score is calculated using a semi-automatic computer-

based program that is calculated as the product of calcified

plaque area and the coefficient of its density, as expressed in

peak Hounsfield units (HU). Coefficients are scored as 1 for

131–199 HU, 2 for 200–299 HU, 3 for 300–399 HU, and 

4 for ≥400 HU, respectively. A CAC score is calculated for

each coronary artery with a HU density ≥130. The score is

summed for each coronary artery to obtain the commonly

used total CAC score. Results are often assessed according 

to CAC ranges of 0, 1–10, 11–100, 101–399, 400–999, 

and ≥1,000 in clinical studies. Most investigators consider a

prognostically relevant CAC score as ≥100 and a high 

risk score as ≥400. Another score, preferred for serial 

testing to evaluating disease progression, is the calcium

volume score.34,35

2.3 Prevalence of CAC

CAC is common in adults with its prevalence increasing

with age.27 Nearly half of middle-age adults within the gen-

eral population have some detectable CAC, but only 

5% have a high risk score.36 The prevalence of a high risk

CAC increases with the number of clinical risk factors or

the degree of comorbidity and is higher in patients with an

intermediate- or high-risk Framingham risk score than in

those with low risk scores. In contrast, nearly half of elderly

patients have high-risk CAC score(s). Similar to CAD

prevalence rates, the overall rates for women lag behind

those of men by approximately 10–15 years.37 Age and

gender percentile scores are available that provide rough

guides as to normative standards of CAC scores based on

large datasets.36,38

2.4 Current evidence on risk
stratification with CACS

Within the last few years, the results from a number of large

observational registries have been published. These indicate a
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strong relationship between the extent of coronary calcium

and major adverse cardiovascular events, including death or

nonfatal MI.29,31,39–46 The direct relationship between coro-

nary artery calcium and hard cardiac events is most generally

explained by the aforementioned strong relationship between

the amount of calcified plaque and the overall plaque

burden.29 Thus, patients with extensive coronary calcium are

also likely to manifest extensive noncalcified plaque, a plaque

type more commonly associated with acute cardiac event(s).

A number of reports have been published on the rela-

tionship between CACS and all-cause mortality.42,43,47,48 The

largest of these was recently published by Budoff et al.43 In

this latter report, the authors pooled the data from two large

observational registries including 35,364 asymptomatic

patients clinically referred for EBT scanning and followed

for 5–12 years.43 Figure 7.1 plots the 5-year and 12-year 

all-cause mortality rates within a range of CACS. These

results reveal a potent exponential relationship between

CACS and death.49

Two recent consensus statements have summarized data

indicating a strong, direct relationship between CACS and

coronary heart disease (CHD) death and nonfatal MI.29,31

A meta-analysis was included in the American College of

Cardiology (ACC) expert consensus statement on CACS

synthesizing prognostic findings in 27,622 patients from 

6 published reports.29 Annual CHD death or MI rates

ranged from 0.1% for a 0 CACS to 2.2% for high-risk

CACS >1,000 (p < 0.00001).29 Restricting outcome analyses

to only those with an intermediate Framingham risk score,

annual cardiac event rates (CHD death or annual nonfatal

MI) were 0.4%, 1.3%, and 2.4% for CACS of 0–99, 100–399,

and ≥400, respectively. This graded relationship between

CHD events and mortality risk has been used to define a

threshold for the utility of subsequent myocardial ischemia

testing, as will be discussed further on.

2.5 Current evidence on the utility
of stress SPECT MPI in patients
with high risk CACS

SPECT MPI is generally applied for diagnostic purposes to

patients with chest pain symptoms (or anginal equivalents)

and asymptomatic patients with multiple CAD risk factors.

The current increasing application of CAC scanning means

that asymptomatic patients with even few or no CAD risk fac-

tors are now also being referred at times for SPECT MPI 

if they have evidence of substantial CAC. Emerging data 
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Figure 7.1 Near- and long- term survival from two medical centers: Nashville, TN and Los Angeles, CA. Comparison of
5-year mortality rates in two different cohorts. The results are quite consistent across different study groups. *p<0.01 vs.
CCS 0-10, χ2 = 1503, p < 0.0001, interaction p < 0.0001. (Adapted with permission from J Am Coll Cardiol.49)
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suggest that the detection of high risk CACS asymptomatic

subjects is clinically concerning, especially when combined

with other CAD risk factors.29 Due to their heightened risk of

major adverse cardiovascular events (i.e., 2% or higher per

year or CHD risk equivalent status), patients with a high risk

CACS should be considered candidates for evaluating their

silent ischemic burden. There are currently 7 published

reports on the relationship between the extent of CACS and

the frequency of abnormal SPECT MPI.50–58 Current

Appropriateness Criteria by the ACC support the use of

SPECT MPI in asymptomatic patients with a high CACS.59

The use of SPECT MPI in patients with high CAC scores is

also supported by a recent information statement from the

American Society of Nuclear Cardiology (ASNC) on the com-

plementary role of SPECT MPI and CACS,56 and by a recent

report from Rozanski et al. (JACC 2007).84

He and colleagues50 were the first to report on the rela-

tionship between the frequency of inducible ischemia by

SPECT MPI and CACS. These authors noted that among

411 patients, nearly half of those with a high-risk CACS had

significant myocardial ischemia during SPECT MPI. More

recent reports have failed to replicate such a high rate 

of ischemic defects in patients with a high-risk CACS.

However, all of the results consistently report threshold 

relationships whereby the frequency of inducible ischemia on

SPECT MPI increases substantially around a CAC score

>400. For instance, Berman et al.52 reported in a series of 

1,195 patients a rate of SPECT MPI ischemia that was 

<5% for CAC scores <400. A synthesis of all published 

series reveals that when the CACS is 400 or higher, the 

rate of SPECT MPI ischemia is approximately 20% 

(Figure 7.2).29,56

Berman et al.52 also noted that in patients with a normal

SPECT MPI, a surprisingly high number of patients had

elevated CACS. Specifically, for the 1,119 patients with a

normal SPECT MPI, 25%, 20%, and 11% had CACS from

100–399, 400–999, and ≥1,000, respectively. The frequency

of significant atherosclerosis in patients with normal stress

SPECT MPI exposes the limitation to SPECT MPI and

uncovers the burden of disease that is undetected with

‘stand alone’ SPECT imaging. More than half of patients

with normal SPECT MPI had a CACS >100.

It has been known for some time that patients with a

greater risk factor burden, more comorbidity, or known

CAD had higher rates of cardiac events in the setting of a

normal SPECT MPI.12,37,60,61 A synthesis of evidence reveals

that, although the expected rate of cardiac events is < 1% for

all patients, the risk of events is increased by 50% for the eld-

erly, diabetics, those with peripheral arterial disease, known

CAD, or for those with greater degrees of comorbidity and

extensive atherosclerosis.12 Thus, on average, for patients

with a low-risk or normal SPECT MPI, the expected

annual rate of cardiac death or nonfatal MI is 0.85% per

year.12 However, this expected yearly rate ranges from 0.6%

for the clinically low-risk patients with no risk factors to

1.2% for clinically high-risk patients (e.g., diabetes, known
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CAD, peripheral arterial disease, or extensive atherosclero-

sis).12 However, visualizing high risk CACS for this subset

of patients with normal SPECT MPI findings may provide

a means to target patients requiring more intensive post-test

management and, importantly, for excluding patients who

do not require further testing or treatment.

In a recent report from Ramakrishna,62 both the SPECT

summed stress score (p = 0.009) and CACS (p = 0.005) were

highly predictive of death or MI during very lengthy 

10-year follow-up of 670 patients. These latter results

reported a significant association of CACS and SPECT MPI

findings in models estimating three outcomes: death from

all causes; death or nonfatal MI; and the combination of

death, nonfatal MI, or late revascularization. Furthermore,

both CACS and SPECT MPI findings remained significant

predictors of outcome in risk-adjusted or multivariable

models controlling for diabetes, hypertension, and hyper-

cholesterolemia. These results suggest that the combination

of CACS and SPECT MPI measurements may provide a

synergistic assessment of cardiac risk.

2.6 Assessment of patients 
with diabetes, the metabolic
syndrome, or a family history 
of premature CHD

With respect to the relationship between inducible ischemia

and CAC scores, more recent evidence has identified

selected patients in whom the likelihood for ischemia occurs

at lower CAC thresholds. This includes patients who have

diabetic, metabolic syndrome, or a family history of prema-

ture CHD.51,53,55 This evidence yields a lower threshold

upon which the rate of inducible ischemia increases. In such

patients, the threshold for an increased rate of inducible

ischemia is lower, with some suggesting that a threshold

CAC ≥100 rather than a score ≥400 is a more appropriate

threshold for ischemia in such patients. For instance, in a

report by Wong and colleagues,51 nearly 15% of patients

with a CACS from 100–400 had inducible ischemia on

SPECT MPI. This rate of ischemia was equivalent to that in

patients with normal metabolic status and a CACS of 400 or

higher.

Anand and colleagues55 reported results from a con-

trolled clinical trial of 510 asymptomatic, type-2 diabetics

who underwent serial CT and SPECT MPI (Figure 7.3).

SPECT MPI was peformed in all patients with a CACS

>100 but also included imaging in a random sample of 

53 patients with a CACS ≤ 100. In this series, diabetics with

a CACS ≥100 had a nearly 4-fold higher odds of an abnormal

SPECT MPI when compared to patients with lower CACS 

(p < 0.05). The odds of an abnormal SPECT MPI increased to

~11-fold for patients with a CACS >400 (p < 0.0001).

Two-year follow-up in this cohort of asymptomatic,

type 2 diabetics revealed that both the CACS (p < 0.0001)

and the percent of ischemic myocardium (p < 0.0001) were

both highly predictive of major adverse cardiovascular

events. In the cohort of 180 type-2 diabetics who underwent

SPECT MPI, the relative risk of cardiac events was elevated

12.3-fold (95% CI = 3.4–43.7, p < 0.0001) for patients with

≥5% ischemic myocardium as compared to those with lesser

or no inducible ischemia. Additionally, for those with a

CACS ≥400, the relative risk for cardiovascular events was

elevated up to 24-fold for patients with large reversible

SPECT MPI exceeding 10% of the myocardium.

This latter report by Anand is intriguing given several

prior series that attempted to establish a link between

ischemic burden and diabetes through testing strategies that

included initial SPECT MPI without CT.63–65 In the 

observational series from Mayo Clinic, nearly 20% of

asymptomatic diabetic patients had a high-risk SPECT

MPI scan.64 However, the most notable study was that of the

Detection of Ischemia in Asymptomatic Diabetics (DIAD)

study.65 In this report, 1,124 patients were enrolled with 502

being randomized to undergo an adenosine Tc-99m ses-

tamibi scan. Of the 502 asymptomatic diabetics, only 19%

had provocative ischemia on SPECT MPI. These results
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reveal that employing direct imaging strategy that only 

utilize SPECT MPI will result in a lower yield in detecting

at-risk patients when compared to serial imaging strategies

that combine CT plus selective SPECT in patients with

high-risk CACS findings. By comparison, by employing

serial CT plus SPECT MPI, those with significant CACS,

defined as a score >100, will have a much higher rate of

ischemic abnormalities. This strategy of serial testing illus-

trates the principles of a multi-marker approach to risk

assessment whereby risk increases additively as one exam-

ines patients with multiple risk markers (i.e., imaging

abnormalities). Thus, the high frequency of silent ischemia

in diabetics appears to be mediated by the extent of coronary

atherosclerosis, which can be defined using CACS. Similar

results have recently been published for patients with a

family history of premature CHD.53,66,67

2.7 Serial testing paradigm with
CT and SPECT MPI

Based on current evidence, Figure 7.4 details a potential clin-

ical work-up strategy for the detection of inducible ischemia

in patients undergoing CACS but also strategies targeted to

selected high-risk patients including diabetics, those with

metabolic syndrome, or those with a family history of prema-

ture CHD. A consensus of this evidence reveals that for all

patients (excluding the high Framingham risk or other

groups named above) with a CACS ≥400, subsequent stress

SPECT MPI is effective at identifying at-risk patients. As

mentioned earlier, approximately one-fifth of patients with a

CACS ≥400 would be expected to have significant inducible

ischemia. This testing strategy proposes a lower threshold of

a CACS ≥100 in higher-risk patients that may include those
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with diabetes, metabolic syndrome, or patients with a family

history of premature CHD. Prospective study is likely to

define other potential risk factors or comorbid conditions

that may alter the schema presented in this figure.

In summary, the current state of evidence for combined

use of CT and SPECT MPI reveals strategies that support

the use of CACS combined with serial application employ-

ing selective SPECT MPI for the detection of ischemic

burden. Future strategies will allow for simultaneous assess-

ment of combined CT-SPECT imaging. To date, current

position statements from the ACC and ASNC support the

use of SPECT MPI in patients with a CACS of 400 or

higher. One would expect that clinically higher-risk patients

with more frequent atherosclerosis have a higher rate of

inducible ischemia, but do so at a significantly lower thresh-

old of CAC.

3 DIAGNOSTIC TESTING WITH
CORONARY CTA

The recent technologic advances in CT have led to a virtual

explosion of interest in coronary CTA (CCTA), principally

for detection and assessment of CAD. This application of

CCTA provides an attractive alternative to stress testing

and catheter-based coronary angiography. The principal

breakthroughs in technology were increased speed of the 

x-ray tube rotation and increased numbers of detectors.

CCTA with multidetector CT first became feasible in 1998

when the 4 slice CT scanners were introduced. By 2005,

there were 4 major manufacturers with commercially avail-

able 64-slice CT scanners with isotropic spatial resolution of

~0.4 mm. The greater coverage and speed provided by the

64-slice scanners has resulted in a reduction in the number

of unevaluable segments than previously observed with

scanners having fewer detectors.31 In a recent meta-analysis

by Schuijf and colleagues,68 nearly 20% of segments were

unevaluable using a 4- or 8-slice scanner as compared to

<5% with more recent scanners. Additional advances in the

64-slice CT scanners include the ability to cover 20–40 mm

with each rotation, thus requiring fewer heart beats for an

image acquisition, in turn requiring less contrast and result-

ing in less heart rate increase during the procedure than

with previous scanners. Total procedural time is ~10 min-

utes. Most centers generally also make a measurement of

CAC prior to the contrast administration, as it is currently

not reliably measured from contrast-enhanced images.

Over the last 5 years, numerous reports, several meta-

analyses, and a position statement from the American Heart

Association have addressed the correlation of CTA with x-

ray angiography.68–71 Generally, while the diagnostic accu-

racy of 16- as compared with 64-slice CT scanners is similar,

there are fewer unevaluable segments with 64-slice scan-

ners. Figure 7.5 details the pooled sensitivity (percent of 

positive studies with CAD) and specificity (percent of 

negative studies without CAD) from 8-, 16-, and 64-slice

Complementary Roles of Computed Tomography and Myocardial Perfusion SPECT 97

100

80

60

40

D
ia

gn
os

tic
 s

en
si

tiv
ity

 (
%

)

Sensitivity for detecting ≥ 50% stenosis Specificity for excluding ≥ 50% stenosis

20

0

100

80

60

40

D
ia

gn
os

tic
 s

pe
ci

fic
ity

 (
%

)

20

0
8-Slice 16-Slice

Coronary computed tomographic
angiography (CTA)

64-Slice 8-Slice 16-Slice
Coronary computed tomographic

angiography (CTA)

64-Slice

Figure 7.5 Diagnostic accuracy of Coronary Computed Tomographic Angiography based upon a systematic review of
the evidence from 4-, 8-, 16-, and 64-Slice imaging. Data are presented based on a segment-based analysis. (Adapted
with permission from Am J Med.70)

9781841846255-Ch-07  10/12/07  5:02 PM  Page 97



CT scanners.70 As a generalization, it appears that the sensi-

tivity and specificity of 64-slice CT are approximately 95%

and 90%, respectively. As technology improves, such as the

recent introduction of the dual-source 64-slice CT scanner

with temporal resolution of 83 msec, the frequency of arti-

facts is likely to decrease, resulting in a rise in specificity. In

very small vessels (distal vessels, small branches), accuracy of

CCTA declines, but such vessels are not candidates for

revascularization and generally pose minimal prognostic

risk (Table 7.3).70 Thus, a relatively large and rapidly grow-

ing database supports a high degree of accuracy for detect-

ing stenosis in all the major epicardial coronary vessels

(Table 7.4),70 and this accuracy appears to be higher than

with any other noninvasive modality.

As mentioned above, current limitations for CTA

include the ability to visualize the degree of coronary steno-

sis in segments with dense calcification. The size of the

lumen as well as the distribution of calcium are major deter-

minants as to whether an accurate estimate of coronary

stenosis may be defined in a segment with dense calcifica-

tion. Another limitation of imaging coronary stenosis with

CCTA is the limited temporal resolution of most systems,

such that there is improved image quality if resting heart

rates are <65 beats/minute, minimizing coronary motion.

Because of the problem of coronary motion with higher

heart rates, beta-blockers are routinely given for patients

with heart rates over 60 in most facilities. In general, CTA

cannot be performed in patients with atrial fibrillation due

to resultant beats/minute motion artifact. The speed of the

recently released dual source CT system may make the scan-

ning of these patients possible. In this regard, we have

recently observed good image quality in several patients in

atrial fibrillation and with varying heart rates when using

the dual source CT (Figure 7.6). 

Both CTA and SPECT MPI have a radiation burden

associated with scanning. Even when dose modulation is

performed to reduce radiation exposure during systole,

CTA have similar exposures to SPECT MPI in the range of

10–20 mSev.11 Several new developments in CTA are

focused on reducing this exposure, and preliminary observa-

tions have suggested that if single phase imaging is used,

greater dose modulation and/or lower KeV may result in an

order of magnitude reduction in radiation exposure may

already be achievable.

The estimation of the degree of coronary stenosis by

CTA is not presently as highly correlated with segmental

assessment by x-ray angiography as is the detection of steno-

sis per se. In general, the degree of coronary stenosis is over-

estimated by CTA. Raff and colleagues72 recently reported

that a 50% stenosis estimated by CTA can range from 25%

to 75% by quantitative x-ray angiography. Practically, when

25% to 75% of lesions are the maximum observed by 

CCTA, additional testing is often recommended. In this

latter case, SPECT or PET MPI, stress echocardiography,

or stress MRI may be useful to define the functional signifi-

cance of CTA-identified borderline stenoses.11
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Table 7.3 Pooled diagnostic accuracy statistics evalu-
ating the accuracy of coronary computed tomographic
angiography (CTA) for detection and exclusion ≥50%
stenosis for proximal, mid, and distal arterial segments
from blinded reports synthesized in the systematic
review by Stein et al.

Detection or exclusion of 
≥ 50% stenosis

Sensitivity Specificity
(number of (number of 
reports) reports)

Proximal segments (excluding left main stenosis)
16 slice 90% (6) 95% (5)
64 slice 100% (1) 96% (1)
Mid segments
16 slice 95% (5) 94% (4)
64 slice 94% (1) 90% (1)
Distal segments
16 slice 83% (5) 97% (4)
64 slice 79% (1) 96% (1)

Table 7.4 Pooled diagnostic accuracy statistics of
coronary computed tomographic angiography (CTA) by
epicardial coronary arteries from blinded reports syn-
thesized in the systematic review by Stein et al.

Detection or exclusion of 
≥ 50% stenosis

Sensitivity Specificity
(number of (number of 
reports) reports)

Left main artery
16 slice 100% (8) 100% (6)
64 slice 100% (1) 100% (1)
Left anterior descending artery
16 slice 90% (8) 84% (2)
64 slice 95% (1) 95% (1)
Left circumflex artery
16 slice 82% (8) 89% (2)
64 slice 94% (1) 92% (1)
Right coronary artery
16 slice 91% (8) 87% (2)
64 slice 93% (1) 96% (1)
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A less-explored capability of CCTA is its ability to visu-

alize the arterial wall and the potential to assess the burden

of non-calcified plaque.31 Currently, this assessment is a

research tool, pending further development and clinical val-

idation. The CT acquisition used for coronary CTA is also

used to examine ventricular function, sizes of the cardiac

chambers, LV mass, the pericardium, and cardiac valves.

While some investigators are exploring the use of the single-

contrast injection for assessment of coronary stenosis, pul-

monary emboli, and aortic dissection (i.e., the “triple

rule-out”), this approach is not currently in wide use since it

compromise the quality of the examination for one of the

organs involved.

3.1 CTA as the initial test

CTA is currently considered the test of choice for evaluation

of coronary anomalies found or suspected at the time of 

cardiac catheterization. CTA may also become an effective

initial test to discern ischemic from nonischemic cardiomy-

opathy. Given the high accuracy noted in the published 

literature for coronary CTA, it is not surprising that some

“early adopters” have also proposed that CTA may become

the initial test of choice for symptomatic patients with sus-

pected CAD, potentially replacing SPECT MPI with this

diagnostic application across the spectrum of pretest likeli-

hood of CAD. Investigators in the field have proposed that

coronary CTA may have its greatest advantage over stress

testing as an initial test in patients with a low-intermediate

likelihood of CAD. Thus far, the comparative accuracy of

rest/stress SPECT MPI to coronary CTA has only been

studied in one report including only 114 patients.73 These

investigators reported a high rate of normal SPECT MPI

findings in patients with obstructive CAD noted on CTA and

x-ray angiography (Figure 7.7). While some believe that 

this finding relates to the insensitivity of SPECT MPI,

others suggest that these findings relate to an overestimation
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LAD LCX RCA

Figure 7.6 Dual-source coronary CT angiogram of a 62-year-old male with recent atrial fibrillation showing normal coro-
nary arteries except calcified plaque with < 25% narrowing in mid and distal LAD. Left ventricular ejection fraction was
32%. Coronary calcium score was 237. The maximum heart rate during contrast injection was 88–133. Courtesy of
Cedars-Sinai Medical Center.
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Figure 7.7 Relation between findings on multi-slice computed tomography (MSCT), myocardial perfusion imaging (MPI),
and invasive coronary angiography (angio). (Adapted with permission from Am J Coll Cardiol.73)
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of stenosis severity by coronary CTA.74 Further studies in

larger patient series as well as prognostic data are needed to

refine the comparative accuracy of CTA as compared to

SPECT MPI. A large registry is currently underway which

may provide additional data on this subject (SPARC).

3.2 Coronary CTA after 
SPECT MPI

A widely accepted indication of coronary CTA on clinical

grounds is for a follow-up evaluation of patients with equiv-

ocal stress tests. While, in the past, some of these patients

may have undergone an invasive coronary angiography in

order to resolve diagnostic doubt, the very high negative

predictive value of a coronary CTA allows this new proce-

dure to be definitive in a large proportion of patients with

equivocal stress tests. Quite possibly, data will emerge in

which the same reasoning can be applied to patients with

mild ischemia on SPECT MPI, as well as those with a 

positive stress electrocardiogram or exercise-induced chest

pain in the setting of normal SPECT MPI, and those with

persistent chest pain following a normal SPECT MPI 

(Figure 7.8). With regards to the latter, it is possible that in

some patients SPECT MPI findings may even be normal

but undetected due to diffuse subendocardial ischemia.75

It has also been proposed that cardiovascular magnetic 

resonance imaging may play a secondary role in testing

patients with symptoms suggestive of myocardial ischemia

yet normal SPECT MPI due to its ability to detect subendo-

cardial ischemia.76 Thus, it would appear that the relatively

high frequency of normal invasive coronary angiography in

patients after equivocal, mildly abnormal, or discordant

stress test results may decline as CCTA becomes more

widely used in these settings of clinical uncertainty.

However, data supporting this application are limited.

3.3 Hybrid applications of 
SPECT-CT

Recent developments in instrumentation have combined

both SPECT or PET MPI and CT into a single imaging

device (e.g., SPECT/CT, PET/CT). These devices allow for

combined assessment of myocardial perfusion, ventricular

function, and CT defined CAC and CCTA. Hybrid

PET/CT devices have become the standard for current PET

machines. Almost all new PET systems available in the US

are now combined with a high-resolution CT scan.

SPECT/CT systems are also now available from several

manufacturers. The initial interest in the development of

SPECT/CT was for attenuation correction, resulting in

improved diagnostic specificity.77–80 It is also possible on

these newer systems to acquire a CAC scan, thus providing
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Figure 7.8 Coronary CT angiogram of a 53-year-old female with recent onset dyspnea and atypical chest pain showing
>70% narrowing at ostial left main coronary artery, which subsequently revealed a 90% stenosis by conventional coronary
angiography. Coronary calcium score was 0. The result of exercise SPECT myocardial perfusion imaging was borderline
with ischemic stress ECG.
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some anatomic information that can be combined with 

the myocardial perfusion findings. Recently, SPECT/CT

systems with 64-slice CT have become available, 

allowing assessment of myocardial blood flow 

combined with coronary CTA findings. Although the 

use of coronary CT angiography may be a more precise

measure than coronary calcium, its use in asymptomatic

populations, given the radiation burden of combining

CCTA with SPECT or PET MPI may be excessive 

for routine applications. Thus, the combination of 

the CACS as a marker for underlying disease with 

stress SPECT or PET MPI findings may prove to be an

effective combination for improved disease detection and

risk assessment.

There are presently only a small number of hybrid

SPECT-CT systems in clinical use in the US. Current use is

limited, in part, due to a current lack of evidence supporting

the added value of anatomic CAC data with SPECT MPI

findings. Based on current technology and data, the selective

sequential imaging strategies, as discussed above, are likely

to prevail over the use of the hybrid devices when both

CCTA and MPI information is desired.

3.4 Clinical management
strategies using MPI and CT

Optimal test strategies must be based on the specific clinical

question being asked to be answered. In cardiology today,

there are three core questions that clinicians need to 

ask regarding their approach to evaluating patients in clini-

cal practice: (1) how to optimize early detection of athero-

sclerotic disease; (2) how to best diagnosis CAD in patients

with possible cardiac symptoms? and (3) how to best assess

the prognosis in patients with intermediate- to high-CAD

likelihood?

3.5 Early detection 
of atherosclerosis

The issue of early detection of CAD should be differentiated

from “screening” for CAD. Screening is currently accepted

for certain select populations, such as the evaluation of indi-

viduals in high-risk occupations including pilots, firemen,

or policemen, but there is unanimous agreement that wide-

spread screening for CAD using stress testing is not advis-

able. Widespread testing for early disease detection using

CAC scanning is also not widely practiced, but just such a

policy has recently been suggested81 (Figure 7.9) for men 

>45 years and women >55 years, as a means of improving

the estimation of individuals’ long-term risk of cardiac

death or nonfatal myocardial infarction.

When there is a clinical concern over a patient’s cardiac

risk factor burden, insurance companies appear increasingly

supportive of an evaluation focusing on early detection of

atherosclerotic disease. This would generally include

patients with an intermediate Framingham risk score or

those middle-aged adults with 2 or more cardiac risk fac-

tors. Other subsets, as discussed above, also include diabet-

ics, those with metabolic syndrome, high-sensitivity

C-reactive protein ≥3 mg/dl, or those patients with a family

history of premature coronary heart disease. As discussed in

Chapter 7, it is prudent for clinicians to not rely solely on a

patient’s Framingham risk score as a guide to testing, as it

performs poorly in detecting risk in the young, women, and

for those of diverse ethnicity (see chapter by Shaw). Thus, if

a clinician believes other risk factors or co-morbidity is pres-

ent, especially the presence of risk factors not included in the

Framingham risk score, then testing for early detection of

CAD may be warranted.

3.6 Diagnosis of CAD

Diagnostic testing using MPI is optimally applied in patients

with an intermediate likelihood of CAD. In addition to

defining the likely presence of a significant coronary

lesion(s), such testing benefits clinical management by pro-

viding accurate estimation of patients’ near term risk of

major adverse cardiac events. For this latter question, the

intensity of management is then based on the patient’s risk

estimate, with higher-risk patients receiving more intensive

and early aggressive care. The chief management decision

in the high risk patient is whether revascularization or med-

ical therapy would be helpful in improving outcome. By

comparison, lower risk patients require nothing more than

a “watchful waiting” approach with follow-up limited to an

evaluation for worsening symptoms at perhaps 1–2 years

following the initial diagnostic test to re-assess patient risk.

Over the past few decades, both stress SPECT MPI and

stress echocardiography have been the tests of choice for

evaluation of the intermediate-risk patient. Future study

will examine the relative use of CTA in such patients as

well. Potentially, CTA could become the preferred first 

test in some defined diagnostic subgroups as proposed

recently.16,73 However, often, early evidence for any imaging

modality is more selected and exhibits more favorable
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results. Validation of the early, favorable diagnostic accu-

racy data with coronary CTA in larger, diverse patient pro-

files will thus be important for continued development of

this field. One can also envision a role for coronary CTA as

a secondary test for patients with an equivocal SPECT MPI

or echocardiogram, or in other cohorts of patients previ-

ously mentioned, including those with mildly abnormal test

results or those with a normal SPECT MPI and abnormal

stress electrocardiogram or those with other clinical reasons

to suspect a false-negative SPECT study.

3.7 Risk stratification in patients
with high CAD likelihood

High CAD likelihood patients are generally not candidates

for diagnostic testing but may be referred for evaluation of

their ischemic burden and for risk stratification purposes.

Additionally, for medically treated patients, or for those with

significant comorbidities, there may be a need to assess the

extent and severity of SPECT MPI ischemia in order to more

effectively guide medical decision making. There is evidence

that these patients are excellent candidates for SPECT MPI

with currently no support for the use of coronary CTA in

such patients. A recent study of over 1,000 patients with a

high pre-scan likelihood of CAD from our group reported

that initial testing with SPECT MPI was more cost effective

than direct invasive coronary angiography.5 Approximately

60% of these patients with normal MPI results associated

with less than a 1% annual event rate as noted above. On the

other hand, there has been no published data regarding the

cost-effective application of CCTA in the general population

of patients with a high pretest likelihood of CAD. Since

CCTA is highly likely to be abnormal in their patients, CTA

may not commonly result in a decision not to proceed to coro-

nary angiography, while with SPECT, as noted above, this

more frequently occurs.82 As data regarding risk stratification

by CCTA emerges over the next few years, CCTA could

become useful in subgroups of these patients.

Using this paradigm of initial testing with SPECT MPI,

selective invasive angiography would be reserved for patients

with moderate to severe ischemia.83 Of the remaining patients

without inducible ischemia, their risk of major adverse cardiac

events is low and medical management for control of symp-

toms and for risk factor modification has been shown to be

most efficacious and clinically effective. Among patients with

mild ischemia on SPECT MPI, a portion may benefit from

additional risk stratification with CAC or with coronary CTA.
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Figure 7.9 An approach to screening for atherosclerosis advocated by the Association for the Eradication of Heart
Attacks (AHEA). Y = years. (Adapted with permission from Am J Cardiol.81)
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The latter decision would be based largely on their clinical

risk, with higher-risk patients perhaps benefiting from a coro-

nary CTA to eliminate high-risk angiographic disease.

While the dramatic improvements in CT have clearly

caught the attention of clinical cardiologists for defining

coronary anatomy, we believe the prominent role of the

functional information provided by stress MPI in manage-

ment of patients with CAD will not only continue but is

likely to grow further over time, providing complementary

information to CT.
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8
Measurement of Coronary Artery
Calcium by Computed Tomography

Thomas C. Gerber, Christoph R. Becker, and Birgit Kantor

The association between vascular calcification and vascular

atherosclerosis has been known to anatomists and patholo-

gists for centuries. The value of coronary artery calcification

(CAC) for predicting the presence of coronary artery disease

and the occurrence of future cardiac events is discussed in

detail elsewhere in this book in chapters 9 (Knez A) and 10

(Shaw LJ et al.). In short, calcium is deposited in diseased

coronary arteries in the form of hydroxyapatite, which con-

tains 40% calcium by weight. The area of CAC is propor-

tional to, but represents only approximately 20 percent of,

the coronary artery plaque area on histological examination

of excised coronary arteries.1 CAC does not correlate well

with the degree of coronary artery narrowing on a site-by-

site basis,2 and the relationship of CAC with coronary artery

plaque that is prone to rupture is not well understood.3

Nonetheless, if used in the appropriate clinical context,

measurement of CAC can be useful in the diagnosis and

prognostication of patients suspected of having coronary

artery disease.4

This chapter will focus on the technical aspects of detect-

ing and quantifying CAC, in particular diagnostic accuracy,

reproducibility, agreement between imaging modalities,

and algorithms used to quantify CAC from computed

tomography (CT) images.

Most noninvasive X-ray-based imaging modalities can

detect CAC. For example, the diagnostic and prognostic

value of CAC detected by fluoroscopy has been examined 

in several studies.5,6 However, the sensitivity of fluoroscopy

and chest X-ray for the detection of CAC is low compared

with CT, and quantification is not possible.7,8

CT can detect the presence of CAC very sensitively. The

performance of CT in the detection of CAC depends on

many scanner- and patient-related factors. The ability 

to modify scanner-related features varies between the avail-

able CT modalities, which include conventional CT,9,10 spiral
11 and multidetector-row CT (MDCT),12 and electron beam

CT (EBCT).13 Investigators scanning for CAC with CT

recognized early that, because of the rapid, constant motion

of the coronary arteries throughout the cardiac cycle, tempo-

ral resolution is particularly important for the accuracy of

CAC quantification by CT.14 Among current CT scanners,

MDCT and EBCT have the fastest temporal resolution (see

also Chapter 2 [Kachelriess M]). Therefore, conventional and

early spiral CT scanners no longer play a relevant role in

coronary artery imaging or the quantification of CAC.

1 PERFORMING CARDIAC
COMPUTED TOMOGRAPHY
FOR CAC SCANNING

For imaging of CAC by CT, no patient preparation is

required, and iodinated contrast medium is not administered.

Depending on the type of scanner used, the scan duration 

is approximately 5–20 seconds. CT images of the heart can

show calcium in locations other than the coronary arteries,

107

9781841846255-Ch-08  10/15/07  4:02 PM  Page 107



particularly the aorta, mitral annulus, papillary muscles,

myocardium, and pericardium. Initial quantification of

CAC is typically performed interactively on dedicated com-

puter workstations by trained radiology technologists. The

interaction with the computer software consists of highlight-

ing which calcifications are part of the coronary artery walls

and which are not. Physician review of the images should

occur to ascertain that only coronary calcifications are scored.

Aortic and coronary ostial calcifications are not included,

and coronary calcifications distorted by cardiac motion arti-

fact (Figure 8.1) are included as is without editing.

2 QUANTIFICATION OF CAC:
AGATSTON SCORE

Imaging of CAC with EBCT was first described in 1989.13

In 1990, Agatston et al. proposed a method for quantifying

CAC with EBCT.16 This algorithm, which is based on the

X-ray attenuation expressed in Hounsfield units (HU) and

the area of calcium deposits, is still widely used.

The original definition of the Agatston score is for a slice

thickness of 3 mm and a temporal resolution of 100 msec, with

image acquisition triggered at 80% of the RR-interval of the

electrocardiogram. Any area of ≥1 mm2 with a CT number 

of ≥130 HU is defined as ‘calcification.’ The requirement for 

a calcified area to have an area of least 1 mm2 in order to be

counted is meant to minimize the influence of ‘noise’ on

CAC quantification in the form of single pixels with a CT

density above the threshold of 130 HU.17

A weighting factor is assigned to each calcified area on

each CT image based on the maximum CT number in that

lesion, as listed in Table 8.1. A score is then calculated for

each lesion by multiplying the area of calcification

(expressed in mm2) with the weighting factor. The total

Agatston score (which has no units) is then calculated by

summing up all lesion scores from all image slices. At the

time when the Agatston score was first devised, EBCT 

scanners could only acquire 20 slices per scan which were

typically arranged to cover the cranial portion of the heart,

and with it the proximal and middle segments of the 

coronary arteries. This limitation was disadvantageous in

those patients who have CAC only in the distal portions of

the coronary arteries. Later generations of EBCT scanners

could acquire enough slices to image the entire heart in 

1 scan (typically 12 cm, or 40 contiguous, non-overlapping

slices of 3 mm thickness, in craniocaudal direction of the 

z-axis), and the definition of the Agatston score was adapted

to include the increased number of slices.

2.1 Variability of CAC
quantification

For a reproducibility sufficient to be certain that patients

undergoing CAC scanning are reliably classified into the

appropriate risk categories, and to make serial scanning 

to detect changes of CAC over time (see also Chapter 11

[Schmermund A et al.]) meaningful, the variability of CAC

quantification should be as low as possible. For example, based

on the 3-sigma criterion, the variability between repeated

measurements of CAC should be approximately £10% to

detect with confidence the 20–30% annual progression of

CAC that occurs in asymptomatic patients or symptomatic

patients on medical therapy. In early studies, the interobserver

and intraobserver variability of the Agatston score was very

low.18 However, the variability (typically expressed as the dif-

ference divided by the mean) between two scans, performed

minutes apart on the same patient with the same EBCT scan-

ner (interscan variability), was as high as 50%.17,19-22
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Figure 8.1. Electron beam computed tomography image
of a calcification in the right coronary artery that is dis-
torted by motion artfact in typical ‘crescent shape’ fashion
(arrow). Reprinted with permission from Horiguchi et al.15

Table 8.1 Weighting factors for determination of
Agatston score based on maximal CT number (HU) in
calcified lesions

Maximal HU Weighting factor

130–199 1
200–299 2
300–399 3
≥ 400 4
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This variability had numerous sources (Table 8.2). As a

simple mathematical matter, a given absolute difference

between the CAC score from 2 CT scans results in a smaller

relative variability (expressed in percent) in the presence of

high than in the presence of low CAC scores. Because of the

arbitrary HU-dependent weighting function of the

Agatston score, the numerical value of the score is highly

susceptible to factors that affect X-ray attenuation or image

noise, both of which are the result of complex interactions

between a number of patient- and scanner-related factors.

Patient size and the settings of tube current affect the stan-

dard deviation of X-ray attenuation, i.e., image noise. 

As discussed in Section 2 of this chapter, image noise can

affect the quantification of CAC if some of the noise has

HUs ≥130 and is counted as calcium. The setting of tube

voltage affects mean attenuation and hence, the HUs in 

calcified plaques seen on CT. Differences of tube voltage are

of particular interest because they can result in different

CAC scores even on the same scanner.

In addition, if images are acquired during a time point

during the cardiac cycle where coronary motion velocity,

particularly of the right coronary artery, is high, motion

artifact may lead to ‘smearing’ of the calcified area that has

random effects on the HU.23 Motion artifacts are more

prominent on scanners with low temporal resolution. The

type of kernel used in filtered back-projection of the projec-

tion data (see Chapter 2 [Kachelriess M et al.]) does not sig-

nificantly impact mean attenuation (HUs) of calcified

plaques but will affect image noise, and hence the visibility

of small calcifications in particular. As a result of partial

volume averaging, calcifications that are small relative to the

image slice thickness or a given voxel, but are high in

density, can contribute disproportionately to the CAC score

by making the entire voxel count toward calcification. As a

result of volume averaging, small calcifications that would

have an HU near the definition threshold if a thinner slice

thickness were used may go undetected depending on their

position within the slice. If contiguous, non-overlapping

slices are used (such as in the original Agatston protocol)

registration artifacts due to patient motion or breathing 

can create gaps or unintended overlap between adjacent

slices. In these cases, calcifications may be missed or counted

doubly.

3 APPROACHES TO
MAXIMIZING ACCURACY AND
MINIMIZING VARIABILITY OF
CAC QUANTIFICATION

The scanner- and patient-related factors that affect the 

accuracy and variability of CAC scoring can be addressed in

various ways. Important concepts include appropriate

choice of scanning equipment and of scanning and image

reconstruction protocols.

3.1 Technical minimum
requirements for CAC scanning

In a scientific statement from the American Heart

Association published in 2006,24 the writing group proposed

the following minimum technical requirements be met in

CAC scanning by CT (Table 8.3). These requirements are

meant to ascertain that temporal and spatial resolution of

the scanners used are sufficient, and that patient exposure to

ionizing radiation is as low as possible.

Measurement of Coronary Artery Calcium by Computed Tomography 109

Table 8.2 Factors affecting the variability of CAC scoring. For details see text

Problem Possible solution

Coronary motion artifact ● Use scanner with high temporal resolution
● Careful selection of timepoint for trigger 

or gating
Partial volume averaging Small slice thickness∗

Misregistration Overlapping slices∗

Differences between scan protocols Standardization of scanning protocols
● tube current and voltage
● reconstruction algorithms (kernel)
Patient size Adaptation of tube current∗

Attenuation dependence of Agastston score Alternate quantification algorithms

∗Will increase radiation dose to patient to maintain noise (slice thickness, patient size) or because of overlapping exposure to the 
X-ray beam (overlapping slices).
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3.2 Selection of slice thickness,
overlap, and timepoint for trigger
or gating

In one study, the use of 6 mm slice thickness on EBCT 

significantly reduced variability by one-half compared 

to protocols using 3 mm slice thickness, probably by 

reducing image noise and increasing volume averaging.25

However, in such an approach, small calcifications may 

be missed because they no longer exceed the definition

threshold of ≥130 HU as a result of volume averaging. Slice

thicknesses >3 mm for CAC scoring have not been pursued

in other studies.

With the prospective ‘step and shoot’ triggering used in

EBCT, slice overlap can with most scanners be created only

by choosing a table advance that is smaller than the slice

thickness. The use of overlapping (3 mm thickness, 2.5 or 

2 mm table advance), compared with contiguous slices on

EBCT to reduce the likelihood of misregistration between

image slices and make use of section averaging, lead to sig-

nificantly lower interscan variability in one phantom

study.26 In MDCT, CAC can be imaged in 2 ways: with

prospective triggering without slice overlap, and with retro-

spective gating of helical scans where continuous projection

data acquisition always involves overlapping sampling 

at every anatomic level. The variability of CAC scores is

lowest in scans performed with continuous projection data

acquisition and reconstruction of overlapping slices, interme-

diate with non-overlapping slices reconstructed from continu-

ous projection data acquisition, and highest for scans

performed with prospective triggering.15,27,28 An important

disadvantage is that continuous projection data acquisition by

helical scanning or overlapping slices in EBCT scanning is

associated with an increase in radiation dose to the patient

(see Chapter 3 [McNitt-Gray M]).

Varying the timepoint for triggering image acquisition

prospectively or reconstructing images by rectrospective

gating affects the variability of CAC scores. CT images for

the quantification of CAC have typically been triggered or

reconstructed in late diastole, at approximately 80% of the

R-R interval of the electrocardiogram. However, the longest

periods of the relatively lowest coronary motion velocity

may occur at 40–50% of the R-R interval.29,30 Triggering

EBCT image acquisition at 40% instead of 80% of the R-R

interval reduced interscan variability of EBCT from 17.4%

to 11.5% 31 in one study, whereas it had no significant influ-

ence on variability in another.32 Of note, in the latter study,

the median variability was already low at 5.7%. The optimal

trigger point associated with the least motion artifact may

vary with patient’s heart rate in that it more frequently occurs

early in the cardiac cycle in patients with high heart rates.33

With continuous projection data acquisition by MDCT,

images can be reconstructed by retrospective gating at any

time point during the cardiac cycle. The numeric value of the

CAC score is dependent on the reconstruction window

chosen. In one study using 16-slice MDCT, the minimal and

maximal CAC scores were randomly distributed across the

cardiac cycle when scores were systematically measured on

images reconstructed every 10% of the R-R interval,34 most

likely because of blurring and distortion of calcified lesions

by motion artifacts.23 In a later study with 64-slice MDCT,

the mean Agatston score was not significantly different

among 5 image data sets per patient reconstructed between

50 and 70% of the R-R interval, and variability could be

minimized by reconstructing overlapping slices.35

3.3 Standardization of 
scanning protocols

The effects of differences in X-ray attenuation can be

addressed by using calibration phantoms to adjust attenuation

values and calibrate calcium measurements (Figure 8.2).

This approach can reduce the variability of serial measure-

ments of CAC scores on the same scanner 36 and improve

the agreement between CAC scores measured on different

scanners or scanner types.37,38

The Physics Task Group of the International Consortium

on Standardization on Cardiac CT has, based on phan-

tom measurements, recently formulated a multiinstitu-

tional, multimanufacturer international standard for 

quantification at cardiac CT that describes suggestions 
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Table 8.3 Minimum requirements for coronary artery
calcium scanning by computed tomography.

1. Use of an electron beam scanner or a 4-slice (or
greater) MDCT scanner

2. Cardiac gating
3. Prospective triggering for reducing radiation

exposure
4. A gantry rotation of at least 500 ms
5. Reconstructed slice thickness of 2.5 to 3 mm to

minimize radiation in asymptomatic persons (and to
provide consistency with established results)

6. Early to mid-diastolic gating

MDCT, multidetector computed tomography.
Reprinted with permission from Budoff et al.24
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for scan acquisition and image reconstruction parameters, 

a technique for the adaption of tube current to patient size,

and the measurement of calcium mass with the ultimate

goal of minimizing the effect of patient- and scanner-related

factors on CAC scoring variability.37 These recommenda-

tions are listed in Table 8.4.

3.4 Alternate algorithms for 
CAC quantification

As a result of its definition, the Agatston score can vary con-

siderably with minor changes of the maximal CT number 

of a calcified area. For example, the score of a calcified 

lesion with an area of 8 mm2 increases from 16 to 24 (vari-

ability, 40%) if the maximal CT number changes by only 

10 HU from 295 to 305. A number of approaches to CAC

quantification have been suggested that are designed to

reduce interscan variability.

3.4.1 Volume score

To reduce the influence of the arbitrary, HU-dependent mul-

tiplication factor used for calculation of the Agatston score on

the variability of CAC measurements, volumetric scoring

methods for EBCT have been developed. In a simple

approach, the ‘calcified volume’ is calculated by summing up

all voxels with a CT number ≥130 HU, excluding extra-

coronary calcifications.

A refined version of this approach uses isotropic interpo-

lation to create voxels with a size smaller than that of the

voxels in the original 3-dimensional CT dataset.39 By sam-

pling the 3-dimensional dataset at cross-sections between

the original tomographic slices, voxels with edges of equal

length can be interpolated. For example, original voxel size

in an EBCT scan with 3 mm thickness obtained with a field

of view of 30 cm2 is 0.586 mm × 0.586 mm × 3 mm = 1.03 mm3,

whereas interpolated voxel size is 0.586 mm × 0.586 mm ×
0.586 mm = 0.201 mm3. Based on the HU on the original

tomogram, and the distance of the interpolated cross-section

from the original tomogram, a numeric value is assigned to

each of these smaller voxels. All interpolated voxels whose

value exceeds 130 are counted toward the calcified volume.

The immediate result is a volume estimated as a fraction of

a cubic centimeter, but for the purpose of presenting an inte-

ger number and easier comparison with the Agatston score,

the measured calcified volume is multiplied by 1,000.39 In

principle, the smaller size of interpolated voxels should

allow a more precise volumetric reconstruction of coronary

calcium, and make CAC quantification independent of slice

thickness.

As an important disadvantage, the volume score, like the

Agatston score, uses a fixed threshold of ≥130 HU to define

calcification. This approach does not take into account the

scanner- and patient-related factors that can influence atten-

uation, and hence HU values that are discussed above, and

does not represent an actual physical measure. The volume

score tends to overestimate the volume of coronary calcifica-

tions containing very high HU values and to underestimate

the volume of coronary calcification with HUs near the 

definition threshold of CAC.40 It is important to realize that

the numerical values of the Agatston and volume scores

strongly depend on the threshold used to define calcium. As

an example, if the threshold for the definition of CAC is

lowered, the numerical values of CAC scores increase.41

3.4.2 Calcium mass

The measurement of hydroxyapatite (calcium) mass auto-

matically corrects for partial volume effects, does not use a

fixed HU threshold for the definition of CAC, and is largely

independent of scanner settings if the scanner is calibrated

appropriately.40

Measurement of Coronary Artery Calcium by Computed Tomography 111

0 mg/cc 50 mg/cc 100 mg/cc 200 mg/cc

Figure 8.2. Electron beam computed tomography image
of a patient’s thorax and a calibration phantom placed
under the thorax. The arrows point to the cross-sections of
four calibration rods, which contain calcium hydroxyapatite
at concentrations between 0 and 200 mg per cubic cen-
timeter (cc). Reprinted with permission from Nelson et al.38
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The calculation of calcium mass relies on the concept

that the physical value of ‘density’ (ρ) of hydroxyapatite is

proportional to the CT number on the reconstructed

images. For a calcified volume, calcium mass equals the

mean CT number, in that volume is multiplied by the

volume expressed in mm3 and a calibration constant. That

calibration constant can be determined by scanning a phan-

tom containing calcification with a known hydroxyapatite

density, and then dividing this known hydroxyapatite den-

sity by the CT number determined from the images of the

calcification phantom. Importantly, because the CT num-

bers of calcified lesions depend on the X-ray spectrum used,

each scanning protocol and each scanner require individual

calibration. As a result of its definition, the calcium mass

determined from CT images will typically underestimate

actual calcium mass somewhat.40

4 STUDIES COMPARING
SCANNER TYPES AND
QUANTIFICATION
ALGORITHMS

The technical differences between EBCT and MDCT

create concern that the CAC scores obtained with these two

types of scanners might not be equivalent. This would make

the use of CAC scores derived from MDCT scanners to

risk-stratify patients based on prospective data obtained on

EBCT scanners invalid. Because of ethical concerns related

to the radiation exposure of scanning patients twice with

different scanners, the equivalence of CAC scores derived

from EBCT and MDCT scanners has been evaluated in a

few studies only.

The results of comparing 4-slice MDCT to EBCT have

varied from 17% variability between imaging modalities for

the volume score42 to 32% for the Agatston score,12 both

with very high correlation between the scores derived from

both modalities. However, in another study from the same

era,41 the CAC scores obtained from EBCT and MDCT

were significantly different from each other. Nonetheless,

for clinical purposes CAC scores obtained with MDCT are

now used interchangeably with those derived from EBCT,

and interpreted in the context of the prognostic value deter-

mined in studies that used EBCT. Recognizing the potential

differences between CAC quantification on the different

scanner types, an Agatston score derived from MDCT is

often referred to as an ‘Agatston score equivalent.’

In a study using a variety of CT scanners available in the

year 2000, EBCT and MDCT (Figure 8.3) had equivalent

Measurement of Coronary Artery Calcium by Computed Tomography 113

Figure 8.3. Typical images of the heart obtained by elec-
tron-beam computed tomography (top) and multi-detector
row computed tomography (bottom). A calibration phantom
is placed below thorax as in Figure 8.2. Reprinted with 
permission from Detrano et al.43
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reproducibility for measuring CAC.43 The reproducibility

of the volume score was not significantly lower than that of

the Agatston score.43 In another recent study examining a

phantom on variety of scanners, the variability of the

volume scores measured with the different scanners was

higher than the variabilities of the Agatston score or calcium

mass.37 Use of a fixed hydroxyapatite threshold, as opposed

to a fixed HU threshold, to define CAC reduced the vari-

ability between Agatston and calcium mass scores measured

on different scanners.37

5 REPORTING CAC 
SCORES

CAC scores are typically reported for each major coronary

artery (left main, left anterior descending, circumflex, right

coronary artery) separately. However, for the purpose 

of risk stratification or measurement of CAC progression,

the ‘total’ score that incorporates all regional scores is

reported.

Given the fact that almost all information on the diag-

nostic and prognostic value is derived from studies that used

the Agatston score, and because its numeric range is famil-

iar to most physicians who refer patients for CAC scanning,

this score is almost always reported at the current time

despite its conceptual shortcomings. The volume score tends

to be numerically similar to the Agatston score except at

very high and very low scores. The numeric value of the cal-

cium mass is typically much lower than that of the Agatston

score (Figure 8.4). The evidence base for the prognostic

value of these scores, in particular the calcium mass, is cur-

rently being developed.44

Because the increase in incidence and quantity of 

CAC with age can make interpretation of CAC scanning

difficult, and because adverse cardiac events can occur at dif-

ferent quantities of CAC, CAC is often also reported as

gender- and age-based percentile ranks based on asympto-

matic cohorts 45,46 (Tables 8.5 and 8.6). In one study, where

22% of cardiac events occurred in patients with an Agatston

score >400, although only 7% of the study population had a

score that high, a percentile rank of >75 for age and gender

was a better predictor of future cardiac events than the

absolute Agatston score.46 However, most studies examining

the predictive value of CAC have used the absolute Agatson

score to predict risk and a percentile rank >75 is not univer-

sally accepted as an indicator of high cardiovascular risk.4

6 SUMMARY AND
RECOMMENDATIONS

CAC quantification can be performed with EBCT or MDCT

without exposure of patients to iodinated contrast medium.

Number of
lesions
(1)

Volume
[mm3]
(3)

Threshold = 130 Hu
(103.2 mg/cm3 CAHA)

(1) Lesion is volume based
(2) Equivalent Agatston score
(3) Isotropic interpolated volume
(4) Calibration factor: 0.794

Equiv. mass
[mg/cm3 CAHA]
(4)

Score

(2)

Artery

LM

LAD

CX

RCA

Total

0

2

0

0

2

0.0

79.9

0.0

0.0

79.9

0.00

20.35

0.00

0.00

20.35

0.0

99.9

0.0

0.0

99.9

Figure 8.4. Example of coronary calcium scoring results listing Agatston score equivalent (‘Score’), volume equivalent
(‘Volume’), and absolute mass of calcium (‘Equiv. mass’) in a patient with 2 calcified lesions in the left anterior descend-
ing artery (LAD).
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Table 8.6 Percentiles of Agatston scores derived from measurements by electron beam tomography in 35,246 adults,
stratified by gender and age

Age (yrs)

<40 40–44 45–49 50–54 55–59 60–64 65–69 70–74 >74

Men (25,251) 3,504 4,328 4,940 4,825 3,472 2,288 1,209 540 235
25th percentile 0 0 0 1 4 13 32 64 166
50th percentile 1 1 3 15 48 113 180 310 473
75th percentile 3 9 36 103 215 410 566 892 1,071
90th percentile 14 59 154 332 554 994 1,229 1,774 1,983

Women (9,995) 641 1,024 1,634 2,184 1,835 1,334 731 438 174
25th percentile 0 0 0 0 0 0 1 3 9
50th percentile 0 0 0 0 1 3 24 52 75
75th percentile 1 1 2 5 23 57 145 210 241
90th percentile 3 4 22 55 121 193 410 631 709

Reprinted with permission from Hoff et al.45

Table 8.5 Calcium score nomogram for 9728 consecutive subjects

Age (yrs)

35–39 40–44 45-49 50–54 55–59 60–64 65–70

Men (5,433) (479) (859) (1,066) (1,085) (853) (613) (478)
25th percentile 0 0 0 0 3 14 28
50th percentile 0 0 3 16 41 118 151
75th percentile 2 11 44 101 187 434 569
90th percentile 21 64 176 320 502 804 1178

Women (4,297) (288) (589) (822) (903) (693) (515) (485)
25th percentile 0 0 0 0 0 0 0
50th percentile 0 0 0 0 0 4 24
75th percentile 0 0 0 10 33 87 123
90th percentile 4 9 23 66 140 310 362

The numbers in parentheses are the numbers of patients in each group.
Reprinted with permission from Raggi et al.46

The radiation dose related to CAC scanning is typically lower

for EBCT than for MDCT, and among MDCT scanning

protocols it is lower for prospective triggering than for retro-

spective gating. CT scanners used for CAC quantification

should meet or exceed the technical requirements listed in

Table 8.3. To allow comparisons of CAC scores obtained of

different types and makes of CT scanners, standardized

imaging protocols, as suggested in Table 8.4, should ideally be

used. For reporting of CAC quantities, the Agatston score

should be used because its numeric range and prognostic

value is understood best among the various algorithms for

CAC quantification. Reporting of age-and gender-matched

percentiles of Agatston scores is reasonable but not supported

by current AHA guidelines. Calcium mass is the CAC quan-

tification parameter least susceptible to variability and should 

be reported as well, if available.
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9
Coronary Calcium Scanning for the
Prediction of Coronary Stenoses in
Symptomatic Patients

Andreas Knez

Coronary artery disease is the number one killer in western

civilization. Each year 650,000 previously asymptomatic

patients present in the United States with an acute coronary

event as the initial presentation of coronary artery disease.1

Approximately one-third of individuals dying annually

from sudden cardiac death posses no identifiable

Framingham risk indices that would predict a future hard

cardiac event.2 Therefore, the detection of coronary heart

disease early in its course is of great potential importance.

Coronary calcification is a manifestation of coronary athero-

sclerosis and represents anatomic disease itself. It occurs

exclusively in the atherosclerotic arteries and is absent in the

normal vessel wall (Figure 9.1).

The relevance of the total amount of coronary calcium

for prediction of coronary disease events in asymptomatic

subjects has been validated and studied extensively using

electron beam computed tomography (EBCT) and will be

discussed elsewhere. These studies demonstrate that coro-

nary calcium is independent of the traditional risk factors

and has a high level of evidence on its role in risk stratifica-

tion of asymptomatic individuals.3 Due to the predictive

power of coronary calcification, the AHA suggest a role for

calcium scanning (Class IIb, Level of Evidence: B) for risk

stratification in intermediate risk patients (10-year

Framingham risk score, 10%–20%).4 Beside risk assessment

in asymptomatic subjects the cardinal question remains, is

calcified plaque associated with significant lumen stenosis?

Coronary calcium is nearly ubiquitous in patients with doc-

umented CAD.5–7 Nevertheless, it represents only 20% of

the total atherosclerotic plaque area (Figure 9.2).8

This correlation between plaque calcification within

noncalcified plaques was established by Simons et al.9 By

measuring direct histological plaque area and percent lumi-

nal diameter stenosis on randomly selected hearts they could

show that the calcium score determined with EBCT corre-

lated linearly with total plaque area. A calcified area of 3

mm as compared to 1 mm was more likely to be associated

with significant luminal narrowing. This finding demon-

strates the complexity of the presence of coronary artery cal-

cified plaque which is present in the intima of both

obstructive and non-obstructive lesions and therefore not

specific to an obstructive lesion. Therefore the calcium score

does not translate in a one-to-one fashion to direct luminal

narrowing.

Historically, determination of coronary calcium for pre-

diction of CAD started in the 1980s. At that time cardiac flu-

oroscopy was frequently used to detect calcium in the

coronary arteries. Detrano and Fröhlich summarized studies

involving 2,670 patients undergoing coronary angiography.10

The finding of any calcification in cardiac fluoroscopy showed

a sensitivity of 40% to 79% and a specificity of 52% to 95% for

detecting any significant stenoses (>50% lumen diameter).

119
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Rienmüller and Lipton showed in the same year in a small

group of patients that CT was much more sensitive for

detecting calcification than fluoroscopy.4 However, image

quality was degraded by cardiac motions. The break-

through for cardiac imaging and determination of coronary

calcium was the introduction of ultrafast CT, later desig-

nated EBCT in the late 1980s. At this time multi-detector

computed tomography (MDCT) represents an equivalent

alternative (Figure 9.3).

Nevertheless most studies for prediction of significant

coronary disease have been performed with EBCT using the

Agatston score and 3 mm–thick cross-sectional slices with a

scan time of 100 ms and an ECG gating of 80% of the RR-

interval.11 But calcium screening with multidetector row

CT is also an accurate imaging modality for prediction of

significant CAD as we could demonstrate in a study with

1,347 patients with suspected CAD (Figure 9.4).

1 DIAGNOSIS OF PATIENTS
WITH POSSIBLE CORONARY
ARTERY DISEASE

The routine work up for patients with typical angina/symp-

toms of coronary heart disease includes exercise ECG, exer-

cise testing echocardiography, myocardial scintigraphy or

pharmacological stress test. A large meta-analysis reports

sensitivities, specificities and accuracy for exercise testing in

the range of 68%, 77% and 73%, respectively, for myocardial

perfusion imaging 89%, 80% and 89%, and 85%, 84% and

87% for pharmacological scintigraphy and echocardiogra-

phy.3 Regardless of the variability of the reported data, the

exercise and myocardial perfusion tests provide a high accu-

racy for predicting future myocardial events. The core ques-

tion is now: can coronary calcium, as compared to established

diagnostic tests, provide any additional information to facili-

tate clinical decision making in symptomatic patients?

The AHA/ACC expert group published in 2000 a meta-

analysis of 16 studies, which were performed to evaluate the
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LAD

LCxLCA LAD

LCx

II. DA

A B

Figure 9.1 Calcified atherosclerotic plaques in the LCA, LAD and LCx in a woman with a high grade stenosis of the LAD.

Figure 9.2 IVUS image of a mixed plaque. The calcium
component (↑) represents ~20% of the total atherosclerotic
plaque area.
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diagnostic accuracy of EBCT to diagnose possible CAD in

symptomatic patients and to compare it with other non-

invasive tests.12 A total of 3,682 patients were enrolled in

these studies. Inclusion criteria were the indication for coro-

nary angiography, no prior history of CAD or prior cardiac

transplantation, Definition of significant disease compro-

mises >50%, ≥50%, ≥70% and ≥75% luminal diameter

stenosis in any epicardial coronary artery, criteria for a

pathologic scan were different, including any detectable cal-

cium, score >0, score >1, score ≥5 and score >100. Individual

study sensitivities ranged from 68% to 100% where as speci-

ficities ranged from 21% to 100%, predictive accuracy

ranged from 49% to 51%. On average, significant coronary

disease (≥50% or ≥70% stenosis by coronary angiography)

was reported in 57% of the patients. Presence of calcium was

reported on average in 65.8% of patients (defined as a score

>0 in all but one report). With determination of any calcium

(score >0) the summary odds were elevated 20 fold.

Additional summary Ors were also calculated with various

anatomic and calcium score cut points. For detection of

minimal, >50%, and >70% angiographically documented

stenosis, the summary odds increased from 6.8-fold to 50-

fold, which means that odds of significant coronary disease

increased when greater angiographic lesion thresholds were

used for significant disease. Higher coronary calcium scores

increased the likelihood of detecting significant disease. 

A threshold of detectable calcium or a score greater than 

5 was associated with an odds of significant disease of 

25.6-fold, but at the expense of a high percentage of 

false-negative results, which may lead to unnecessary addi-

tional investigation. Schmermund et al. used a different

approach. They examined 291 patients with suspected 

CAD and a clinically indicated angiography who under-

went risk factor determination as defined by the National

Cholesterol Education Program (NCEP) and determination

of coronary calcium with EBCT. On the basis of a simple

noninvasive index = loge [LAD score) + loge [LCx score] + 2

[if diabetic] + 3 [if male] they could demonstrate sensitivities

from 87–97% and specificities from 46–74% for separating

patients with, versus without, angiographic three-vessel

and/or left main CAD. A noninvasive index >14 increased

the probability of angiographic 3-vessel and/or left main 
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Figure 9.3 Determination of two calcified plaques in the proximal LAD with EBCT (a) and MDCT (b).
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Figure 9.4 Comparison of the 75th percentile value of
the volumetric calcium score derived from an EBCT study
in a comparable patient population with the present study
in men and women.
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disease from 23% (pretest) to 65–100% (posttest), and nonin-

vasive index <10 increased the probability of no three-vessel

and/or left main CAD from 77% (pretest) to 95–100%

(posttest).13 Despite these encouraging results, no further

study has ever applied this algorithm in a large prospective

cohort. Further studies have tested the value of different

absolute calcium thresholds for the prediction of significant

disease. Guerci et al. found in a symptomatic patient popu-

lation of 290 men and women that a coronary calcium score

>80 was associated with an increased likelihood of any coro-

nary disease, regardless of the number of risk factors and a

coronary calcium score ≥170 was associated with an increased

likelihood of obstructive coronary disease, regardless of the

number of risk factors.14 Kennedy et al. demonstrated in a

multicenter trial with 368 patients that by multivariate

analysis, only male sex and coronary calcification were pre-

dictive of angiographic disease.15 An increase in the coro-

nary calcium score from 10 to 100 more than doubles the

probability of angiographic disease and an increase from 100

to 1,000 increases the probability by a factor of 12.

Conversely, patients with low calcium scores (e.g. <75) have a 

low probability of disease (25%) and thus may not warrant

coronary angiography. All three studies show that coronary

calcification is a stronger independent predictor of angio-

graphically obstructive CAD than are standard risk factors

in symptomatic patients referred for angiography. Thus

coronary calcification, when considered as a risk factor, was

the most powerful of these for such patients.

In 2001, Haberl et al. correlated the EBCT derived calcium

scores with the results of coronary angiography in 1,764 symp-

tomatic patients (women = 539, age = 59 ± 12 years) in order to

assess its value to predict or exclude significant coronary artery

disease.7 The strength of the study was that all patients were

evaluated in a single center with the same technology. Due to

the inclusion criteria, typical/atypical chest pain and/or signs of

myocardial ischemia or noninvasive tests (bicycle stress test in

most cases) all patients had a high pretest probability of coro-

nary artery disease. Despite this high pretest probability, only

56% of men and 47% of women (Figure 9.5) revealed signifi-

cant coronary artery disease (≥50% diameter stenosis).

The positive finding of coronary calcium (score >0) had

the best sensitivity (99% in men and 100% in women) and the

best negative predictive power (97% in men and 100% in

women) to detect stenosis ≥50% and stenosis ≥75% in men

and women. Conversely, the specificity was low, 23% in men

and 40% in women. Higher calcium values (≥20, ≥100, ≥75th

percentile) were associated with decreased sensitivity to detect

significant CAD, but increased specificity (Figure 9.6).

Otherwise, the exclusion of coronary calcium was asso-

ciated with extremely low probability of significant stenosis

in men and women. No calcium was found in 128 (24%) of

540 men and in 116 (41%) of 284 women without significant

disease. Figure 9.7 represents the sensitivity, specificity, pos-

itive and negative predictive value for a score of 0 for signif-

icant CAD (luminal diameter >70%).

Thus, exclusion of coronary calcification was associated

with a low likelihood of significant stenosis in men and

women. Only in five cases did coronary angiography 
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Figure 9.5 Distribution of the extent of coronary stenosis
in 1,764 symptomatic patients.
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Figure 9.7 Diagnostic accuracy of Score=0 for exclusion
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predictive value.
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reveal a significant stenosis despite a calcium score of zero.

The results show that EBCT calcium screening can identify

a subset of patients with a very low risk of significant CAD

in whom diagnostic procedures may be omitted.

The study from Budoff et al. showed that 1,851 patients

with suspected CAD applied a multivariate logistic predic-

tion model to overcome verification bias as a consequence of

the preferential referral of positive test responders to

angiography and negative test responders away from

angiography.16 Study prediction models were designed to be

continuous, adjusted for age and sex, corrected for verifica-

tion bias, and independently validated in terms of their

incremental diagnostic accuracy. The overall sensitivity was

95% and specificity was 66% for coronary calcium to predict

obstructive disease (= 50% lumen diameter) on angiography.

With calcium scores >20, >80 and >100, the sensitivity to pre-

dict stenosis decreased to 90%, 79% and 76% whereas the

specificity increased to 58%, 72% and 75%, respectively. The

logistic regression model exhibited excellent discrimination

(receiver operating characteristic curve area of 0.84 ± 0.02)

and calibration (chi-square goodness of fit of 8.95, p = 0.44).

The study documents the clinical applicability of EBCT-

derived calcium scores for the noninvasive diagnosis of CAD

in two broad areas: for diagnosis, by the correlation 

of posterior probability with angiographic prevalence

(Figure 9.8) and for evaluation, by the relation of posterior

probability to the anatomic severity of disease.

As in other studies, the addition of calcium scores added

independent and incremental information to predict

obstructive disease over age and sex. Interestingly, those

patients who exhibited the greatest change from pretest to

posttest probability were those patients with pretest proba-

bility ranging from 20% to 70%, representing an intermedi-

ate pretest likelihood of CAD. This was consistent with

many other cardiovascular tests, including exercise stress and

thallium testing. As proposed by the authors the model

described can assist clinicians to develop post-test probability

that will be useful for establishing a high (75% to 92%) as

opposed to a low (<10%) probability of significant disease. In

accordance with the study from Haberl et al. exclusion of

coronary calcium defines a substantial subgroup of patients,

albeit symptomatic with a low probability of significant

stenosis. The high negative predictive value (96–100%) of

exclusion of coronary calcium is highlighted in the AHA/

ACC document on EBCT for the diagnosis and prognosis of

CAD (Table 9.1).12

A complementary role for coronary calcium and MPS

measurements was demonstrated by He et al., who noted a

threshold phenomeon with almost no observable myocar-

dial hypoperfusion among patients with CAC score <100

with a marked increase in the frequency of an abnormal

MPS in patients with high CAC values (>100).17 These find-

ings were confirmed in a recent study of 1,195 patients who

underwent CAC measurement and MPS assessment. The

presence of coronary calcium was the most powerful predic-

tor that a nuclear test would be positive for ischemia and

<2% of all patients with a coronary calcium score <100 had

positive EBCT studies.18 Recent ACC/ASNC appropriate-

ness criteria support that a low calcium score precludes the

need for MPS assessment and a high score warrants further

assessment.19 These appropriateness criteria suggest nuclear

testing may generally be inappropriate in patients with cal-

cium scores <100, as the probability of obstruction or abnor-

mal scan is very low. However, more recent evidence

suggests that MPS may be indicated in patients with dia-

betes and those with a family history of CAD who have a

calcium score <100.20–21

In summary, coronary calcium screening may be an

effective filter before undertaking invasive diagnostic proce-

dures, hospital admission or stress nuclear imaging, with

more caution in younger patients, which has been shown in

a large study of patients (n = 2215) with suspected CAD (mean
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Figure 9.8 A 55-year-old man with a pretest probability of 53% has a posttest probability of 13% with a calcium score 
of 0 (■). The same 55-year-old man has with a score of 400 a posttest probability of 93% (◆).
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age = 62 ± 19 years). A false negative result (score = 0) was

observed in 7/8 patients with <45 years of age (Figure 9.9).22

In another study in 668 consecutive patients with chest

pain syndrome, obstructive CAD was present in 9 patients

(7%) despite a score = 0. Seven of the 9 patients were women

and mean age was 50 years.24 Therefore, most experts suggest

in younger patients contrast with chest pain syndrome

enhanced noninvasive coronary angiography to definitely rule

out significant disease. Otherwise three studies have docu-

mented that coronary calcium screening is a rapid and effi-

cient screening tool for patients admitted to the emergency

department with chest pain and nonspecific electrocardio-

grams.25–26 These small-scale studies (sample size 105 to 192)

showed sensitivities of 98% to 100% for identifying patients

with acute MI and very low subsequent event rates for persons

with negative tests. The high sensitivity and high negative

predictive value may allow early discharge of those patients

with nondiagnostic ECG and negative CAC scans (score = 0).

Long term follow-up of one patient cohort demonstrated a

very low risk of events in patients without demonstrated CAC

at the time of emergency room visit. Therefore future studies

in large patient cohorts are needed and should allow for ade-

quate length of follow-up and assessment of larger numbers of

hard endpoint events, especially all-cause mortality and

myocardial infarction. The high sensitivity and negative

predicitive value of a calcium score = 0 leads in patients with

chest pain is implemented in the AHA/ACC recommenda-

tion. Patients with chest pain and equivocal or nomal ECGs

and negative cardiac enzyme studies may be considered for

CAC assessment (Class IIb, Level of Evidence: B).4

There is still no agreement for either what score cut-

point for determination of significant disease should be used

in a clinical setting or if an age and gender related cut-off value

(=75th percentile) is superior to an absolute threshold (>100,

>400). It has been proposed that incorporation of age and

gender distributions of coronary calcium should be used

among younger patients and in women ≥60 years old which

have lesser atherosclerotic plaque burden and would be over-

looked otherwise.22 Generally, scores <100 are typically associ-

ated with a low probability (<2%) of abnormal perfusion on

nuclear stress test (28) and less than 3% probability of signifi-

cant obstruction (>50% luminal diameter) on coronary angiog-

raphy.6–7 A person with an Agatston score >400 may benefit

from functional testing to detect occult ischemia.

It is appropriate to compare CAC scoring with estab-

lished diagnostic tests including stress electrocardiography,

myocardial perfusion imaging and stress echocardiography.

In direct comparison EBCT coronary calcium has been

shown to be comparable to nuclear exercise testing in the
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Figure 9.9 Absence of coronary calcium in the non-contrast scan despite the presence of high grade stenosis in the 
proximal left anterior descending artery (LAD) seen in the contrast enhanced scan in a 45-year-old woman (confirmed by
angiography).

Table 9.1 Interpretation and recommendation for 
coronary calcium scoring (adapted from ACC/AHA
expert consensus document).4

• A negative test (score = 0) makes the presence of
atherosclerotic plaque, including unstable or
vulnerable plaque, highly unlikely

• A negative test (score = 0) makes the presence of
significant luminal obstructive disease highly
unlikely (negative predictive power by EBCT on the
order of 95% to 99%)

• A negative test is consistent with a low risk (0.1%
per year) of a cardiovascular event in the next 2 to 5
years

• A positive test (CAC > 0) confirms the presence of a
coronary atherosclerotic plaque
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detection of obstructive CAD (Table 9.2).26–27 Opposite to

these tests, EBCT is not limited by concurrent medication,

the patient’s ability to exercise, baseline ECG abnormalities,

or existing wall motion abnormalities and can be easily per-

formed by a technician, although more comparison work

between modalities is clearly needed.

2 CORONARY CALCIUM
MEASUREMENT IN
SYMPTOMATIC PATIENTS
WITH CARDIOMYOPATHY

The clinical manifestation of patients with ischemic cardiomy-

opathy are often distinguishable from those with primary

dilated cardiomyopathy. One large study of 120 patients with

heart failure of unknown etiology demonstrated that the

presence of coronary calcium was associated with 99% sen-

sitivity for ischemic cardiomyopathy.28 Another study

demonstrated this similarly high sensitivity using spiral CT

to differentiate ischemic from nonischemic cardiomyopa-

thy. Direct comparison studies have demonstrated this

methodology to be more accurate than echocardiography

and myocardial perfusion study techniques.29–30 Additional

comparative prognostic and diagnostic evidence is required

to evaluate the role of CT as compared with conventional

stress imaging techniques, as well as an assessment develop-

ing marginal cost-effectiveness models. CAC measurement

in symptomatic patients to determine the etiology of car-

diomyopathy is considered due to the AHA/ACC scientific

statement a Class II B, level of evidence: B indication.4

3 CORONARY CALCIUM AND
ACUTE CORONARY
SYNDROME (ACS)

Coronary artery calcification is accepted as a marker of 

atherosclerosis. However, there is still controversy over

what constitutes a vulnerable plaque. Some believe that 

calcification is an attempt by the body to protect weakened

myocardium by strengthing the atherosclerotic plaque

prone to rupture. However the stiffened calcified area can

induce stress at the junction of calcified and noncalcified

sections, a common site of plaque rupture.31 On the other

hand, others believe that a mildly or moderate stenotic

plaque is more likely to rupture and lead to a coronary

event.33 The reasoning is that the presence of calcium

implies the presence of unstable and vulnerable lipid-rich

plaques. This correlates with Rumberger et al’s finding that

only 20% of plaque is calcified.8 A useful histopathologic

definition of unstable plaques has been provided by 

the AHA on the basis of work by Herbert Stary et al.

(Figure 9.10).33

This classification describes the natural history of plaque

initiation and development designated by lesions types I (ear-

liest lesion) through VI (complicated lesion). Histopathologic

studies have established plaque rupture (AHA lesion Via) as

the most common cause of acute coronary syndromes.34–35

Otherwise, the pathology of acute coronary syndromes

cannot be reduced to the analysis of a localized unstable

plaque. In any given subject with coronary atherosclerosis,

there is a spectrum of plaques at various stages of develop-

ment. In addition, they can also be present in subjects with-

out any history of CAD. This is pointed out in a study 

of apparently healthy individuals with traumatic death, 

that show plaque rupture £10% without any prior acute

coronary event.36 In respect to the complexity of the

histopathology of atherosclerotic plaques and development

of acute coronary syndrome is there any role for coronary

calcium?

In a series of 50 patients with a mean age of 49 years,

Farb et al. reported that calcium is a frequent feature of

plaque rupture.37 Calcium was associated less frequently

with plaque erosion. Burke et al. classified culprit plaques 

in 108 victims of sudden cardiac death with a mean age of 

50 years as stable (n = 20), erosion (n = 33), acute rupture 

(n = 37) and healed rupture (n = 18). The most frequently

calcified plaques were healed ruptures.38 There are also

histopathologic reports suggesting that ruptured plaques are

less likely to be calcified.39
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Table 9.2 Sensitivity and specificity of diagnostic tests for evaluation of CAD

No. of patients Sensitivity % Specificity %

Stress treadmill25 2456 52 71
Exercise SPECT26 4480 87 73
Stress echocardiography25 2637 85 77
EBCT calcium27 85 75
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Schmermund et al. performed EBCT in 118 consecutive

patients with previous myocardial infarction or unstable

angina as the first manifestation of CAD. The vast majority

of patients with at least moderate angiographic disease had

measurable calcium by EBCT.40 Those patients with a neg-

ative scan had minimal or no atherosclerotic plaque forma-

tion as confirmed by IVUS. Raggi et al. could demonstrate

in 172 patients with a first acute myocardial infarction 

that in 87% the extent of coronary calcium was greater 

than would have been expected based on their age 

and sex.41 These data suggest that, even in patients with 

an acute coronary syndrome as the first manifestation of

CAD, coronary calcium is almost always present and usu-

ally exceeds the amount observed in asymptomatic subjects

or patients with atypical symptoms. Acute coronary syn-

dromes result from extensive coronary atherosclerosis.32

Nevertheless, the extent of calcified plaques in patients with

an acute coronary syndrome is significantly lower than in

patients with stable angina demonstrated by Leber et al.

(Figure 9.11).42

In summary, calcification frequently is observed in

patients with acute coronary syndromes, although calcium

cannot be used to identify unstable plaques. Because there is

considerable overlap between all types of plaques, calcium is

a marker for neither unstable nor stable plaques. Otherwise

patients with a negative calcium test rarely have angio-

graphic CAD, and multivessel CAD is almost never

observed.12,23,31
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Figure 9.10 Histopathologic classification of coronary lesions adapted from the AHA.33
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Figure 9.11 Extent of calcified plaques in patients with acute myocardial infarction (AMI) as compared to patients with
stable angina.
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10
Coronary Artery Calcification and
Prediction of Major Adverse 
Cardiovascular Events

Leslee J. Shaw, Paolo Raggi, Matthew J. Budoff, and Daniel S. Berman

Initial developments in the field of computed tomography

(CT) provided data on the diagnostic accuracy of coronary

artery calcification (CAC). In the 2000 American College of

Cardiology (ACC) expert consensus document on CAC,

there were nearly 20 published reports on the diagnostic

sensitivity and specificity of CAC.1 Due to its ability to

directly visualize arterial plaque, it was hoped that CT-

determined CAC could more clearly define a patient’s

obstructive coronary artery disease burden, resulting in

improved diagnostic classification when compared to

ischemia tests, such as stress electrocardiography. However,

the diagnostic evidence, largely derived from selected

catheterized cohorts, revealed a markedly diminished speci-

ficity (~45%). That is, an elevated CAC score often did not

accurately signify an associated coronary stenosis. This

diminished specificity exposed both the limitations of CT-

determined CAC as a diagnostic test but also re-oriented

researchers toward a greater understanding of the strength

of this modality. It was surmised that CAC with its strong

association to the burden of atherosclerosis could be focused

as a measure of a patient’s global cardiac risk. Since this 2000

ACC document,1 there has been an explosion of available

prognostic evidence as to the accuracy of CAC to estimate

major adverse cardiovascular events. This chapter will pro-

vide a theoretical perspective on how evidence of CAC can

estimate cardiovascular outcomes as well as a synopsis of

available data on this subject. Much of the discussion on the

prognostic value of CAC will focus on the use of the

Agatston score as the lion’s share of outcomes data have

been derived using this calculation.

1 CAC AND ITS THEORETICAL
RELATIONSHIP WITH ACUTE
CORONARY HEART DISEASE
EVENTS

Atherosclerotic plaque progresses through stages, with cal-

cification occurring in later phases of development.1 The

disease process is one of waxing and waning through peri-

ods of instability and including, at times, rupture followed

by mechanisms acting as stabilizing forces. The homeostatic

balance that occurs within the disease process includes the

development of CAC as a mechanism to stabilize a damaged

arterial bed. The disease process is not static and does not

occur uniformly throughout the coronary arteries. As such,

CAC can be documented within the milieu of noncalcified

plaque that is in a flux of enhanced vulnerability.

Additionally, CAC may be observed within the arterial wall

as well as within a stenotic lesion and, therefore, may docu-

ment both positive and negative remodeling. Positive

remodeling is the process of plaque deposition (generally)
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occurring early in the disease process and represents out-

ward expansion of the external elastic membrane and

plaque deposition within the arterial wall. By comparison,

later stages of the disease process include the development 

of atherosclerotic plaque encroaching within the lumen 

and therefore progressing toward ever increasing degrees 

of arterial stenosis (i.e., negative remodeling). As CAC 

can be documented within arterial wall as well as in

stenotic lesions, the documentation of calcification cannot

be site specific for a given stenotic lesion with the result

being suboptimal diagnostic specificity. Furthermore, from

the perspective of coronary event prediction, it cannot iden-

tify a given plaque that is prone to rupture and is, for prac-

tical purposes, suboptimal for localization of a vulnerable

lesion.

As a result of this information, researchers have posited

that, as CAC reflects stable atherosclerotic plaque, its associa-

tion with cardiac event risk would be poor.1 Yet, as we will dis-

cuss in this chapter, the observed data reveal a strong direct

relationship between cardiac event risk and the extent of CAC.

And, a key to understanding how this relationship works is to

separate the poor site-specific detection of an obstructive lesion

(i.e., diminished accuracy for detection of the vulnerable lesion)

to its improved association with global risk and enhanced pre-

cision for identifying the vulnerable patient.2

Calcification occurs throughout areas of atherosclerotic

plaque and has a strong association with histopathologic

plaque area.3 Therefore, the optimal clinical application for

this marker may be as a surrogate for the extent of underly-

ing atherosclerosis. And, as the extent of CAC is directly

related to the extent of atherosclerosis, its strength lies in the

detection of patient risk. A key to comprehending this rea-

soning is that the milieu of atherosclerotic plaque includes the

coexistence of stable (i.e., calcified) as well as unstable plaque

and that, the higher the CAC, patient risk is driven by the co-

occurrence of and extent of vulnerable plaque. For the clini-

cian not familiar with CT, an additional clinical analogy is

that patients with high risk CAC scores (i.e., =400) have a

greater frequency of obstructive coronary artery disease.1

And that cardiac events occur more often in diseased than

nondiseased patient populations. A caveat to this latter state-

ment is that an extensive CAC lesion is not site-specific for a

significant stenosis but a high risk CAC score is more often

associated with a greater frequency of significant coronary

artery disease.

As noncalcified plaque occurs with calcification, CAC

has been defined as the ‘tip of the iceberg’ of patient risk. It

is the determination of both arterial calcified and noncalci-

fied plaque burden that would provide the ideal estimate of

a patient’s risk of acute coronary events. However, these

prediction models are, as yet, unavailable.

2 WHY PROGNOSTICATE? –
IMAGING AS MARKERS FOR
RISK AND AS LINKS FOR
TARGETING THERAPY

For tests that are able to accurately estimate important car-

diovascular complications, patients with high risk imaging

results may be more often aggressively treated when com-

pared to those with lower risk test results. This reasoning

represents an application of imaging markers as intermedi-

ate outcomes within therapeutic intervention strategies.

Based on prognostic models, targeted treatment strategies

may be devised to allocate more intensive care to those

patients assigned to higher risk categories. Importantly,

based on outcomes evidence, lower risk patients are treated

less aggressively. From the 26th Bethesda Conference on

secondary prevention, this type of management strategy 

was defined as changing the intensity of management 

based upon the patient’s hazard or risk.4 This concept of

more aggressively treating high risk patients is an integral

component of national guidelines for hypertension and

hyperlipidemia.5,6

Given our CT data, prognostic evidence that assigns

patients with more extensive CAC scores to a higher cardiac

event risk may then be used to identify patients requiring more

aggressive risk factor modification. The ensuing treatment is

then based on clinical outcomes data and more precisely allo-

cates resources to those in need (i.e., the high risk). Fundamental

to this therapeutic reasoning is the premise that high risk

patients receive a greater proportional risk reduction with treat-

ment. In that, treatment will result in a more dramatic decline

in patient risk for those whose baseline risk is high and that the

proportional reduction in risk will be greater for high as com-

pared to lower risk patients. Therefore, the identification of risk

by CT-determined CAC and treatment initiation has the

potential to result in optimal reduction in cardiovascular events.

Although we will not discuss the treatment-based data that is

available with CAC, understanding how the prognostic evi-

dence may be applied in therapeutic management is key to

affecting significant changes in patient outcome. As such, this

chapter will focus on the available evidence on risk detection 

with CAC scoring. The reader may also wish to review the evi-

dence on post-CAC treatment and ischemia testing that is high-

lighted in Chapter 7.
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3 BASICS OF BAYESIAN
THEORY – UNDERSTANDING
PRETEST CLINICAL RISK

One additional preamble prior to our discussion on the

available prognostic evidence is to introduce the concept of

prescan clinical risk. This concept of clinical risk may be

defined as a patient’s baseline or underlying hazard for car-

diac events that is largely driven by the extent and severity

of risk factors as well as their degree of comorbidity. For

patients with a greater clustering of cardiac risk factors, they

have an accelerated risk of major adverse cardiovascular

events. One method frequently used to estimate a patient’s

clinical risk of major CHD events is to calculate their

Framingham risk score (FRS). This score assigns point

values to a number of risk factors (smoking, hypertension,

age, hyperlipidemia, and diabetes). The FRS then provides

an estimate of the patient’s 10-year risk of CHD death or

nonfatal myocardial infarction (MI). Risk categories based

on the FRS are low (i.e., CHD event rate <10% over 10

years), intermediate (i.e., CHD event rate from 10%–19.9%

over 10 years), and high (i.e., CHD event rate = 20% over 

10 years).

This latter high risk category is important as current guide-

lines recommend treatment to secondary prevention goals for

patients with a high FRS.5,6 Thus, as imaging or other novel

risk markers detect more and more individuals whose risk is

equivalent to a high FRS, then further improvements in our

detection gap for atherosclerotic disease may be realized.7

One goal for the developing evidence base with CAC

scanning is that it provides an equivalent, if not, superior

ability to risk stratify patients over and above the FRS.8

Practically speaking, if a CAC does not provide independ-

ent information, then it is hard to justify the expense of

adding this test to a patient’s clinical work-up. And, as we

examine the prognostic evidence with CAC, we will review

this data with an eye towards defining its predictive abilities

in relation to the FRS.

As the FRS is the basis for current hypertension and

hyperlipidemic treatment,5,6 this initial calculation of 

risk also serves a ‘gatekeeping’ function for selecting optimal

candidates for CAC scanning. The addition of a test within

this strategy of hierarchical screening and selective CAC

scanning requires some understanding of the potential for

improved risk detection for patients whose FRS ranges from

low to high risk. Thus, for this point, some understanding of

Bayesian theory is needed. Bayesian theory states that the pre-

dictive accuracy of a given test is largely determined by a

patient’s prescan clinical risk. For imaging, a posttest assessment

of risk will be used to modify their prescan risk calculation.

Across the range of prescan FRS, the degree of change or

shifting in posttest risk assessment varies. That is, for the

patient with a low FRS, the addition of any test results in

minimal shifting from pre- to posttest risk assessment;

largely as a result of so few events occurring in this subset of

patients. For the low FRS patient whose 10-year risk of

CHD death or MI may be 0.6%, a high risk CAC may only

shift their expected event risk to 1%, thus rendering them

still within the same low risk category. A minimal shift

from pre- to posttest risk is not ideal, with the result being a

cost inefficient testing strategy. It is for this reasoning that

the USPSTF9 and more recently guidelines from the ACC10

and American Heart Association (AHA)11 do not recom-

mend testing low risk patients.

By comparison, the goal of testing a patient with an

intermediate FRS is that a sizeable proportion of these

patients may then be shifted, given the results of a scan, to

either a lower or higher risk group. In fact, the greatest shift

from pre- to post-scan risk occurs for the intermediate FRS

patient. In this category of patients, CAC screening will

result in as many as 25% to 50% of patients reclassified to

having a risk equivalent to those with a high FRS.12,13

‘Risk equivalent’ status, defined as having an expected

event rate similar to patients with a high FRS, would mean

that a patient’s 10-year (or annual) risk of CHD death or MI

would be 20% (or 2%) or higher. A number of other patient

subsets have also been allocated to this risk equivalent status

including diabetics and those functionally disabled, with

peripheral arterial disease, or with chronic kidney dis-

ease.5,14 Thus, should a high risk CAC score be able to iden-

tify patients whose cardiac event risk is equivalent to

diabetics or to those with a high FRS, then this testing strat-

egy could be easily integrated into accepted standards for

risk detection that are now based on the use of global risk

scores (e.g., FRS). All patients categorized as having a high

FRS or those allocated to the risk equivalent group are then

treated to more aggressive standards with secondary pre-

vention goals for risk factor modification.5,6

4 LIMITATIONS OF THE FRS

The FRS is one example of a global risk score; others include

the Prospective Cardiovascular Münster (PROCAM) score

from Germany and the European Systemic Coronary Risk

Evaluation (SCORE).10 They are all similar in that they assign

a point value to cardiac risk factors in order to estimate patient
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prognosis. As stated above, global risk scores, such as the FRS,

form the basis for many guidelines including the National

Cholesterol Education Program – Adult Treatment Panel

III5 and the National High Blood Pressure Education

Program – Joint National Committee 76 where more inten-

sive treatment is recommended to patients with a high FRS.

There are, however, notable limitations to the FRS that

have implications for risk stratification. The prognostic weight-

ings assigned to key patient subsets undervalue risk detection

for women, younger patients, and for those patients living out-

side the US or for those of diverse ethnicity residing in the

US.12,15–17 There are also key risk factors currently excluded

from the FRS that form a large proportion of patients referred

for CHD risk assessment, including obese patients or those with

a family history of premature CHD. Other novel risk factors

also not contained within the FRS form an additional cohort of

candidates who may be referred for screening, including

patients with the metabolic syndrome or those with an elevated

high sensitivity C-reactive protein (Hs-CRP), a generalized

inflammatory marker. 

Thus, although the FRS is an acceptable initial step for

evaluating patient risk, clinicians should be aware of its lim-

itations and inabilities to identify risk in several patient

groups. In a recent report by Nasir et al., more than half 

of patients with a high risk CAC ≥400 were not classified as

high risk by the FRS.12 Shaw et al., in a related report, cal-

culated that nearly half of low and high FRS patients could

be reclassified based on CAC findings.13 Thus, for a sizeable

proportion of patients, CAC scanning may be helpful for

risk stratification when the FRS assignment does not coin-

cide with the physician’s clinical impression of patient risk.

5 PROGNOSIS BY CAC
MEASUREMENTS

There have been 3 critical time periods in the development

of prognostic evidence with CAC. These time periods

include early evidence reported through the 2000 ACC

expert consensus document,1 followed by additional evi-

dence used in the US Preventive Services Taskforce9,18 eval-

uation of CHD screening strategies, including publications

through 2002, and, finally, more recent data published since

2003 with a number of large, prospectively-collected obser-

vational registries on the prognostic value of CAC.19–24 Each

time period is critical as they demarcate a juncture following

which significant improvements in data quality were realized.

For example, early published reports were fraught with

methodological challenge, as early evidence in any area

often is. They included the use of retrospective patient

series, the inclusion of ‘soft’ end points (notably coronary

revascularization as cardiac events), and were limited to

smaller patient series followed for a short time period.1 In

the 2000 ACC expert consensus document, the prognostic

evidence up to the year 2000 was criticized for being of

modest quality, noting that the CAC score was not able to

accurately risk stratify.1 A second meta-analysis on the prog-

nostic accuracy of CAC was performed by the USPSTF

using additional data published through 2002.18 The

Pletcher meta-analysis18 did a more rigorous and systematic

review of the quality of the published literature and noted

continuing deficiencies in the methods applied in defining

the prognostic accuracy of CAC. Based on the Pletcher

meta-analysis,18 the USPSTF recommended against the use

of CAC for routine CHD screening.9 A synopsis of early

prognostic data is plotted in Figure 10.1.1,18

During these early years, a number of investigators

embarked on prospective registries, including several popula-

tion-based cohort studies, examining long-term (i.e., 3–5 year)

cardiac outcomes in asymptomatic individuals or consecutive

patient series.19–24 These studies, such as the Prospective Army

Coronary Calcium Project19 and the St. Francis Heart Study,20

were initiated with the primary aim to evaluate the prognostic

accuracy of CAC in asymptomatic individuals who had 1 or

more pre-scan cardiac risk factors; thus, identifying patients at-

risk for atherosclerotic disease. During this same time period,

there were also a number of very large patient registries that

examined death rates across the CAC scores.25,26 We will start

our discussion of prognosis by a review of evidence on the asso-

ciation of CAC to all-cause death.

6 CAC FOR RISK PREDICTIONS –
MODEL # 1 – ESTIMATING 
ALL-CAUSE MORTALITY

Although the lion’s share of evidence has focused on the 

estimation of cardiac events, there are several large observa-

tional, referred patient cohorts that have also been published

on the relationship of the CAC score to estimating death

from all causes.13,25–29 In a middle-aged to elderly population,

approximately 35% of deaths are the result of cardiovascular

disease.30 Thus, the estimation of death from all causes pro-

vides a reasonable approximation of a patient’s cardiovascu-

lar risk. There is also one additional point and that has to do

with the frequent imprecision with which cause of death is

defined. In a sizeable proportion of patients, causation is fre-

quently misclassified.31 As such, models relying on death
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from all causes do not suffer from the imprecision of incor-

rect classification of the cause of death.

Two groups have focused on developing mortality

models with CT-determined CAC and include registries led

by Drs. Tracy Callister26 and Matt Budoff.25 Both registries

have enrolled large series of referred patients including

sample sizes of 10,377 and 25,253 patients with average

follow-up from 5 to up to 12 years, respectively. Figure 10.2

provides a synopsis of prognostic evidence from these 2 reg-

istries.25,26 Similar to what we will see with cardiac events,

there appears to be a graded relationship between the extent

of CAC, defined with the Agatston score, and mortality

rates. Another way of defining this relationship is with 

the epidemiologic term, direct proportionality, where increases
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N

Relative
Risk

(95% CI) p Value

CAC 16-100
CAC 150-160
CAC 507-680

0.30
0.054
<0.0001

2000 Consensus Summary
(O’Rourke 2000)

2,786 − <0.0001

CAC 1-100
CAC 101-400
CAC >400

2.1
5.4
10.0

<0.001
<0.001
<0.001

− −
Meta-Analysis
(Pletcher 2003)

3,970

0.01

0.01

0.1

0.1

1

1

10

10

100

100

Lower risk Higher risk

2.4% (−)
3.2% (−)
7.2% (−)

Annual CHD
Event Rate

Median (range)

8.5
(2.6-28.0)

3.2
4.3
9.6

0.8%
(0.2%-1.7%)

−
−
−

Figure 10.1 Early published reports on the prognostic value of coronary artery calcification (CAC) including analysis
from the 2000 American College of Cardiology expert consensus statement and meta-analysis by Pletcher et al. of pub-
lished reports through 2002.
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Figure 10.2 5- and 12-year all-cause mortality rates as reported from 2 large observational registries of 35,364 patients
clinically referred for CT screening with coronary calcification.
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in the CAC score are associated with higher mortality rates. For

example, 5-year mortality rates ranged from 0.6% to 18.2% for

CAC scores ranging from 0–10 to >1,000 (Figure 10.2).26

Longer term outcome data through 12 years of follow-

up reveal the warranty period for a low risk CAC score.

That is, for patients with a CAC score <100, their risk of

death remains constantly low throughout nearly a decade of

follow-up.25 There appears to be no long-term detriment or

clinical worsening beyond 5 years and through 12 years of

observation. Specifically, a patient with a CAC score of 0–10

and 11–100 has a 12-year mortality risk that is 0.6% and

2.2%, revealing stability in their low mortality risk for an

extended time period. However, for patients with higher

CAC scores, clinical worsening is notable beyond 5 years 

as a result of accelerating disease progression. Mortality 

rates are approximately 15% to 30% higher for patients 

with CAC scores from 101–400 to >400; revealing the 

more active disease process in patients with more extensive

atherosclerosis.

Other interesting findings based on all-cause mortality

models have been published.13,26–29 One recent report noted a

higher mortality risk for women as compared to men for a

given CAC score.28 That is, for a woman with smaller arter-

ies, a CAC score of 100 was associated with a higher mortal-

ity when compared with her male counterparts having the

same score.28 This is contradictory to conventional thought

which states that women are generally at lower risk than

men.14 However, in many cases, women have a greater clus-

tering of risk factors and it is likely that their greater degree

of comorbidity drives this difference in all-cause mortality.32

Additional validation of these findings is clearly necessary

prior to supporting any gender-specific testing strategies.

Raggi and colleagues27 also reported that the CAC score

was able to risk stratify diabetics. Recalling that diabetics are

routinely classified as CHD risk equivalents, these authors

hypothesized that evidence on risk stratification may be

beneficial in identifying lower to higher risk subsets within

those diagnosed with diabetes. Five-year mortality rates for

diabetics were substantially higher than those reported for

non-diabetics with death rates from ~2% to 20% for those

with CAC scores ranging from 0–10 to >1,000, rates nearly

50% higher than non-diabetics.27 Although more precise

data on the relationship of CAC risk to glycemic control,

type of diabetes, and concomitant metabolic syndrome, 

as well as other factors could be helpful, this preliminary 

evidence does make us think about the fact that, perhaps, not

all diabetics should be within this risk equivalent grouping.

Hopefully, additional evidence will reveal that diabetics with

a low risk CAC (or other cardiovascular imaging marker)

may be identified as having a risk <20% CHD death or MI

risk or lower than their current risk equivalent status.

A more recent report examined the prognostic value of

CAC in smokers as compared to nonsmokers.29 These

results were similar to those noted with diabetics with sub-

stantially higher mortality rates for smokers as compared to

nonsmokers. This evidence is helpful given that smoking is

one of the greatest risk factors for acute coronary thrombo-

sis. One interesting finding from the Shaw et al.29 report 

was the high mortality risk for young patients with high 

risk CAC scores >1,000. The relative risk for death was ele-

vated nearly 9-fold for patients <40 years of age with a CAC

score >1,000, resulting in an expected loss in life expectancy

of ~5 years. This data is of clinical import given the obser-

vation that young smokers may be particularly prone to

acute coronary thrombosis.29 This data may be helpful to cli-

nicians whereby CAC, due to its ability to directly visualize

atherosclerotic plaque, may serve as a more effective moti-

vator for smoking cessation where prior efforts have failed.

A final report by Shaw et al.13 took a unique approach 

to risk assessment in that she rescored the FRS using age that

was adjusted based on the CAC score. Although the preva-

lence and extent of CAC increases with age, it may be pro-

posed that younger patients with higher risk CAC scores may

have a disease extent that is equivalent to someone many

years their senior. Thus, these authors used the CAC score to

estimate a patient’s predicted age, based on the CAC, deriving

a new or CAC-adjusted FRS. By using this strategy of inte-

grating the CAC with the FRS, decrements in years of life 

of lost with atherosclerosis were defined (Table 10.1).13 Table

10.1 reports on the number of years added or lost with CAC

subsets and age deciles.13 Based on this CAC-adjusted age,
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Table 10.1 This table depicts the results from a model
that recalculates a patient’s age based upon the extent
of coronary artery calcification (CAC). For example,
for a young patient <40 years of age, documentation of 
a CAC score >1,000 estimates their biologic age at
approximately 70 years old.

Age 
(years) <10 11-100 101-400 401-1,000 >1,000

>40 0.0 15 15 20 30
40−49 0.0 2.5 2.5 5 10
50−59 0.0 2.5 2.5 2.5 2.5
60−69 −2.5 −1 0 2.5 2.5
70−79 −10 −5 −1 5 5
80+ −10 1 1 5 10

Source: revised from Shaw et al.13
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more than half of low to intermediate FRS patients were

reclassified to a higher FRS group.

7 CAC FOR RISK PREDICTIONS –
MODEL # 1 – ESTIMATING CHD
DEATH OR NONFATAL MI

Recent evidence has also examined the prognostic accuracy

of CAC scores as estimators of CHD death on MI.19–24

A benefit to using models that estimate CHD events is 

that they may be more easily integrated with the FRS 

data and applied within our current prevention treatment

strategies.5,6 The more recent reports on the prognostic accu-

racy of CAC are notable due to their consistently high

methodologic quality and the inclusion of substantially larger

sample sizes of asymptomatic individuals or patients.19–24 For

example, the Rotterdam study is a population-based study 

of 1,795 subjects age ≥55 years prospectively enrolled and 

followed for the occurrence of major cardiovascular events.23

Additionally, the Greenland et al. report,21 from the South

Bay Heart Watch study, included an asymptomatic commu-

nity sample with risk factors (N = 1,461) who were followed

for 7 years. Other series such as the Prospective Army

Coronary Calcium Project, St. Francis Heart Study, or

Cooper Clinic series were large registries enrolling >1,000

asymptomatic individuals.19,20,22,24

This data from 6 recent published reports was recently

synthesized in an updated expert consensus statement from

the ACC.10 Within this meta-analysis, the prognostic evidence

from 27,622 asymptomatic subjects (from population series)

and patients (from clinical cohorts) was synthesized. The sum-

mary prognostic findings are plotted in Figure 10.3.10

Following each subset of CAC scores from very low (i.e., 1–10)

to very high (i.e., >1,000), the individual study results are

reported as well as the summary relative risk ratios across a

range of CAC scores from very low to very high risk. For the

clinician, summary ratios are integrated measures of the

weighted average relative risks. This data revealed that, for

patients with minimal CAC, defined as a score from 1–10,

summary relative risk ratios were nonsignificantly elevated 

(p = 0.18) revealing a trend toward higher CHD event risk.

However, summary relative risk ratios were substantially

increased for patients with higher risk CAC scores. That is, the

summary relative risk ratios were increased 2.1- (p = 0.003),

4.1- (p<0.0001), 6.7- (p<0.0001), and 10.8- (p<0.0001) fold for

CAC scores 11–100, 101–400, 401–1,000, and >1,000, respec-

tively. Pooled CHD death or MI rates were 0.1% (n = 2,353),

0.4% (n = 4,832), 0.7% (n = 3,327), 1.6% (n = 2,560), and 2.2%

(n = 196) for CAC scores of 0–10, 11–100, 101–400, 401–1,000,

and >1,000, respectively10 (Figure 10.4). This gradient of

accelerating risk is consistent with the prior data estimating

all-cause mortality.

One of the challenges with the current evidence is that

the groupings of the CAC scores have been inconsistent

causing variability in the relative risk ratios across the

studies, as seen in Figure 10.3. For example, from the

Cooper Clinic series, higher risk CAC scores were

reported as ≥113 for women and ≥250 for men.24 Improved

precision in our risk estimates would be expected, similar

to that of the Shaw et al.26 and Budoff et al.25 series, if con-

sistent groupings of CAC were utilized across studies.

However, it remains possible that different risk thresholds

may be optimal for specific gender, age, or ethnic minority

patient subsets. Despite this, a synopsis of evidence reveals

that a score of ‘0’ is the lowest risk group with very low 

risk noted for scores in the range of 1–10. Increasing 

risk groups are mild, moderate, high, and very high for

CAC scores of 11–100, 101–400, 401–1,000, and >1,000,

respectively.

In unselected patient series, such as that presented above,

it is notable that patients with a CAC score >1,000 have car-

diac event rates equivalent to those of a high FRS patient.

Additional subset analyses from the recent ACC expert con-

sensus document10 reveals that risk equivalent status (i.e.,

>2% annual CHD death or MI rate) should also be applied

to patients with an intermediate FRS who have a higher risk

CAC score ≥400 (Figure 10.5). When we place this evidence

within our prior discussions on the aim of imaging to define

patients with event rates equivalent to patients with a high

FRS, it is notable that the evidence does support the inclu-

sion of patients with an intermediate FRS and a high risk

CAC score as within the risk equivalent groupings, along

with other patient subsets, including diabetes and peripheral

arterial disease. The manner in which risk is aggregated

herein (i.e., intermediate risk + higher risk CAC scores =
high FRS) has been defined as a multimarker approach

whereby risk is compounded when multiple risk factors or

markers are combined.

One final observation on the available data has to do

with the comparative predictive accuracy of CAC to 

the FRS. Using the reasoning that improved accuracy is a

necessary criterion for adding a test to a patient’s clinical

work-up, referral to CT is justified if the test provides sub-

stantive, independent prognostic information.8 For each of

the 6 recent reports, CAC measurements provided added

statistical information within predictive models estimating

CHD death or MI above and beyond cardiac risk factors or
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Very Low Risk CAC Scores

Score Range RR (95% CI) p Value

Kondos 4–30.5 0.7 (0.3-1.8) 15 / 1,633 7 / 533 0.45
LaMonte - M 1-38 1.1 (0.3-4.3) 6 / 4968 3 / 2692 0.91

LaMonte - W 1-16 5.5 (1.2-24.5) 3 / 379 4 / 2780 0.012

Taylor 10-44 10.5 (1.5-73.9) 2 / 120 2 / 1261 0.003

Taylor 1-9 2.1 (0.1-43.2) 0 / 120 2 / 1261 0.63

Summary RR Ratio 1.5 (0.8-2.9) 24 / 6931 18 / 8503 0.18

0.01

0.01

0.1

0.1

1

1

10

10

100

100

Higher Risk Low Risk

Events / N

RR (95% CI) p Value

Arad 1-100 1.9 (0.8-4.3) 20 / 1973 8 / 1504 0.12

Greenland 1-100 1.5 (0.8-2.9) 21 / 321 14 / 316 0.24

LaMonte - W 17-112 9.2 (0.5-34.3) 5 / 376 4 / 2780 <0.0001

Summary RR Ratio 2.1 (1.3-3.3) 46 / 2670 26 / 4600 0.003

0.01

0.01

0.1

0.1

1

1

10

10

100

100

Higher Risk Low Risk

Events / NLow Risk CAC Scores

Score Range RR (95% CI) p Value

Arad 101-399 10.5 (4.9-22.3) 38 / 686 8 / 1512 <0.0001
Greenland 101-299 2.0 (0.98-4.0) 15 / 171 14 / 316 0.053
Kondos 31 - 169 0.5 (0.2-1.3) 8 / 2,045 7 / 533 0.12
LaMonte -M 39-249 12.3 (3.7-41.6) 19 / 1382 3 / 2,692 <0.0001
LaMonte -W  ≥113 12.9 (3.8-44.0) 7 / 376 4 / 2,780 <0.0001
Taylor 45 ->100 25.5 (5.0-129.9) 5 / 124 2 / 1,263 <0.0001
Vliegenthart 101-400 3.5 (1.3-9.7) 10 / 425 6 / 905 0.008

Summary RR Ratio 4.1 (2.9-6.0) 102 / 4,428 44 / 9,977 <0.0001
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0.01
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0.1

1

1

10

10

100

100

Higher Risk Low Risk

Events / NModerate Risk CAC Scores

Score Range

Score Range RR (95% CI) p Value

Arad  400 26.5 (12.854.8) 63 / 450 8 / 1,512 <0.0001
Greenland  300 3.5 (1.9-6.3) 34 / 221 14 / 316 <0.0001
Kondos  170 1.7 (0.7-3.9) 27 / 1,424 7 / 533 0.21
LaMonte - M  250 22.1 (6.8-71.9) 34 / 1,380 3 / 2,692 <0.0001
Vliegenthart 401-1000 5.6 (2.1-15.3) 10 / 269 6 / 905 <0.0001
Vliegenthart >1,000 10.8 (4.2-27.7) 14 / 196 6 / 905 <0.0001

Summary RR Ratio 6.7 (4.8-9.4) 179 / 3,550 44 / 6,839 <0.0001
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Figure 10.3 Meta-analysis on the prognostic value of CAC scores – relative risk (RR) ratios (95% confidence 
intervals [CI]).
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The weighted average calculation is weighted by the proportional sample size comprising the 1,550 sample. Relative risks were 
calculated using the Greenland, Arad, and Vliegenthart (4-5,7) series. However, the Vliegenthart series (7) used a Framingham 
risk score 20% as non-high risk in their elderly cohort.

Relative risk =
2.5 (range: 1.6-3.2)

Relative risk =
8.1 (range: 3.0-12.0)

Greenland (5)
Arad (4)

CACS = 0 CACS 1-100 CACS >100
CACS 0-10 CACS 11-105 CACS >105

Vliegenthart (7) CACS 0-100 CACS 101-1,000 CACS  >1,000

Figure 10.5 Overall annual cardiac death or MI rate by tertiles of the Agatston score (n =1,550) in patients
with an intermediate Framingham risk score.

Figure 10.4 Annual rates of coronary heart disease (CHD) death or nonfatal myocardial infarction (MI) by coronary
artery calcium score (in black solid line with 95% confidence intervals).
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the FRS. The CAC also provided improved risk prediction

even when considering markers not currently within the

FRS such as body mass index, Hs-CRP, and a family history

of premature CHD.19–23

In fact, the CAC score provided independent predictive

information not only above historical risk factor data but

also when evaluating prognostication using measured 

laboratory measurements of cholesterol, blood pressure,

body mass index, and Hs-CRP, a generalized inflammatory

marker.19,20,22–24 Clinicians should realize that continuous

measures (e.g., LDL cholesterol) have improved delineation

of risk when compared to categorical measures, such as

hyperlipidemia (Yes or No). Thus, when the CAC provided

independent prognostic information above and beyond

many accepted cardiac risk factors such as blood pressure

and cholesterol, this data was surprising to many observers.

The strength of CAC as a strong prognosticator may lie

within its ability to directly measure the extent of 

atherosclerosis as compared to indirect promoters of disease,

such as cholesterol or blood pressure. In epidemiologic

terms, CAC is more appropriately defined as a marker as

compared to risk factors, such as blood pressure, and, as a

marker, it would be expected to improve CHD event detec-

tion. Thus, although to many the improved estimation of

risk noted with CAC in these 6 reports was surprising; to

others its appropriate classification as a disease marker 

renders its superior accuracy understandable.

8 SCORING AND ESTIMATION
OF CARDIOVASCULAR EVENTS

Although we have largely discussed the prognostic value of

the Agatston score, age and gender percentile rankings are

also commonly applied within clinical practice. The per-

centile rankings do have intuitive appeal due to ease of

understanding for referring physician and patients.

Limited prognostic data is available on the comparative

accuracy of the Agatston score as compared to the per-

centile ranking data.33 Clinically, limitations of the per-

centile ranking are that younger patients with relatively

low CAC scores assigned to upper percentile groups will

rarely have an event in the near term after testing. It is

expected that their long term risk exceeds that of similarly-

aged patients but, for event prediction in the 3–5 years, this

young subset of patient’s assigned rankings in the 75th to

90th percentiles will rarely have an event. Furthermore,

elderly patients with CAC scores in the 100–400 range may

be assigned middle (e.g., 50th) percentile ranks but have an

observed event rate that exceeds this classification. Thus,

clinicians should be knowledgeable of how the percentile

ranks may affect certain patient groups and qualify their

use in a patient report within the context of the absolute

CAC score.

9 COMPARATIVE DATA ON
THE PROGNOSTIC VALUE OF
THE EXERCISE
ELECTROCARDIOGRAM AND
OTHER IMAGING MODALITIES

In addition to the use of CAC, there are other tests that are

also candidates for risk stratification. And, it would be help-

ful to know the predictive accuracy of CAC scoring in rela-

tion to other comparative modalities. Naghavi and

colleagues2 recently classified available cardiovascular imag-

ing modalities as those residing within two categories: 

tests of (a) arterial structure and (b) arterial function. CAC

is an example of a test of arterial structure similar 

to carotid intima-media thickness (C-IMT), or the evalua-

tion of carotid plaque by magnetic resonance imaging. Tests

of arterial function include those measuring endothelial

function including brachial artery reactivity testing or vas-

cular compliance using radial tonometry. 

At least from the perspective of risk stratification, the

data reported using CAC scanning are similar to the prog-

nostic evidence in imaging for endothelial dysfunction with

brachial artery reactivity and measurement of C-IMT made

with high resolution B-mode ultrasound imaging.34–35

Evidence of peripheral endothelial dysfunction, from a

recent meta-analysis, was associated with a summary rela-

tive risk ratio that was 9.6-fold (95% CI = 7.1-12.8, 

p<0.0001) higher than for individuals with normal hyper-

emic brachial artery responsiveness.34 The prognostic value

of carotid IMT for future incident cardiovascular events has

been demonstrated in multiple epidemiological studies to be

graded and independent of other risk factors.35–37 From the

Atherosclerosis Risk in Communities Study (ARIC),

enrolling 15,792 subjects aged 45 to 65 years between

1987–1989 from four regions of the United States,35 the 

relative risk ratio comparing C-IMT measures >1 mm 

with >1 mm was elevated 5-fold for women and 1.9-fold 

for men.

Additional data is also available for use of ischemia test-

ing for screening asymptomatic patients and subjects;

although the majority of this data is dated when compared

138 Computed Tomography of the Cardiovascular System

9781841846255-Ch-10  10/12/07  5:04 PM  Page 138



with CAC evidence.38–41 For the clinician, the end point of an

exercise test is the provocation of ST segment changes that

result from an underlying obstructive coronary lesion. Thus,

we can expect discordance between ischemic markers as com-

pared to markers of arterial structure, such as the CACS, as a

result of a greater extent of diffuse atherosclerosis (i.e., positive

CACS) without significant coronary narrowing (i.e., positive

remodeling). Furthermore, the occurrence of ST segment

changes in an asymptomatic individual occurs infrequently

and often fails to identify patients with more extensive ather-

osclerosis, such as with CAC scanning. In fact, abnormal test

results are often classified as ‘false-positive’ results due to their

lack of association with an obstructive coronary stenosis.

Despite this, a review of evidence on the utility of screening

with the exercise ECG was recently reported by the USPTF.38

This evidence revealed that the median relative risk for CHD

events was elevated 3.5-fold for those individuals with abnor-

mal ST segment changes during exercise testing as compared

to those with a normal peak exercise ECG.38

The data on ischemia testing also includes a few reports

on the role of nuclear imaging in asymptomatics with

hyperlipidemia or those with a family history of premature

CHD.39–41 Currently, the use of nuclear testing in asympto-

matics is not recommended by current guidelines42–43 as

other tests with equivalent accuracy are more cost and 

clinically effective ‘first line’ test choices; such as CAC scan-

ning.44 A discussion of the role of nuclear imaging in asymp-

tomatic individuals is detailed in Chapter 7.

10 PROGNOSTIC EVIDENCE
AND TECHNOLOGY
ASSESSMENT TOWARD
GAINING REIMBURSEMENT

We have discussed heretofore a review of prognostic evi-

dence with CAC and focused our discussion on the role of

risk stratification in asymptomatic subjects. Ideally, the goal

of developing this evidence would be that global screening

strategies would ensue, similar to those used for breast or lung

cancer screening. Although a number of clinicians are actively

using CAC as a screening test, current guidelines do not sup-

port its utility.9 For example, the recent USPSTF statement9

recommends against the use of a CAC scan for risk stratifica-

tion purposes because of the concern over ‘false positive’ test

results. The authors concluded that ‘false positive’ test results

would cause harm to patients and result in an abundance of

unnecessary procedures and treatments as well as erode a

patient’s quality of life due to mislabeling. The USPSTF con-

cluded that the harms resulting from CAC scanning exceeded

the benefits.9 Although one can argue against statements that

a patient with a high risk CAC score that fails to die or have

an MI may be defined as ‘false-positive,’ it must be realized

that our current state of evidence does in some ways fall short

of accepted standards for screening; despite the strength of

prognostic evidence. A major criterion utilized in guidelines

or technology assessments has been that a screening test must

have a high level of evidence on the effect of screening on

health outcomes. This type of research details an improve-

ment in either quantity or quality of life years as a result of the

screening procedure. One example of where evidence is lack-

ing lays with a lack of available evidence on a proven treat-

ment for patients with a high risk CAC, resulting in a

reduction in their observed event rates.

Although some have argued that direct evidence of an

impact on clinical outcome is the only standard upon which

new technology should be evaluated, others support the

notion that unfolding a reasonable chain of logic regarding

outcomes evidence with supporting links between testing,

treatment, and outcome may be sufficient for clinical appli-

cation of a new technology. Of course, the authors as well as

most clinicians agree with the latter stance in large part, due

to the extensive resources required to undertake a large 

randomized trial on CAC versus, for example, the FRS.

This stance is also supported by the fact that much of the

cardiac imaging literature has focused on devising standards

for cardiovascular imaging that are based on the quality of

their prognostic evidence. This standard of defining the

relationship between imaging markers and CHD event risk

has been effectively used to support resource utilization for

echocardiography and nuclear imaging.42,43,45 The rationale

for the delineation of risk evidence in sufficiently powered

patient samples allows for this data to be easily integrated

with clinical trial data on therapeutic risk reduction.

In practice, there appears to be a two-stage process for

risk stratification evidence: (1) testing to detect risk and (2)

treatment to lower risk. Substantial evidence exists that

treatment patterns do not always correlate with the extent of

abnormalities noted on cardiovascular imaging.46 It may be

that the development of cardiovascular imaging evidence

may be better guided by more stringent criteria on accuracy

and longer term risk estimation beyond the current 3–5

years of follow-up noted by studies to date.

As a result, we are seeing a shift toward a greater accept-

ance of CAC as a tool that now has a growing evidence base

with regard to its ability to differentiate risk in asympto-

matic patients and subjects. It is for this reason that both 
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statements from the ACC10 and AHA11 now are more 

supportive of CAC as an effective risk stratifier but recom-

mendations will fall short of supporting routine screening of

the adult population. Despite this, clinicians may be able to

utilize the available prognostic evidence to revise local recom-

mendations for screening strategies within targeted patient

populations, such as those with an intermediate FRS or those

not currently assigned risk within a global risk score (e.g.,

those with a family history of premature CHD).

11 LIMITATIONS OF THE
PROGNOSTIC EVIDENCE WITH
CAC SCANNING

Limitations of the current prognostic evidence base with

CAC must also be acknowledged. It is important to note

that not all patients with high risk CAC scores will die or

have an acute MI during 3 to 5 years of follow-up. In fact, as

we stated, only ~20% of patients with a CAC score >1,000

will be expected to have an event. This means that 80% will

not have an event. Thus, the USPSTF9 was correct that the

majority of patients with high risk CAC results will not die

or have an MI; they termed these patients as having ‘false

positive’ test results. However, within the context of what

we know about atherosclerosis, use of the term ‘false positive’

is a misnomer. A patient with a high-risk CAC score has ath-

erosclerosis and the extensiveness of the disease process does

not portend its degree of vulnerability per se; except as we dis-

cussed due to the co-occurrence of stable and vulnerable

lesions. Clinicians should also understand that the assessment

of absolute risk is relevant only within the context of knowing

the degree of elevation in patient risk. Thus, although only

20% of those with a CAC score >1,000 will have an event, their

risk is elevated more than 10-fold over patients with a low risk

CAC score of 0–10. Physicians should understand at least the

basics of population risk statistics to realize expected event

rates as they relate to the general adult population.

A final limitation to the available CAC prognostic 

evidence is the lack of data in key subsets including those 

of diverse ethnicity. We await the results from the Multi-

Ethnic Study of Atherosclerosis (MESA) to provide additional

evidence on this subject.47

12 CONCLUSIONS

A review of the available evidence reveals that the extent of

CAC is highly predictive of CHD or all-cause death as well

as acute MI. For this reason, it should be considered one of

the few tests that may identify vulnerable patients with

CAC scanning having the potential to serve as an effective

screening test for CHD. Although guidelines are slow 

to adopt this concept, current statements from the ACC 

and AHA are more supportive of the role of CT-deter-

mined CAC as an effective prognosticator.10–11 In particular,

the data support the fact that patients with an intermediate

FRS may be reclassified as being at CHD risk equivalent

status. Upcoming data from the NIH-sponsored MESA

study should provide needed data on the ability of CAC scor-

ing to estimate risk in patients of diverse ethnicity.47
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11
Progression of Coronary Artery Calcium
and its Pharmacologic Modification

Axel Schmermund and Raimund Erbel

1 BACKGROUND

Coronary artery calcium (CAC) is intimately associated

with coronary atherosclerosis. As outlined in detail in 

chapters 8 to 10, CAC predicts the overall extent and sever-

ity of atherosclerotic plaque formation in the coronary arter-

ies, whether measured at autopsy1,2 or in the living patient

by using invasive coronary angiography3–6 or intravascular

ultrasound.7–8 It has also been demonstrated that patients

with more advanced CAC have more frequent and severe

stress-induced myocardial ischemia as determined by

single-photon emission computed tomography.9,10 Finally,

patients with greater amounts of CAC have consistently

been reported to carry an increased cardiovascular event

risk.11–13 All these relationships have been analyzed using

CAC measurements in a cross-sectional manner. Much less

is known about the progression of CAC over time.

CAC shares the same risk factor relationships estab-

lished for the pathogenesis of coronary atherosclerosis and

cardiovascular events. Age, male sex, smoking, high serum

cholesterol levels, systemic hypertension, and diabetes have

been consistently found to predict CAC scores.14 Still, a sub-

stantial proportion of the interindividual variability in CAC

scores remains unexplained. Against this background, it is

only logical to ask about the natural history of CAC progres-

sion, the factors leading to greater or less CAC progression,

the prognostic implications associated with it, and potential

therapies to influence CAC progression in a beneficial

manner. This has been an area of intense and continued

research over the past few years. Despite these activities,

some basic questions remain unanswered.

2 PROGRESSION OF
CORONARY ATHEROSCLEROSIS

Coronary angiographic studies have established the prog-

nostic importance of atherosclerosis progression.15,16 Patients

with increased progression of either the number of angio-

graphic stenoses or worst stenosis degree have a several-fold

increased risk of unstable angina and myocardial infarction.

Importantly, it has been demonstrated that atherosclerosis

progression does not occur in a graded, continuous fashion.

Severe stenoses can appear in coronary segments showing

no or minimal angiographic disease in the initial angiogram

only weeks to months before the second examination, and

lesions in the same patient do not necessarily develop in the

same direction: some lesions progress whereas others

remain stable or even regress.17,18 Accordingly, it is usually

impossible to predict the progression of coronary atheroscle-

rosis in an individual patient.

Recent data suggest that the progression of coronary ath-

erosclerosis shares a common underlying mechanism with

the acute coronary syndromes (Figure 11.1).19,20 In patients

at risk, intra-arterial thrombosis occurs as a result of plaque

rupture or plaque erosion (and, less frequently, calcified
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nodule formation). Depending on the extent of the throm-

bosis, myocardial ischemia ensues with the clinical manifes-

tations of unstable angina, myocardial infarction, or sudden

coronary death. In many cases, however, the intra-arterial

thrombus formation remains clinically silent and only leads

to rapid progression of atherosclerotic plaque formation, for

example in the form of ‘healed plaque rupture.’20 Obviously,

patients with such subclinical events are at a greatly

increased risk of suffering a clinical event, explaining at least

in part the above noted clinical observation that accelerated

angiographic coronary lesion progression foretells an

increased rate of clinical events. Indeed, on the basis of the

clinical observations, Buchwald stated in 1992 that ‘For an

individual patient, changes in the severity of coronary ather-

osclerosis seen on sequential coronary arteriograms can

serve as prognostic indicators for subsequent overall or ath-

erosclerotic coronary heart disease mortality.’21

3 MEASURING THE
PROGRESSION OF CORONARY
ARTERY CALCIUM

Most of the studies examining CAC progression and its

pharmacologic modification have been performed using

electron-beam computed tomography (EBCT) (Figure 11.2).

The median variability of the EBCT-derived CAC score

(Agatston method or volumetric score) repeated in the same

patient within a few minutes is in the order of 10% and thus

less than the annual rate of progression found in most

patient groups.22–24 Of note, the presence of CAC needs to be

evaluated throughout the complete coronary arterial system

and not only in the more proximal coronary segments to

allow for a meaningful follow-up examination.

The original Agatston score has theoretic limitations with

regard to reproducible measurements, because a density

factor derived from the maximum CT density within the cal-

cified lesion is used. The area of the lesion is then multiplied
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Figure 11.1 Simplified scheme of the relationship between coronary atherosclerosis progression and acute coronary
syndromes. As explained in the text, similar mechanisms appear to be involved.

Figure 11.2 Serial examination of coronary artery calcium
using electron-beam computed tomography. Sections at the
level of the anterior descending coronary artery (LAD) are
shown at baseline (left panel) and after an inter-scan interval
of 14 months (right panel). Importantly, for serial coronary
artery calcium studies, the complete coronary arterial system
needs to be examined and not just portions of it. In this spe-
cific patient, the total Agatston coronary artery calcium score
(comprising the complete coronary system) remained stable.
At baseline, it was 164, and 14 months later, it was 171.
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with this density factor, yielding the individual lesion score.25

If the maximum density measures 302 Hounsfield Units

(HU), the density factor is 3. If the maximum density meas-

ures 298 HU, the density factor is 2, by definition generating

a score reduced by one-third compared with a density factor

of 3. To overcome the limitations of the Agatston score, a vol-

umetric score was devised using isotropic interpolation.26 To

generate this score, the input data set is sampled at several

intermediate cross sections between the original 3 mm thick

sections (‘EBCT single slice mode’). Voxels are interpolated

on the basis of these intermediate cross sections and assigned a

numeric value which depends on their distance from the ref-

erence section. This reconstruction can be performed auto-

matically by dedicated software programs. The volumetric

scoring system has been used in the majority of randomized

trials of pharmacologic modification of CAC progression and

in many studies on the natural history of CAC progression.

However, despite offering theoretical advantages over the

Agatston score, a clear superiority of the volumetric score has

not been demonstrated.

Determination of the calcium mass appears to gain more

and more clinical acceptance, as it can be exactly determined

by using a calibration system and is independent of the type

of CT scanner used. It should enable internationally compa-

rable – and reproducible – CAC measurements. According

to comparative studies, even with different image acquisi-

tion protocols, varying slice thickness and image acquisition

time, repeated measurements of calcium mass remain stable,

whereas the Agatston score shows in part substantial vari-

ability.27 Coronary calcium mass (reported in mg) and the

dimensionless Agatston score share a relationship of approx-

imately 1:4.5, depending on the image acquisition protocol.

Due to the rapid development of the technology, modern

multi-slice computed tomography has only infrequently been

used for longitudinal studies. The actual scanner generations

in conjunction with calcium mass determination probably

allow for improved reproducibility of CAC measures.28

4 NATURAL HISTORY OF
CORONARY ARTERY CALCIUM
PROGRESSION

Most studies have reported the annual progression of the

CAC score (Agatston, volumetric, or calcium area)26,29–32

Absolute changes in CAC scores are calculated as

where X is the value of the CAC score and t is the time inter-

val between the 2 scans, measured in months. Relative 

(percent) changes are calculated as

In patients from the general population examined in the

community setting with a mean age of 46 ± 7 years, Maher

et al. reported a mean annual CAC progression of 24%.30

In asymptomatic patients with several risk factors, Budoff et

al. observed a mean annual CAC progression of 33% which

was lower in patients on lipid-lowering therapy than in the

total group.31 In both reports, patients with negative EBCTs

(that is, a CAC score of 0) were included.30,31

Callister et al. included asymptomatic high-risk individ-

uals with a baseline CAC score ≥30.26 In this group, they

observed a mean and median annual CAC progression of

52% and 44%, respectively.

We analyzed CAC progression in symptomatic patients

who mostly underwent pharmacological treatment and who

had a CAC score > 0.32 The mean annual CAC progression

was 51% for total calcium scores (Agatston score) and 42% for

total calcium areas. The median values were 32% and 27%,

respectively. We also noted that the baseline CAC burden

appeared to influence the rate of progression (Figure 11.3).32

This was later confirmed in other reports.33 Patients with

extensive CAC had the greatest absolute rate of progression,

whereas in patients with lower CAC scores, absolute pro-

gression was much less. In the latter group (with lower CAC

scores), relative progression was significantly higher. This

reflects in part a mathematical phenomenon in that an

increase in the CAC score from 30 to 60 is an increase 

by 100%, whereas from 1,030 to 1,060, it is only an increase

by 3%. Nevertheless, it appears clinically relevant that oppo-

site trends in absolute and relative (percent) measures of

progression can be seen. Achenbach et al. extended this

observation by analyzing long time intervals up to 6 years.34

Over time, relative CAC progression was less than would be

anticipated on the basis of shorter time intervals, again

demonstrating lower relative CAC progression for higher

CAC scores. Accordingly, the initial extent of CAC needs to

be accounted for when interpreting CAC progression rates.

Finally, absolute CAC score increases appear to be relatively

stable over time and are usually higher in the presence of

extensive CAC.

In an early study, Janowitz et al. compared CAC pro-

gression over 14 months in 10 patients with angiographically

proven coronary artery disease (CAD) and 10 asymptomatic
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patients and found a significant difference of 48% vs. 22%.35

It is unlikely that luminal obstruction per se predicts accel-

erated progression of coronary artery disease. Rather, it

would indicate an angiographically appreciable advanced

stage of coronary atherosclerotic plaque disease and

increased susceptibility to further progression of disease in

the absence of adequate treatment. In our above noted

series, 85 patients underwent coronary angiography, and

CAC progression was not increased in patients with coro-

nary stenoses.32 Again, as noted above, the baseline amount

of CAC needs to be considered in this kind of analysis.

To summarize, the annual rate of CAC progression in

asymptomatic patients or symptomatic patients with med-

ical therapy is in the order of 20–30% and tends to slow

down with higher CAC scores. Absolute CAC score

increases appear to be relatively stable over time. Patients

who have no CAC at baseline mostly also have no CAC

upon a follow-up scan within the next 5 years or, if CAC

appears, the score is low.31,36 Obviously, first appearance of

CAC and progression will depend on patient selection and

age, and no general statement can currently be made. More

definitive data on the natural history of CAC progression in

asymptomatic subjects are to be expected beginning in the

year 2008 from the Multi-Ethnic Study of Atherosclerosis

(MESA) and Heinz Nixdorf Recall Study in Germany.37,38

Regarding the topographic distribution, changes in CAC

appear to be similar in the major coronary arteries, left ante-

rior descending, left circumflex, and right coronary artery.32

The most consistent and greatest progression of CAC can be

observed in the segments with the most prominent initial

involvement (Figure 11.4). Consistent with previous patho-

logic and angiographic studies on the natural history of ath-

erosclerosis,39 the rate of CAC progression is greatest in the

proximal left coronary system and shows a more even distri-

bution from proximal to distal in the RCA. The progression

or stabilization of CAC occurs in a uniform pattern at differ-

ent predilection sites in the coronary tree, suggesting that the

development of CAC is a coronary systemic process.

5 ACCELERATED CORONARY
ARTERY CALCIUM
PROGRESSION IN END-STAGE
RENAL DISEASE

In the setting of end-stage renal disease, severe soft tissue

calcification frequently occurs. Vascular calcification is not

only associated with atherosclerotic changes of the vessel

intimal layer. Rather, extraskeletal calcification as a result of

disturbed calcium homeostasis can lead to extensive medial

calcification which is not found in patients with normal

renal function.40 This is thought to be a major determinant

of the adverse cardiovascular outcome associated with renal

failure and chronic kidney disease.

CAC measurements in dialysis patients have confirmed

that the amount of CAC is greatly elevated in these patients

and even surpasses the amount seen in patients with 

established coronary artery disease by a factor of 2.5–5.41

Also, the progression of CAC is greatly increased and has
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Figure 11.3 Annual coronary artery calcium progression
(median) in the complete coronary system in 102 patients
with a positive coronary artery calcium score.
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demonstrates opposite trends in absolute and relative
(percent) measures of progression with lower relative cal-
cium progression for higher calcium scores.
Adapted from Schmermund et al. Arterioscler Thromb Vasc
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been estimated to reach 100% in 2 years.41–43 Although a link

between CAC progression and increased cardiovascular

mortality in patients with renal failure appears plausible, no

data are available to directly validate this.

6 PROGNOSTIC SIGNIFICANCE
OF CORONARY ARTERY
CALCIUM PROGRESSION

It has been proposed that patients with increased CAC pro-

gression (and normal renal function) have a higher rate of

acute myocardial infarction (AMI), independent of statin

treatment.44,45 Raggi et al. conducted a retrospective analysis

of 495 patients who had no clinical coronary artery disease

but were all treated with statins because of CAC and who

underwent sequential EBCT scans with a mean interval of

1.9 ± 1 years (range 1–6 years).45 The mean time between the

baseline EBCT scan and the follow-up contact with the

patients was 3.2 years. 41 patients suffered a fatal or non-

fatal AMI during this interval. Although the baseline

amount of CAC was comparable, patients who later suf-

fered an AMI had a mean CAC progression of 42%,

whereas it was 17% in the patients with no AMI (p <0.0001).

Patients with an annual CAC progression ≥15% had a 

17.2-fold increased AMI-risk (Figure 11.5). This risk

appeared to be modified depending on the baseline CAC

score. In particular, patients with a high baseline score and

an increased progression had an increased AMI-risk, under-

lining the importance of the relationship between the base-

line amount of CAC and the rate of progression.45

In the St. Francis Heart Study reported by Arad et al.,

4,613 subjects without known CAD underwent EBCT

scanning at baseline and sequentially after 2 and 4 years.12

Subjects were prospectively followed over a mean of 

4.3 years after the baseline EBCT scan. After the second

EBCT scan (after 2 years), 49 subjects suffered a cardiovascu-

lar event. Mean CAC progression between the baseline and

the 2-year scan in these subjects was 247, whereas it was 4 in

the subjects with no event. In multivariate logistic regression

analysis, CAC progression – together with CAC baseline

scores – was the strongest predictor of cardiovascular events.12

In summary, the limited data available to date indicate

that CAC progression has a similar prognostic impact as

described for angiographic CAD progression.
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7 FACTORS INFLUENCING
CORONARY ARTERY CALCIUM
PROGRESSION

A number of observational trials have analyzed factors

which might potentially influence CAC progression.29,31,46–48

Early data found an interrelationship between low-density

lipoprotein cholesterol (LDL), statin therapy, and CAC pro-

gression.29,31 Callister et al. reported that successful pharma-

cological LDL cholesterol reduction led to a significant

mitigation of CAC progression in asymptomatic high-risk

individuals.29 In untreated patients with a mean LDL cho-

lesterol level of 147 mg/dl, the mean annual CAC progres-

sion was 52%. In patients treated pharmacologically with

statins but whose LDL cholesterol level remained >120 mg/dl

(at a mean value of 139 mg/dl), mean annual progression

was 25%. In patients with LDL cholesterol values <120 mg/dl,

stabilization of CAC scores was observed (on average, −7%)

(Figure 11.6). There was an approximately linear relation-

ship between on-treatment LDL cholesterol levels and 

CAC progression. Similar findings were made in another

observational study involving 299 patients of whom 62 were

on statin therapy.31 Whereas their mean annual CAC 

progression was 15%, it was 39% in patients receiving 

no treatment.

Confirmation of these results came from the first pub-

lished study with a prospective design.49 Asymptomatic

patients from 2 institutions who had undergone EBCT scan-

ning at least 12 months before the study were asked to

undergo sequential follow-up EBCT scanning if they had an

Agatston CAC score >20 in the baseline scan, an LDL 

cholesterol value >130 mg/dl and were not receiving lipid-

lowering medications. The second EBCT was performed a

mean of 14 months after the first scan. All patients then

received 0.3 mg cerivastatin for 12 months before undergoing

a final EBCT scan. Because of the withdrawal of cerivastatin

from the market, the study had to be terminated prematurely

after completion of 66 patients. LDL cholesterol was lowered

from a mean of 162 ± 36 mg/dl to a mean at follow-up of 

108 ± 27 mg/dl. Compared with the first interval, during

which no lipid lowering therapy was delivered, annual CAC

progression during cerivastatin therapy was significantly

reduced from 24.3 ± 21% to 10.5 ± 20% (CAC volume score).

LDL cholesterol levels <100 mg/dl were achieved in a total of

32 patients, whose LDL cholesterol was lowered from 

152 ± 88 mg/dl to 88 ± 17 mg/dl. Of note, CAC progression

was halted in these patients. Measuring initially 27.3 ± 23%, it

was reduced to −3.4 ± 12% during cerivastatin therapy.49

Hecht and Harman later reported on their experience in

asymptomatic high-risk patients who received lipid-lowering

therapy with atorvastatin (n = 103, mean dose 14 mg) or with

simvastatin (n = 46, mean dose 24 mg).50 Approximately 50%

of all patients also received niacin. LDL-cholesterol values at

baseline were higher in the patients treated with atorvastatin,

and their CAC scores also were slightly higher when analyz-

ing the percentile values. The mean interval between baseline

and follow-up EBCT scan was 1.2 years. During this interval,

both groups had dramatic improvements in their lipid levels

and reached similar mean non high-density lipoprotein

(HDL) cholesterol values of approximately 99 mg/dl. CAC

progression was similar in both patient groups and measured

8–11% depending on which scoring system was used.

These observational studies, one of which had a prospec-

tive design, were all consistent with the notion of a signifi-

cant influence of LDL cholesterol levels on the progression

of CAC. Importantly, a relationship between on-treatment

LDL cholesterol levels and CAC progression was seen.

Independent of LDL cholesterol lowering, possible effects

of statin treatment by itself or differential effects of various

statins did not appear to be of significance. On the basis of

these data, LDL cholesterol was believed to be an important

modifier of CAC progression.

However, it is notable that some observational reports

failed to detect an association between LDL cholesterol
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levels and CAC progression.51,52 Hecht and Harman 

analyzed CAC progression over 1.2 years in a total of 

182 asymptomatic patients regarding the intensity of statin

treatment and on-treatment LDL cholesterol levels.51 Both

in patients with intensive statin treatment (80 mg/d) and in

the others, annual CAC progression was approximately 9%.

In contradistinction to the above noted studies, no relation-

ship was seen between LDL cholesterol levels and CAC

progression. Similarly, Wong et al. did not observe differ-

ences in CAC progression over 7 years in a total of 

761 patients, regardless of whether they had optimal, inter-

mediate, or higher risk LDL cholesterol levels according to

the National Cholesterol Education Program.52 Only

decreased high-density lipoprotein (HDL) cholesterol

appeared to relate to an increased rate of CAC progression.

8 NON-LIPID INFLUENCES ON
CORONARY ARTERY CALCIUM
PROGRESSION

Apart from LDL cholesterol, only a few factors which may

also influence CAC progression have been proposed. In

2001, Motro and Shemesh reported on a substudy of

INSIGHT comprising 201 patients with systemic hyperten-

sion (International Nifedipine Study: Intervention as Goal

for Hypertension Therapy).46 CAC was measured using 

2-slice spiral computed tomography without electrocardio-

graphic gating, a technique with severe limitations com-

pared with today’s standard. Annual CAC progression with

blood pressure lowering by diuretic therapy was 26% and

significantly higher than the 14% observed with prolonged-

release nifedipine. In other studies, systemic hypertension or

its pharmacologic treatment has not been reported to influ-

ence CAC progression.

Cassidy et al. reported EBCT serial scanning in a com-

munity-sample of unselected subjects who underwent the

second scan a mean of almost 9 years after the first.47 Of a

total of 443 subjects, the majority (n = 329) had relatively

low 10-year Framingham risk <10% of suffering a cardio-

vascular event. In this group, but not in the subjects with an

intermediate or high 10-year Framingham risk, obesity was

associated with an increased CAC progression. Finally, a

recent report utilizing serial EBCT scanning also found an

association between homocysteine levels and CAC progres-

sion, whereas C-reactive protein levels did not appear to be

related to CAC progression.48

To put this in perspective, plausible risk factor correlations

of CAC have been confirmed in numerous cross-sectional

studies, whereas this has been more difficult in longitudinal

studies. Some studies, but not all, proposed a linear relation-

ship between LDL cholesterol and CAC progression.

Otherwise, only obesity in a subset of patients and, with

many questions, systemic hypertension and homocysteine

levels have been discussed. Large epidemiological studies,

such as the MESA and Heinz Nixdorf Recall studies, are

awaited to resolve the discrepancy between clear risk factor

associations of CAC when measured at one point in time

and the apparent lack of such clear associations in serial

CAC measurements.37,38

9 FACTORS INFLUENCING
CORONARY ARTERY CALCIUM
PROGRESSION IN PATIENTS
WITH END-STAGE RENAL
DISEASE

In patients with end-stage renal disease, a number of factors

were identified which correlated with an increased CAC

progression. These were, in particular, age, diabetes, higher

serum concentrations of calcium and phosphorus, and, per-

haps most importantly, duration of dialysis treatment.42 The

longer dialysis therapy had been necessary, the greater the

progression of calcification.

10 PHARMACOLOGIC
MODULATION OF CORONARY
ARTERY CALCIUM
PROGRESSION – RANDOMIZED
STUDIES

Lowering of LDL cholesterol levels has been established as

an effective therapy for patients with ischemic heart disease

or equivalent high-risk status. In particular, recent evidence

from large clinical trials demonstrated a reduction of cardio-

vascular events with intensive lipid lowering in a target

range <80 mg/dl.53–58 The Pravastatin or Atorvastatin

Evaluation and Infection Therapy (PROVE-IT) trial compared

clinical cardiovascular events in patients who had just suffered

an acute coronary syndrome and who were treated with 80 mg

atorvastatin or 40 mg pravastatin.55 A significant event reduc-

tion by 16% was observed in the 80 mg atorvastatin group over

the course of approximately 2 years. The Treating to New

Targets (TNT) trial compared the effect on cardiovascular
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events of 80 mg versus 10 mg atorvastatin in mostly stable

patients with coronary artery disease and observed a signifi-

cant event reduction by 22% in the 80 mg atorvastatin group

over a period of almost 5 years.57 In addition, a surrogate end-

point study which used intravascular ultrasound observed a

stop of coronary plaque progression over 18 months in patients

treated with 80 mg atorvastatin compared with a progression

of plaque volume in patients treated with 40 mg pravastatin.56

The progression of coronary atherosclerosis has fre-

quently been used as a surrogate endpoint in clinical studies.

The underlying rationale was provided by the above men-

tioned studies, demonstrating that the angiographic pro-

gression of coronary artery disease was one of the most

important predictors of future coronary events.15,16,21 Along

these lines, CAC progression in several studies was predic-

tive of cardiovascular event risk.12,43,44 Observational studies

suggested that LDL cholesterol influenced CAC progres-

sion with an increased rate of CAC progression in patients

with increased LDL cholesterol levels.29,31 After prospective

initiation of LDL cholesterol lowering, CAC progression

was mitigated.34 As noted above, there have been sugges-

tions that the mechanisms which underlie the acute coro-

nary syndromes, in particular coronary plaque rupture, also

have an important role in the progression of coronary ather-

osclerosis (Figure 11.1).20 Accordingly, the hypothesis that

lipid-lowering therapy would reduce CAC progression was

addressed in several randomized trials.

In a subgroup of participants in the St. Francis Heart

Study who were all asymptomatic and whose CAC score

(Agatston method) was in the highest quintile of the distri-

bution, CAC progression was examined over a mean dura-

tion of 4.3 years.59 The treatment group received atorvastatin

20 mg/d, vitamin C 1 g/d, and vitamin E 1,000 U/d, and

aspirin 81 mg/d. The placebo group received aspirin 

81 mg/d. In the group treated with atorvastatin, the mean

baseline LDL cholesterol value of 146 mg/dl was lowered by

47% over the course of the study. Despite the comparatively

long treatment period and a trend for a lower event rate in

the atorvastatin group, no difference in the progression of

CAC (Agatston method) was observed. Overall, the

Agatston CAC score increased by 331 in the atorvastatin

group (+81%) and by 323 (+73%) in the control group

treated with aspirin alone.59

In the Beyond Endorsed Lipid Lowering with EBT

Scanning (BELLES) trial, EBCT scanning to track CAC

progression was performed in hyperlipidemic post-

menopausal women.60 In a multicenter study, they were

randomized to therapy with 80 mg/d atorvastatin or 

40 mg/d pravastatin. Intensive statin therapy with 80 mg

atorvastatin over 1 year lowered LDL cholesterol from 

175 mg/dl to 92 mg/dl (−47%), whereas 40 mg pravastatin

lowered LDL cholesterol from 174 mg/dl to 129 mg/dl 

(−25%). However, median CAC progression did not differ

and was approximately 20% in both treatment groups.

We analyzed CAC progression in patients who had no

coronary artery disease but ≥2 cardiovascular risk factors

and at least moderate CAC.61 In a randomized, double-

blind multicenter trial, patients were assigned to receive 80 mg

or 10 mg atorvastatin per day over 12 months. CAC pro-

gression was determined by EBCT and could be analyzed in

366 patients. After pretreatment with 10 mg atorvastatin for

4 weeks, 12-months study medication reduced mean LDL

cholesterol from 106 to 87 mg/dl in the group randomized

to receive 80 mg atorvastatin (p <0.001), whereas the levels

remained stable in the group randomized to receive 10 mg

atorvastatin (108 mg/dl at baseline, 109 mg/dl at the end of

the study). Mean CAC progression was similar in both treat-

ment groups. Corrected for the baseline CAC volume score,

it was 27% in the 80 mg atorvastatin group and 25% in the

10 mg atorvastatin group (p = 0.65). There was no relation-

ship of CAC progression with on-treatment LDL choles-

terol levels (Figure 11.7).

Houslay et al. assessed the effect of high-dose atorvas-

tatin (80 mg) compared with placebo on CAC progression in

a double blind randomized trial.62 Patients with calcific

aortic stenosis and CAC were followed over approximately

24 months. Atorvastatin reduced LDL cholesterol by 53%

and C-reactive protein by 49%, whereas there was no

change with placebo. With 39 patients completing the trial

in the atorvastatin group and 49 in the control group, there

was no difference in annual CAC progression (26% vs.

18%). Again, as opposed to the earlier observational trials,

no relationship between LDL cholesterol concentrations

with the rate of CAC progression was seen.

Taken together, these studies suggest that the relation-

ship between lipid lowering therapy, LDL cholesterol

levels, CAC progression, and total atherosclerotic plaque is

indeed more complex than previously thought. Currently,

lipid-lowering therapy cannot be expected to significantly

influence CAC progression. No randomized trial observed

a relationship between LDL cholesterol levels and CAC pro-

gression. The discrepancy with most of the observational

trials can perhaps be explained by confounding factors influ-

encing the relationship between LDL cholesterol and CAC

progression which were not accounted for. It is possible, for

example, that patients who received statins and reached

target cholesterol levels in general received a better treat-

ment than their counterparts who had no statin treatment or
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did not reach sufficiently low LDL cholesterol levels. In the

prospective study by Achenbach et al., the patients served as

their own controls, and it is possible that overall treatment

during the second year (during which cerivastatin therapy

was commenced) was improved compared with the first

year which was purely observational.49 An additional expla-

nation lies in the increase in CAC scores found between the

baseline EBCT scan and the end of the first year of observa-

tion in that study.34 Because relative CAC progression is

reduced with higher baseline CAC scores, one would expect

less progression during the second than during the first 

year.

11 PHARMACOLOGIC
MODULATION OF CORONARY
ARTERY CALCIUM
PROGRESSION IN CHRONIC
KIDNEY DISEASE

In patients with chronic kidney disease, 2 randomized trials

have been performed which analyzed CAC progression as a

function of treatment with sevelamer versus calcium salts

for phosphorus binding. In both these studies, Treat to Goal

(TTG) and Renagel in New Dialysis (RIND), a significant

attenuation of CAC progression was observed in patients

receiving sevelamer.63,64 Interestingly, sevelamer is currently

the only substance which appears to attenuate CAC progres-

sion. However, this holds true only for patients with end-

stage renal disease, and a number of caveats are related to

the alternative mechanisms of soft tissue calcification which

apply to this group of patients, compared with patients with

normal renal function.

12 PROGRESSION OF
CORONARY ARTERY CALCIUM –
CURRENT STATE

CAC progression can be reliably determined in small

groups of patients. Using up-to-date scanner technology,

inter-scan variability is smaller than annual CAC progres-

sion in such groups, which is usually in the order of

20–30%.26,30–34 In individual patients, only substantial CAC

changes are beyond measurement variability.24,36 In analogy

with angiographic measures of coronary atherosclerosis,

increased CAC progression conveys an increased risk of 

suffering acute myocardial infarction and other cardiovas-

cular events.12,44,45 Although this might have clinical conse-

quences for selected patients, no factors have been reliably

identified which modify CAC progression. In particular,
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several randomized studies failed to detect an effect of lipid-

lowering therapy on CAC progression, even though med-

ications proven to reduce cardiovascular event rates were

used.59–62 Thus, despite the prognostic implications of accel-

erated CAC progression, possible therapeutic implications

remain unclear. Currently, no clinical applications have

been established for serial CAC measurements. Large epi-

demiologic studies (Multi-Ethnic Study of Atherosclerosis,

Heinz Nixdorf Recall Study) will help to resolve some of the

remaining issues regarding natural history and risk factor

correlates of CAC progression.37,38
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How to Perform and Interpret Computed
Tomography Coronary Angiography
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Pugliese, Filippo Cademartiri, Koen Nieman, Gabriel P. Krestin, and Pim J. de Feyter

1 INTRODUCTION

Computed tomographic coronary angiography is an emerg-

ing technique able to noninvasively detect significant coro-

nary stenoses as well as nonsignificant coronary plaques.

Rapid developments in Multislice CT technology has resulted

in a markedly improved image quality when imaging the

small and rapidly moving coronary arteries. However, CT

coronary angiography remains challenging, even using the

latest generation Multislice CT scanners. In this chapter we

will describe limitations and pitfalls in cardiac CT as well as

tips and tricks on data acquisition and image reconstruction

when performing CT coronary angiography.

2 DATA ACQUISITION

2.1 Patient selection 
and preparation

Which patients are most appropriate for CT coronary

angiography on a clinical basis is a debatable and con-

tentious issue, and will be discussed in other chapters.

Patient selection criteria from a technical perspective

though are well defined. First, the patient should be care-

fully screened for any contraindications to contrast-

enhanced CT which include pregnancy, known allergy to

155

iodinated contrast material and impaired renal function.

Patients should be fully briefed about the CT scan to reduce

any apprehension. The examination is well tolerated and

even patients who are unable to complete a magnetic reso-

nance imaging scan due to claustrophobia are generally able

to complete the much shorter CT scan.

Breathing artefacts remain an important issue, and

patients must be able to perform a breath hold maneuver at

least as long as the scan time. The total scan time is depend-

ent on several CT scanner features (e.g. number of detectors,

pitch and rotation time) and will vary between approxi-

mately 10 (64-slice) to 20 seconds (16-slice). Patients should

not perform a Valsalva maneuver as this reduces the con-

trast attenuation within the coronary arteries during the CT

scan. Patients must be thoroughly instructed how to per-

form a breath hold maneuver and a mid-inspiration breath

hold usually gives the best results. Test breath holds are not

only practical for the patient but also useful to evaluate the

effect of the apnoea on heart rate (see below).

Patients must have a regular heart rate whereas data of

different beats need to be combined to obtain a volume

dataset. Mismatch of heart beats will result in combination of

data obtained during different phases of the cardiac cycle

resulting in step and/or or motion artefacts. CT coronary

angiography is not suitable for patients with severe arrhyth-

mia for these reasons. However, image quality in patients

with mild arrhythmia (e.g. occasional premature beats or
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atrial fibrillation with a low ventricular response) is preserved

by manual repositioning of the reconstruction windows,

so called ‘ECG-editing’ (see Image Reconstruction section).

However, it is necessary to strictly exclude all patients with

arrhythmia if this feature is not supported by the vendor to

avoid unnecessary radiation exposure and contrast load in

patients with a high likelihood of a nondiagnostic scan.

We are careful to warn the patients about the warm feel-

ing resulting from the injection of iodinated contrast mate-

rial, and to reiterate the importance of following the breath

hold instructions which follows shortly after the contrast

injection. We use automated breath-hold instructions and

these are available in different languages.

An intravenous cannula of 18 or 20 gauge is placed in the

anticubital fossa. Smaller veins are avoided to reduce the

risk of contrast extravasation. The calibre of the vein is care-

fully evaluated with a saline test bolus of minimum 10 ml

prior to contrast administration.

The optimization of a patient’s heart rate is an impor-

tant issue. CT coronary angiography suffers from motion

artefacts related to movement of the coronary arteries

during a heart beat. Therefore, the data used for image

reconstruction is preferentially obtained from a relative

motion-free period of the cardiac cycle, which occurs mostly

during the mid-to-end diastolic phase of the cardiac cycle.

Optimal, nearly motion-free images are especially obtained

in low (<70 beats/minute) heart rates, whereas the diastolic

phase is longer in these patients. Therefore β-blockers are

usually given prior to the CT scan to reduce the heart rate

preferably below 70 beats/minute in patients with higher

heart rates. Generally an oral β-blocker such as metoprolol

50–100 mg may be given 45 minutes to 1 hour before the

scan. The majority of patients usually have the desired effect

of reducing the heart rate to <70 beats/minute. Some insti-

tutions give intravenous β-blockers, either as an infusion or

as a bolus injection. However the response to injectable 

β-blockers is variable and it may take some time before the

heart rate is optimized while the patient remains on the

table. It also requires monitoring of blood pressure and a

short stay in the hospital until the effect of the intravenous 

β-blocker is resolved. Radiologists in particular may also

have little experience in injecting β-blockers. Contra-

indications to β-blockers are atrioventricular heart block,

hypotension, decompensated heart failure and asthma. Mild

sedation may be used in addition to the use of β-blockers,

e.g. a single oral dose of 1 mg lorazepam. Administration of

a short acting benzodiazepine lowers anxiety due to the

warm feeling after injection of contrast material, thereby

preventing an increase in heart rate. Such approach is of

particular use in very anxious patients and patients with an

acute coronary syndrome, especially when the use of 

β-blockers is contraindicated. Some investigators advocate

the use of nitroglycerin just before scanning in the absence

of contraindications (e.g. hypotension and severe aortic

stenosis). Nitroglycerin induces a small increase in coronary

lumen diameter and may theoretically lead to more compa-

rable results with conventional coronary angiography in

which intracoronary injection of nitroglycerin routinely is

performed when evaluating coronary stenoses. We do not

routinely use sublingual nitroglycerin using 16- or 64-slice

CT scanners, as it may induce a blood pressure drop and a

reflex tachycardia. However, we routinely use nitroglycerin

when performing CT coronary angiography on the recently

introduced dual-source scanner since higher heart rates are

more reliably visualized using this scanner. A disadvantage

of the use of nitroglycerin is the severe headache it may

induce in some patients.

We also check for significant heart rate variability

during apnoea prior to the scan. In some patients a decrease

of >10 seconds is observed with inspiration and we adjust

our scan protocol accordingly. We manually select lower

pitch values in case of a significant heart rate drop in scan-

ners which require a variable pitch adapted to the heart rate.

This is an important issue, whereas higher pitch values in

patients with low heart rates will result in impaired image

quality due to interpolation artefacts.

Table 12.1 summarizes common pitfalls during CT

coronary angiography data acquisition.

2.2 Contrast administration
protocols

Two techniques are currently used to optimize synchroniza-

tion between the arterial passage of contrast material and CT

data acquisition. A test bolus of 20 mL contrast material can be

administered to monitor the arrival of the contrast bolus in the

ascending aorta. The delay which provides the highest atten-

uation (the peak of the contrast bolus) within the aorta will be

chosen as a fixed delay after which the scan will be started.

The bolus tracking technique can also be used to synchronize

contrast arrival and the start of the scan. Bolus tracking 

techniques are widely available nowadays and standard

installed on all currently available 16-, 64-, and dual-source

CT scanners. In this technique a region of interest (ROI) is

positioned in the ascending aorta (Figure 12.1). After injection

of the contrast bolus, monitoring scans at the level of the

ascending aorta are obtained and attenuation values within
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the ROI are measured. Once a certain predefined threshold

within the ROI is reached (generally +100 HU), the patient is

automatically instructed to perform a breath hold maneuver

after which the scan will start. Both contrast administration

algorithms are widely used and each site will have its own

preference. Using a test bolus is a very robust approach, but

requires administration of an additional small amount of

contrast material and is more sensitive to the Valsalva maneu-

ver, resulting in low intra-coronary enhancement when 

compared to bolus tracking techniques. Bolus tracking

requires less contrast material; however, it is more sensitive to

premature triggering of the scan if the ROI is  positioned

incorrectly. First, the ROI should be positioned just below the

aortic arch where the ascending aorta moves relatively little

during the respiratory cycle. This approach minimizes the

risk of premature triggering of the scan if the ROI is 

displaced into e.g. the contrast-enhanced pulmonary trunk as

a result of breathing-related shift of the contents of the 

chest, although the contrast bolus has not yet arrived in 

the ascending aorta. Streak artefacts arising from the 

mixture of blood and contrast in the superior vena cava can 

be a cause of premature triggering if the attenuation values

within the ROI in the adjacent ascending aorta are artificially

raised above the predefined threshold. The ROI should con-

sequently be positioned as far away from the vena cava as

possible and the ROI should not be too small, because  streak

artefacts will be averaged out in larger ROIs. We believe that

bolus tracking is a very robust technique if the ROI is care-

fully selected. Moreover, we found a higher intracoronary 

attenuation using the bolus tracking technique as compared

to test bolus technique with identical injection parameters.1

This is an important feature because we observed a higher

diagnostic accuracy of CT coronary angiography to detect

significant stenoses and assessment with more confidence in

patients with high intracoronary attenuation. We therefore

recommend the use of contrast material with a high iodine

content, injected with a high flow rate to obtain maximum

intracoronary enhancement. However, higher flow rates

require administration of a larger amount of contrast 

material to maintain sufficient enhancement throughout 

the entire scan. The use of a 40 mL saline bolus chaser

injected immediately after the contrast bolus results in a

more compact contrast bolus resulting in a more effective 

utilization of contrast material. The use of a bolus 
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Table 12.1 Potential pitfalls during CT coronary angiography data acquisition

Limitation Artefact Possible solution

Breath hold Severe dyspnoea (e.g. COPD) Step artefacts (thoracic motion Oxygen therapy, 
due to breathing) Hyperventilation 

maneuver prior to scan 
Valsalva maneuver Low contrast-to-noise ratio  Thorough patient instruction

(low contrast) and practice breath hold
maneuver

Incorrect timing (breath hold Thoracic motion (breathing) Add delay between end
maneuver not finished when of breath hold instruction
scan starts) and start scan

Heart rate Severe arrhythmia (e.g. atrial Coronary motion Abort scanning
fibrillation with fast ventricular 
response)

Mild arrhythmia (e.g. occasional Coronary motion  Manual reposition of 
premature beat) Step artefacts (mismatch of reconstruction windows

reconstruction windows) (ECG-editing)
Fast (=70 beats/min) heart rate1 Coronary motion β-blockers and/or sedation

Anxiety Claustrophobia (rare) Thoracic motion (voluntary Sedation
Due to flush when injecting motion and/or coronary

Iodinated contrast (common) motion)
Patient Parkinson’s disease etc. Thoracic motion (involuntary Specific treatment

movement motion)
Body mass Obesity Low contrast-to-noise ratio  Higher tube current

index (high noise)

1Not applicable to Dual-Source CT systems.
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chaser allowed reduction with 35% of the total amount of

contrast material administered in a 16-slice CT coronary

angiography study.2 Whether such contrast protocol should

be used for the purpose of plaque detection and classifica-

tion remains controversial, as small calcifications located at

the vessel wall may be masked by the adjacent contrast-

enhanced coronary lumen.

2.3 Scan parameters

Multislice CT scanning is carried out either in the spiral

mode or in the sequential mode. Spiral CT is performed

with the patient on the couch continuously moving at a pre-

defined speed through the scanner while the X-ray tube and

detectors rotate continuously around the patient. Thus a

volumetric dataset is acquired from which cross-sectional

images can be reconstructed. In the sequential mode the

table, and thus the patient, is moved incrementally between

successive rotations of the X-ray tube (‘step and shoot’

approach). Spiral scanning is standard use for CT coronary

angiography scans, while sequential scanning can be used

for coronary calcium scoring. Scan parameters of a 16-slice,

64-slice, and dual-source CT system are summarized in

Table 12.2. The maximum tube current which can be deliv-

ered is dependent on the scan time; the longer the scan time,

the lower the maximum tube current will be. This is an

important issue in the evaluation of arterial coronary

bypasses, especially using 16-slice technology; the operator

needs to choose whether he wants to visualize the entire

mammary artery and an overall lower tube current or to

leave out the proximal mammary artery (generally not dis-

eased) and a higher tube current with favorable contrast-

to-noise ratio.

The radiation exposure of CT coronary angiography is

of concern and approximately 3–5 times as high when com-

pared to conventional coronary angiography. The radiation

exposure can be limited by using prospectively ECG-

triggered X-ray tube modulation. This feature reduces the

tube current by 80% in systole while a full dose is given

during diastole, which lowers the radiation exposure by up

to 40% in patients with low heart rates.3,4 This technique,

however, limits the possibility of reconstructing images in

the end-systolic phase (see Image Reconstruction section).

We use end-systolic datasets in up to 35% of patients, which 

is especially useful in patients with a heart rate 

<70 beats/min.5,6 Furthermore, the use of prospective tube

modulation requires a regular heart rhythm throughout the

scan since the tube modulation is based on the R-R interval

of the previous heart beats. A sudden change in R-R inter-

val resulting from a single extra-systole though may result

in miss-triggering of the tube modulation and a low tube

current, thus unfavorable signal-to-noise ratio in diastole,

while this is the best phase for image reconstruction in the

majority of patients. The tube modulation software is

recently updated and is now able to recognize a sudden

change in R-R interval, after which the tube modulation 

is switched off and maximum tube current is given

throughout the entire cardiac cycle until the R-R interval is

stabilized. We therefore routinely use tube modulation, with

full dose radiation between 30–60% of the cardiac cycle,

encompassing both end-systole and mid-to-end diastole.

This allows good quality image reconstructions in the major-

ity of cases and significantly lowers the radiation exposure.

3 IMAGE RECONSTRUCTION

Imaging of the heart requires data acquisition that is syn-

chronized to the motion of the heart, to be able to reduce

cardiac motion artefacts. This is achieved by simultaneously

recording the ECG during the scan, which is used to syn-

chronize prospective data acquisition or retrospective data

reconstruction. In the sequential CT mode the reconstruc-

tion window is determined by prospective triggering of the

patient’s ECG and data is obtained only during a certain
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+ 58 HU

Figure 12.1 Correct positioning and size of the ROI posi-
tioned at the ascending aorta. Note the streak artefacts
(arrow) originating from the mixture of blood and contrast
material within the vena cava superior (arrowpoint) which
are avoided.
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predefined phase of the cardiac cycle. In the spiral mode the

ECG signal is used to retrospectively select datasets with

optimal image quality thus least motion artefacts. In spiral

CT, datasets can be flexibly reconstructed at different

phases of the cardiac cycle, because data is obtained during

the entire cardiac cycle. Two ECG gating algorithms can be

applied to obtain optimal motion-free image quality with

spiral CT. A single-segment algorithm can be used in which

only data obtained during a single heart beat is used for

image reconstruction. The temporal resolution using such

algorithm is equal to half of the rotation time (e.g. 165 ms in

case of a rotation time of 330 ms). However, the temporal

resolution can be further reduced by use of bisegmental or

multisegmental reconstruction algorithms that combine

data from 2 or more consecutive heart beats, which theoret-

ically should prevent the occurrence of motion artefacts.

However, these algorithms require a constant heart rate, a

reliable ECG signal, and no arrhythmias, whereas they rely

on an identical cardiac contraction pattern with time-consis-

tent positioning of the cardiac structures during each consec-

utive heart cycle. Moreover, multisegment reconstruction

algorithms require a lower pitch, thus longer scan times,

more contrast material, and a higher radiation exposure.

Three different techniques can be used to position the

reconstruction windows within the cardiac cycle (Figure 12.2).

A percentage approach is most commonly used, in which

the reconstruction windows are positioned at a certain per-

centage of the R-R cycle, e.g. 60%. Reconstruction windows

can also be positioned using an absolute reverse approach

(e.g. 350 ms before the next R-wave; mid-to-end diastole) or

an absolute forward approach (e.g. 300 ms after the last 

R-wave; end-systole). No published data is currently available

supporting the preferential use of 1 of those 3 algorithms.

Moreover, these algorithms can be flexibly used and the

operator can select the best dataset on a per patient basis.

However, a percentage approach is more sensitive to

arrhythmia when compared to the other 2 algorithms. The

absolute forward approach is useful to determine end-

systolic datasets, which is particularly useful in patients with

high heart rates and arrhythmia because the position of the

end-systolic phase varies less while the diastolic phase may

vary significantly.5,7 The absolute backward approach is

commonly used to define optimal image quality during the

mid-to-end diastole, which is the best phase for image

reconstruction in the majority of patients, especially in

patients with low heart rates. The position of the reconstruc-

tion windows should be carefully checked to prevent step

artefacts which occur when reconstruction windows are not

equally positioned within different heart beats. If the ECG

leads are not well positioned, resulting in a low voltage 

R-wave or if the R-wave has an abnormal morphology 

(e.g. bundle branch block), the CT software designed to detect

the R-wave may fail and the position of the reconstruction

windows needs to be manually repositioned. However, not all

vendors allow manual repositioning of the reconstruction

windows, while this is also an important feature which can be

applied to preserve image quality in the presence of occasional

arrhythmic beats. An example of ECG editing is shown in

Figure 12.3. It is of note that ECG editing can only be used

with absolute forward or backward algorithms. Recon-

struction of consecutive datasets during the entire heart beat,

e.g. every 10% of the cardiac cycle, allows evaluation of 

functional parameters such as left ventricular function 

(see chapter on Assessment of Left Ventricular Function).

The reconstructed slice thickness can be chosen by the

operator and generally is slightly thicker then the individual

detector width with an increment of approximately 50%, to

obtain a favorable contrast-to-noise ratio (Table 12.2).

Dedicated datasets with a reconstructed slice thickness equal

to the individual detector width are sometimes used to evalu-

ate coronary stents. Spatial resolution is dependent on the field

of view (FOV). We therefore select a FOV which is as small as

possible and include only the heart and surrounding structures

to obtain optimal spatial resolution for the evaluation of the

small sized coronary arteries. Dedicated datasets with a broad

FOV can be reconstructed to evaluate part of the lungs and

mediastinum. Different image reconstruction filters or ker-

nels are available and vary among different vendors. Medium

smooth kernels (e.g. B26f or B30f) are generally used to evalu-

ate native coronary arteries, while sharp kernels (e.g. B46f) are

used to evaluate high-density structures such as severely calci-

fied coronary vessels and stents.
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recon
window

Absolute
forward

+ 600 ms

R

P
T

S

− 400 ms

Absolute
reverse

Figure 12.2 Three different algorithms can be applied to
position the reconstruction windows within the cardiac
cycle in a patient with a heart rate of 60 beats/minute: a
percentage of the R-R interval, an absolute forward, or an
absolute backward approach.
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Table 12.2 Scan protocol and image reconstruction parameters with 16-slice, 64-slice, and Dual-Source CT systems

16-slice CT 64-slice CT Dual-source CT

Number of slices 16 64 2 × 64
Individual detector width 0.75 mm 0.5–0.6 mm 0.6 mm
Scan time 18–25 s 6–12 s 6–12 s
Temporal resolution 250–185 ms 210–165 ms 83 ms
Pitch 0.251 0.21 0.2–0.451
Tube voltage 120 kV 120 kV 120 kV
Tube current Max 750 mAs Max 950 mAs Max 1050 mAs
Tube modulation Possible Possible Possible
Contrast load 100–140 mL 80–100 mL 60–100 mL
Flow 4–5 mL/s 4–5 mL/s 4–5 mL/s
Reconstructed slice thickness 1.0 mm 0.6–0.75 mm 0.6–0.75 mm
Increment 0.5 mm 0.3–0.4 mm 0.3–0.4 mm
Kernel Medium smooth Medium smooth Medium smooth

1Pitch values may vary among different vendors, especially when the pitch is adapted to the heart rate (standard used in Dual-
Source CT).

ECG-STD ECG-EDIT

A C A′ C′

E′E

B′ D′B D

Figure 12.3 Example of manual repositioning of the reconstruction windows (ECG-editing) in a patient with a premature
beat during the CT scan. From: Cademartiri, Invest Radiology 2006; 186(3): 634–8.
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4 IMAGE EVALUATION 
AND POST-PROCESSING
TECHNIQUES

The entire coronary tree can be visualized in the majority of

patients with low heart rates using a single dataset. However,

some patients require the use of multiple datasets to visualize

the entire coronary tree, e.g. an end-systolic dataset to eval-

uate the right coronary artery and a mid-to-end diastolic

dataset to evaluate the left coronary artery. Several post-

processing techniques can be used to evaluate the presence of

significant coronary stenoses (Figure 12.4). Volume rendered

images are useful to evaluate complex coronary anatomy or

bypasses, but should not be used to evaluate the presence 
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A
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D

Figure 12.4 A volume-rendered CTCA image (A) demonstrates the anatomy of the right coronary artery. A maximum
intensity projected image (B) and a curved multiplanar reconstructed image (C) disclose proximally a significant coronary
stenosis (arrowhead) followed by a chronic total occlusion (arrow) of the mid right coronary artery which was confirmed
by invasive coronary angiography (D).
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of significant coronary stenoses, as the diameter of the coro-

nary lumen can easily be manipulated using this technique.8

However, it is an excellent technique for communicating find-

ings of the investigation to patients and referring physicians.

Maximum intensity projections (MIP) also provide a good

anatomical overview, however these can only be used for

stenosis detection in the absence of any calcifications, as the

blooming effect of coronary calcifications is significantly

enhanced using this post-processing technique. Multiplanar

reconstructions (MPR) or curved multiplanar reconstructions

(cMPR) are the most reliable postprocessing tools to evaluate

the presence of significant coronary stenoses. Axial scrolling

using multiplanar reconstructions is the first step in the evalu-

ation of the coronary arteries, providing a quick anatomical

overview, and is particularly useful to detect any image

degrading artefacts, which may induce false positive or false

negative results in the assessment of coronary stenoses.

Thereafter, dedicated (curved) MPRs can be used to evaluate

the entire coronary tree on a per segment basis. Unfortunately,

evaluation of all coronary segments can be a time-consuming

process, especially in the presence of advanced coronary artery

disease. We advocate the flexible use of all available postpro-

cessing tools, which requires a dedicated workstation, whereas

evaluation of standard projections on a simple picture archiv-

ing and communication (PACS) workstation will result in a

lower sensitivity to detect significant coronary stenoses.9

5 DISCUSSION

CT coronary angiography has developed rapidly and is now

poised to become a clinically reliable and useful diagnostic

tool. However CT coronary imaging is fraught with limita-

tions and pitfalls. The CT examination gives just one oppor-

tunity to obtain the volume of data from which the cardiac

reconstructions are made. It is therefore vital that scan pro-

tocols are optimized and the patient is well prepared to opti-

mize the data obtained. Because of its rapid development,

experience may be limited in any particular institution.

Cardiologists often have little experience with CT technology

whereas radiologists may have limited experience in the

clinical implications of cardiac findings. Training of future

cardiac CT (and magnetic resonance) imaging experts should

ideally incorporate the acquisition of both radiology and

cardiology knowledge and expertise. Consequently a collab-

orative approach to cardiac CT by both cardiologists and

radiologists may provide the best opportunity to improve

the quality of the examination and interpretation of find-

ings, and eventually improvement in patient care.
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13
Computed Tomographic Angiography for
the Detection of Coronary Artery Stenoses

Fabian Bamberg, Shawn DeWayne Teague, and Udo Hoffmann

1 BACKGROUND

Invasive coronary angiography is currently the standard for

the diagnosis of obstructive coronary artery disease (CAD)

in symptomatic patients. However, about 30–40% of all

invasive coronary angiograms (ICA) in the United States are

performed for diagnostic purposes only.1 This is of concern,

especially as diagnostic ICA poses small but serious 

risks (i.e., major vascular complications in approximately

0.40%)2 yielding an overall mortality of 0.13%.3–7 Moreover,

the economic burden with an average charge for patients

hospitalized for diagnostic catheterization of $16,838 in 2000

is considerable.8

Despite its invasive nature with complications and

inconvenience for the patient and considerable costs, the

number of performed ICA remains high. An estimated

number of >2 million procedures were performed in 20008

and the numbers increased consistently.9

A reliable noninvasive imaging method that accurately

detects or excludes the presence of obstructive CAD would

have enormous implications for patient management.

However, as the expectations are high, diagnostic tests are

often inadequately appraised and widespread use of tests

with uncertain diagnostic efficacy pose significant risks to

individuals that include delays in appropriate diagnosis and

increase the costs of care.

Over the last 5 years much of the research focus on 

noninvasive detection of CAD has shifted from magnetic

resonance imaging (MRI) to coronary multidetector com-

puted tomography (MDCT). With the recent introduction

of 64-slice MDCT we now have a technology available that

permits accurate and reproducible detection of coronary

atherosclerotic plaque and stenosis, as well as it offers en

passant information on global and regional ventricular

function and potentially myocardial perfusion. In fact, 

cardiac MDCT provides an unprecedented opportunity 

to assess the natural history of CAD. However, the potential

benefits of cardiac MDCT remain unclear till its promise is sci-

entifically studied and proven by well-designed investigations.

The rapid advances in cardiac MDCT present a chal-

lenge to the medical community; like for virtually every

aspect of cardiovascular medicine it is conceivable that

MDCT provides information beyond current diagnostics,

but its clinical utility by means of patient safety and cost

effectiveness needs to be proven. In the event that 64-slice

MDCT is not accurate for CAD diagnosis, considerable

harm could result by its untested use as a substitute for 

coronary angiography.

Standards for demonstrating the value of diagnostic tests

have the same role as randomized controlled trials for eval-

uating therapy. The following steps for developing a new

diagnostic test have been proposed: (1) elaboration and stan-

dardization of technical aspects of a new test, (2) comparison

of the new test characteristics with an accepted diagnostic

reference standard to define sensitivity and specificity in

studies adhering to rigorous methodological criteria, and 
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(3) validation of the new test in real-life setting outcome

studies in which the tests are used for clinical decision

making and the outcomes are compared with those of

patients managed according to the reference diagnostic test.

There is now a narrow window of opportunity to deter-

mine the clinical indications where MDCT may not only

provide additional information but also improve patient

management and standard health outcomes while being

cost-effective.

This chapter will review the currently available data on

the utilization of coronary computer tomography angiogra-

phy (coronary MDCT) for the assessment of significant

stenosis of the coronary arteries and evaluate the diagnostic

impact on different patient populations.

1.1 Technical development

In 1973, the first CT scanner was introduced by Hounsfield,10

representing the start point of a rapid integration of CT imag-

ing into medical practice. Due to relatively long ganty rotation

times in the range of 1 to 5 seconds, cardiac imaging was only

feasible to roughly visualize cardiac morphology. In the early

1980s, Electron Beam Computed Tomography (EBCT) was

firstly introduced as an imaging modality. EBCT was charac-

terized by a very high temporal resolution of 100 ms, 

permitting motion-free imaging of the cardiac anatomy in the

diastolic phase, even at high heart rates. EBCT provided

appropriate features for visualization of coronary calcification

of the coronary arteries and thus the diagnosis of CAD.11–14

Since 1999, 4-slice MDCT systems have been studied for the

detection of CAD.15–18 Due to improved scanning speed with

four sections, scanning of the heart within one breath-hold

became feasible. Despite cardiac motion and calcified plaque

rendering a substantial number of scans unassessable, never-

theless, in selected exams a good accuracy for the noninvasive

detection of significant coronary stenosis was shown.19–21

Impact of motion artifacts on image evaluation decreased with

the introduction of 16-slice MDCT scanners in 2001. As a

result, feasibility studies in high-risk populations reported

better diagnostic accuracy.22–24 Latest MDCT technology

nowadays permits simultaneous acquisition of 64-slices

enabling scanning of the entire coronary artery tree in

between 10 to 13 seconds, less segments with limited inter-

pretability due to motion artifacts, and an isovolumetric spa-

tial resolution of 0.4 mm3 (Figure 13.1).25–27 Using 2 x-ray

sources and 2 detector arrays offset at 90 degrees, dual-source

CT (DSCT) is a novel approach to further decrease temporal

resolution in order to achieve good image quality at higher

heart rates. Initial results, in a small population with a mean

heart rate of 71 bpm, suggest further decrease of motion 

artifacts as compared to earlier scanner generations.28
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A B

Figure 13.1 Normal finding of a 48-year-old female patient who presented with chest pain to the emergency room.
(A) Maximum-intense projection (MIP) of the right coronary artery (arrow) showing a patent lumen without any luminal 
narrowing and the absence of any non-stenotic coronary atherosclerotic plaque. (B) 3-dimensional volume rendered 
coronary MDCT showing the left coronary artery. The LAD (arrow) and LCX (arrowhead) is clearly wide and patent, no 
evidence of any coronary atherosclerotic plaque.
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2 DIAGNOSTIC ACCURACY OF
CORONARY CTA FOR THE
DETECTION OF SIGNIFICANT
CORONARY ARTERY STENOSIS

2.1 Data overview

The fast improvement in scanner technology provides a fast

moving target for clinical researchers. So far, feasibility and

validation studies were performed comparing the new test

(coronary MDCT) with an accepted diagnostic reference

gold standard (ICA). A meta-analysis by Stein et al. restricted

analysis to 33 studies in which coronary MDCT was com-

pared to ICA and that applied specific patient selection 

criteria.29 Based on these initial analysis, recently Hoffmann

et al. extended the analysis to 41 studies, including EBCT,

4/8 slice, 16 slice, and 64 slice MDCT scanner technology

published in peer-reviewed literature from January 1, 1990,

through March 15, 2006.30 Inclusion criteria were that stud-

ies used coronary MDCT or EBCT, evaluated native coro-

nary arteries, used ICA as the reference standard

independently of CT findings, and that raw data (i.e., num-

bers that allowed recalculation of the 2 × 2 contingency table)

were reported.

2.2 Study population

Most of the available literature on coronary MDCT stems

from single center investigations (sample size: 20–133

patients). Studies were usually performed at centers with

high technical and interpretative expertise in MDCT tech-

nology where clinical studies are performed on a daily basis.

The patient population consisted largely of elderly male

patients (mean age: 59 years, range 53–65; percent male:

mean 75%, range 50–96%) with a high prevalence of CAD

(mean 57%) resulting in a considerable selection bias. As is

often the case in feasibility studies, the number of outcomes

was maximized and all patients were selected to undergo

invasive angiography due to the high likelihood of disease

(validation bias).

2.3 Study methodology

2.3.1 Definition of stenosis

Most studies defined a significant stenosis as luminal narrow-

ing of ≥ 50% in diameter, most likely to increase the sensitivity

of the test. In contrast, current clinical practice applies a

threshold of <70% diameter loss to define hemodynamically

significant lesions (threshold in the left main coronary

artery: ≥ 50%).

2.3.2 Segment versus patient-based analysis

Matching between findings in coronary MDCT and ICA

has been performed on a per-segment and/or per-patient

basis. Austen et al. developed a classification of 16 coronary

segments that have been in widespread use to describe local-

ization of distinct lesions or structures within the coronary

artery tree.31 Most of the research on the diagnostic accuracy

of coronary CTA has been done using these 16 segments 

(or 17 segments including the Ramus Intermedius, if pres-

ent, as segment 17). Analysis on a per-patient basis includes

findings on all coronary segments and puts the subject as the

standard of reference.

In fact, it is important to emphasize the differences

between a segment-based and a patient-based approach

based on all 17 coronary segments. Although segment-based

analysis may be useful to demonstrate the feasibility of

MDCT to detect significant CAD by revealing the portion

of nonevaluable segments due to impaired image quality, it

is rather obvious that a per-segment analysis does not reflect

clinical applicability of the technique. For clinicians, the

patient-based analysis, including all segments and vessels, is

more suitable to demonstrate diagnostic accuracy and thus

indicate incremental value for clinical practice. While 

the patient-based assessment (patient has significant or 

no-disease) correlates with the prevalence of significant

CAD in the distinct population, the segment-based analysis

differentiates between all segments and may thus represent a

different prevalence population.

Limiting the analysis to the proximal segments of the

coronary artery tree represents a new approach which is

related to the fact that acute coronary events tend to cluster

within the proximal third of the coronary arteries.32 Within

these sections, the cross-sectional diameter of the vessels is

greater and motion artifacts occur less frequently which will

lead to improved diagnostic accuracy.

2.3.3 Assessable and unassessable segments

The majority of studies reported test characteristics of coro-

nary MDCT for the detection of significant stenosis

restricted to coronary segments with high image quality.
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This practice is known from evaluations of other imaging

modalities such as nuclear stress perfusion imaging.

However, this approach is inappropriate to assess the clinical

value of the technology, as the clinician is required to make

a recommendation or diagnosis for the patient even if the

image quality is not optimal in all segments. In addition, the

decision whether a segment is ‘assessable’ for stenosis or not

has usually been determined by the same observer who

interpreted the study for the presence of a significant steno-

sis introducing additional bias. Therefore, in order to pro-

vide clinically relevant results, research studies need to

present the analysis in a systematic fashion, including the

best-case scenario – test characteristics in segments with

optimal image quality – as well as the worst-case scenario – test

characteristics including all segments.

2.3.4 Imaging artifacts rendering 
segments unassessable

There are several artifacts that may, depending on the expe-

rience level of the CT reader, render coronary segments,

vessels, or entire exams unassessable. In such cases the pres-

ence of a significant coronary stenosis or plaque cannot be

determined affecting the PPV of the technology.

While earlier scanner generations with limited spatial

and temporal resolution and longer scan times were prone

to artifacts, it has been observed that the number of seg-

ments determined unassassable for image interpretation

decreased significantly with advancements of the MDCT

technology. The studies reported in the meta-analysis with

the least amount of evaluable segments resulted in up to

43% unassessable segments in 4-slice,33 18% in 16-slice,34 and

12% in 64-slice25 coronary MDCT.

It is clear that an adequate knowledge of the different

artifacts is of critical importance, both for reviewing available

literature in the field and the clinical setting.

Misregistration or slab artifacts can occur due to inade-

quate lowering of the heart rate, variability of the RR-interval,

and in the presence of extrasystolic beats (Figure 13.2).

Sometimes, dedicated reconstruction at several points within

the RR-cycle, especially during end-systole, may improve

image quality. In the presence of extrasystolic beats, it is

sometimes possible to exclude any data acquired during this

interval if the resulting data gap can be covered from the

adjacent beats (usually <2 seconds can be covered, depending

on the pitch). Reconstructing data using a multisegment

reconstruction (multiple heart beats at the same anatomic

location) results in better temporal resolution and thus may

improve image quality in patients scanned at high heart rates,

given the absence of significant beat to beat variation.35,36

Beam hardening occurs as a result of the absorption of

low energy x-rays by very dense objects such as stents and

calcified plaque (Figure 13.3). It is visible as an area of low

attenuation adjacent to a very dense object. This artifact can

be difficult to differentiate from noncalcified plaque.

Therefore, the evaluation of the in-stent lumen and areas

adjacent to calcified plaque is limited.
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Figure 13.2 (A) Example of a slab artifact (arrows) which is corrected after ECG editing (B).
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Respiratory artifacts rarely impair image quality as the 

scan times have decreased rapidly (Figure 13.4). They are

most commonly observed at the end of the image acquisition

sometimes leading to diaphragmatic artifacts. An inward

motion of the posterior margin of the sternum can objectively

determine the presence of an inadequate breath hold.

Emphasis on patient preparation and accurate breathing

instructions are of critical importance to avoid these artifacts.

Coronary calcification is frequently present in the coro-

nary arteries, especially in proximal segments of elderly

Computed Tomographic Angiography for the Detection of Coronary Artery Stenoses 167
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C D

Figure 13.3 (A–D) Patient without stenosis of the mid left anterior descending coronary artery (LAD) as determined by
selective coronary angiography. (A) Axial thin slice MIP (5mm) MDCT image demonstrates significant calcified plaque in
the mid LAD (arrow). (B) Curved multiplanar reconstructuion image of the LAD demonstrating extensive coronary calcifi-
cation in the proximal and intermediate portion of the vessel. Arrow indicates section in which the stenosis was suspected.
Arrowhead demonstrates beam hardening artifact adjacent to the calcified plaque. (C) Cross sectional reconstruction per-
pendicular to the centerline of the LAD demonstrates massive calcification apparently without residual contrast filled coro-
nary lumen. (D) Invasive selective coronary angiography demonstrates a normal angiogram without luminal obstruction of
the mid LAD.
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patients and patients at increased risk for cardiovascular

events (Figure 13.3). Because of the limited spatial resolution

of MDCT these objects ‘bloom’ and thus appear larger than

they actually are. This so-called blooming artifact is the major

reason for the moderate specificity and PPV of current coro-

nary MDCT imaging. For the observer, a calcified plaque

may appear to lead to significant narrowing of the coronary

lumen even if it is, in reality, confined to the wall of the artery

while the lumen is well preserved. Thinner slices and recon-

struction using sharper kernels may help to reduce the

blooming artifact. Blooming from calcified plaques is the

most limiting factor in coronary MDCT today and may result

in false positive referrals to invasive selective coronary

angiography. Some investigators and clinicians have sug-

gested to perform a noncontrast enhanced CT scan to screen

for the presence of severe coronary calcification prior to a con-

trast enhanced coronary MDCT.33 In fact, studies have

demonstrated that the diagnostic performance of coronary

MDCT for the detection of significant stenosis improves if

subjects with an Agatston Score >400 are excluded from the

analysis.37 While these data indicate that screening for coro-

nary calcification may improve the overall efficacy of contrast

enhanced CT scanning, sometimes the decision whether a

noncontrast CT scan should be performed prior to coronary

MDCT needs to be made on an individual basis. For exam-

ple, in a female patient with a differential diagnosis of sus-

pected anterior wall perfusion defect vs. breast attenuation, 

a coronary MDCT may still be diagnostic despite an Agatston

score >1000, indicating a very high amount of coronary calci-

fication, if the coronary calcification is located outside the

mid/distal the LAD segment. Because coronary calcium

screening can be performed without contrast and adds only

1–2 mSv of radiation exposure, it may be useful to be per-

formed in patients with a high likelihood of a high burden of

coronary calcification such as high age.38

3 RESULTS FROM THE
CURRENT LITERATURE

3.1 Overall population

For all 41 studies included in the meta-analysis from

Hoffmann et al., independent of whether the segment was

assessable in CT or not, 1,771 of 2,323 stenotic lesions were

correctly detected by coronary MDCT (sensitivity of 76%).

A stenosis was correctly ruled out in 12,205 of 13,917 segments

(specificity of 88%). For segments that were assessable in

MDCT, 2,078 of 2,471 stenotic lesions (84%) were correctly

detected. A significant coronary stenosis was correctly ruled

out in 14,053 of 14,738 segments (95%). MDCT correctly

identified 738 of 813 patients (91%) as having significant

CAD. Significant CAD was correctly ruled out in 457 of 

621 patients (74%).

3.2 Scanner specific analysis

3.2.1 EBCT

For all segments included, 443 of 623 stenotic lesions were cor-

rectly detected by MDCT (sensitivity: 71%) and the presence

of a significant stenosis was correctly ruled out in 2,751 of

3,590 segments (specificity: 77%). In assessable segments 414 of

497 stenotic lesions were correctly detected (sensitivity: 83%)

while a significant stenosis was correctly ruled out in 2,064 of

2,283 segments (specificity: 90%). On a per patient basis, 142 of

174 patients were correctly identified by EBCT as having sig-

nificant CAD (sensitivity: 82%) and significant CAD was 

correctly ruled out in 128 of 218 patients (specificity: 59%).

3.2.2 4/8-slice MDCT

For all segments included, 386 of 620 stenotic lesions were

correctly detected by MDCT (sensitivity: 62%) while stenosis

168 Computed Tomography of the Cardiovascular System

Figure 13.4 Example of a respiratory artifact (arrows)
shown in a saggital multiplanar reconstruction (MPR).
Characteristic are the steps in the sternum.
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and the presence of a significant stenosis was correctly ruled

out in 3,082 of 3,671 segments (specificity: 84%). In segments

assessable by 4 and 8-slice MDCT, 510 of 623 stenotic lesions

were correctly detected (sensitivity: 82%) while stenosis was

correctly ruled out in 3,040 of 3,174 segments (specificity:

96%). On a per patient basis, 138 of 160 patients were 

correctly identified by 4/8-slice MDCT as having significant

CAD (sensitivity: 86%) and significant CAD was correctly

ruled out in 64 of 80 patients (specificity: 81%).

3.2.3 16-slice MDCT

For all segments, 524 of 625 stenotic lesions were correctly

detected by MDCT (sensitivity: 84%) and a significant

stenosis was correctly ruled out in 3,353 of 3,518 segments

(specificity: 95%). In segments assessable by 16-slice MDCT

683 of 761 stenotic lesions were correctly detected (sensitiv-

ity: 90%) while stenosis was correctly ruled out in 4,685 

of 4,881 segments (specificity: 96%). On a per patient basis

388 of 404 patients were correctly identified by 16-slice

MDCT as having significant CAD (sensitivity: 96%) and

significant CAD was correctly ruled out in 172 of 208

patients (specificity: 83%).

3.2.4 64-slice MDCT

Included studies are presented in Table 13.1. For all seg-

ments, 63 of 64 stenotic lesions were correctly detected by

MDCT (sensitivity: 98%) and the presence of a significant

stenosis was correctly ruled out in 21 of 23 segments (speci-

ficity: 91%). In assessable segments, 442 of 471 stenotic

lesions were correctly detected (sensitivity: 94%) while a

stenosis was correctly ruled out in 3,626 of 3,771 segments

(specificity: 96%). On a per patient basis, 173 of 178 patients

were correctly identified by 16-slice MDCT as having sig-

nificant CAD (sensitivity: 97%) and significant CAD was

correctly ruled out in 118 of 129 patients (specificity: 92%).

4 IMPLICATIONS OF CURRENT
DATA FOR THE CLINICAL USE
OF CORONARY MDCT

According to recent recommendations, CT angiography of

the pulmonary arteries is performed to detect or exclude the

presence of pulmonary emboli (PE).39,40 In fact, only a

couple of years ago invasive pulmonary artery angiography

was the established gold standard for the detection of PE.

Due to the diagnostic setting in patients with suspected PE,

CT angiography, as a noninvasive diagnostic alternative,

was investigated in order to replace the gold standard and

improve patient care. In contrast, in the field of cardiac

imaging, ICA as the established gold standard for the detec-

tion of significant CAD allows, if indicated, therapeutic

intervention (percutaneous coronary intervention, i.e., stent

placement) during the same session. Therefore, clinical

application of coronary MDCT as a purely diagnostic alter-

native to ICA needs to be investigated to complement 

current medical practice and avoid the portion of ICA that

remains diagnostic. In fact, as a purely diagnostic tool, positive

findings (true positive and false positive) in coronary MDCT

result in additional procedures for interventional/therapeutic

purposes.

4.1 Impact of coronary MDCT on
different patient populations

There have been widespread efforts to develop predictors of

probability for significant CAD according to previously

known patient characteristics.41–45 By combing data from a

series of angiography studies performed in the 1960s and the

1970s, Diamond and Forrester showed that simple clinical

observations of pain type, age, and gender were powerful pre-

dictors of the likelihood of CAD.41 Data from this work have

been combined with those published in the Coronary Artery

Surgery Study (CASS)45 in a pretest probability table (Table

13.2). Clinically, based on a comprehensive assessment, an

estimate of the probability of significant CAD for the

patient is made (pretest probability of having significant

CAD). Diagnostic tests should be chosen according to their

ability to revise the pretest probability significantly upwards 

(positive test result) or downwards (negative test result).

Using Bayesian probability revision the impact of coro-

nary MDCT on different patient populations can be 

studied.46 Bayes’ formula combines test characteristics (sen-

sitivity, specificity) and the pretest likelihood of disease in

the specific population in order to yield a new probability of

disease (Table 13.3).

Applying test characteristics of coronary MDCT (sensi-

tivity of 97% and a specificity of 92%) to a high-risk popula-

tion with a pretest probability of 73%, a positive test result

increases the probability by 24% to 99%. A negative test

result in the same patient would decrease the probability by

65% to 8%. By applying MDCT test characteristics to the

pretest probability of a 49-year-old male who presents with

Computed Tomographic Angiography for the Detection of Coronary Artery Stenoses 169
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atypical chest pain, the diagnostic value in a mid-risk popu-

lation at intermediate risk can be assessed. A pretest proba-

bility of significant CAD of 51% can be assumed according

to the Diamond/Forrester and CASS table. In this mid-risk

population, a positive MDCT result increases the probability

of a significant CAD by 42% to 93%, a negative MDCT

result decreases the probability of a significant CAD by 

48% to 3%.

Clearly, the diagnostic impact of MDCT imaging for the

detection of significant CAD is strongly dependent on the

prevalence of disease within a population. Thus, MDCT

would probably be most useful in an intermediate/low-risk

population. In those patients, not only the prevalence of

coronary calcification, a major contributor to false positive

findings, is lower, but in addition a high positive rather than

a high negative predictive value of MDCT would result in

significant changes in patient management, i.e. referral for

coronary angiography.

According to this risk stratification scheme, men and

women with atypical chest pain and women age 30–49 with

typical chest pain who have intermediate pretest probabili-

ties for significant CAD (26 to 72%) may be an attractive

target population for coronary MDCT, especially since the

prevalence of coronary calcification, a major contributor to

false positive findings, is relatively low in these patients,

potentially improving the specificity of CT. However, the

value of CT may be limited in these patients, also the risk of

radiation-exposure cannot be ignored in younger popula-

tions and the test characteristics of coronary CT are unknown

in this population.

4.2 Cost-effectiveness 
of cardiac MDCT

As with all economic goods and services, the provision of

health care consumes resources and resources available for

health care are limited in supply. Furthermore, health

resources are consumed in order to produce health benefits.

Therefore, any medical decision or policy decision that

entails the use of resources implicitly excludes those

resources from alternative possible uses. Cost-effectiveness

analysis provides a well-validated decision analytic tech-

nique that can be applied to assess the utility of available

resources and technologies in order to gain the most health

benefit.

From a decision analytic perspective, one has to consider

whether coronary MDCT for the detection of a significant

Computed Tomographic Angiography for the Detection of Coronary Artery Stenoses 171

Table 13.2 Pretest likelihood of CAD in symptomatic patients according to age and sex. Each value represents the 
percent with significant CAD on catheterization (Combined Diamond/Forrester and CASS data41,45). From Gibbons 
et al.92

Nonanginal chest pain Atypical angina Typical angina

Age (years) Men Women Men Women Men Women

30–39 4 2 34 12 76 26
40–49 13 3 51 22 87 55
50–59 20 7 65 31 93 73
60–69 27 14 72 51 94 86

Table 13.3 Summary of probability revision for different prevalence populations (risk populations). Pretest probability
according to Diamond/Forrester/ACC.41,45 Diagnostic test accuracy (sensitivity: 97%, specificity: 92%) is based on
pooled diagnostic accuracy from 64- slice MDCT studies as provided in Table 13.1.

Pretest probability Positive post-test probability Negative post-test probability
Population P(CAD+) P(CAD+/CTA+) P(CAD+/CTA-)

High-risk 0.93 0.99 0.28
High-risk 0.73 0.97 0.08
Intermediate risk 0.51 0.93 0.03
Low-risk 0.20 0.75 0.01
Low-risk 0.07 0.47 0.0
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coronary stenosis is cost effective as compared to ICE. 

A recent study showed that if a new test was meant to

replace a previously established test certain costs as well as

sensitivity and specificity criteria would need to be met.47 In

this study, if the cost accepted by society for a new test was

$50,000 per QALY and the test cost < $500 (which is cur-

rently less than the cost of a coronary MDCT including both

technical and professional charges) the test would have to

have a sensitivity and specificity of 99% to replace invasive

selective coronary angiography. The multitude of data that

is available in a patient population which is best suited for

coronary invasive selective coronary angiography demon-

strates that the test does not reach the sensitivity and speci-

ficity required even if the cost was lowered to < $500.

Therefore, it seems unreasonable from both a clinical and a

cost effective point of view that coronary MDCT will

replace ICA using current technology.

In a patient population with low probability of disease,

some sensitivity can be lost while maintaining a high specificity

and still allow the test to be cost effective.47 However, another

consideration is the test in this patient population is not in

direct competition with another test and, therefore, has the

potential to provide new patient management information

with much less strict criteria on cost, sensitivity, and specificity.

4.3 Potential clinical applications
of cardiac MDCT

4.3.1 Assessment of bypasses

There is growing evidence that coronary MDCT permits

assessment of coronary bypass graft occlusion and patency

with high diagnostic accuracy (approaching 100% to detect

bypass occlusion).48–52 From a clinical perspective, it is also

reasonable not only to assess the patency of the graft but also

the presence of coronary stenoses in the course of the bypass

graft or at the anastomotic site. In fact, due to smaller caliber

of these vessels, the presence of artifacts caused by metal clips,

and the often heavy coronary calcification, render limited

image quality. Recent data from Ropers et al. in 50 patients

with a total of 138 grafts indicate that all CABG were evalu-

able and were correctly classified as occluded or patent and

the sensitivity for stenosis detection in patent grafts was 100%

with a specificity of 94%.52 In this study, a per-patient basis,

classifying patients with at least one detected stenosis in a

graft, a distal runoff vessel, or a nongrafted artery or with at

least one unevaluable segment as ‘positive,’ MDCT yielded a

sensitivity of 97% and specificity of 86%.

4.3.2 Anomalous coronary arteries 

Anomalous coronary arteries are important differential

diagnoses in patients with suspected coronary disease, chest

pain, or syncope. So far, assessment has been related to ICA,

however, more detailed evaluation of anomalous coronary

arteries concerning their origin and course is limited. Due to

the 3-dimensional nature of the technique, studies indicate

that coronary MDCT permits accurate and straightforward

analysis of the coronary course.53,54 However, as opposed to

MRI, another imaging alternative for the assessment of

coronary anomalies, coronary MDCT requires radiation

and a contrast administration but provides high-resolution

datasets with fast image acquisition times.

4.3.3 Acute chest pain 

Early and accurate triage of patients presenting with acute

chest pain to the emergency department (ED) remains diffi-

cult because neither the chest pain history,55,56 a single set of

established biochemical markers for myocardial necrosis

(Troponin I, Troponin T, CK- MB),57,58 or initial 12-lead

electrocardiogram (ECG) alone or in combination identifies

a group of patients that can be safely discharged without

further diagnostic testing.59–61 Moreover, current strategies

fail to identify patients with a high probability of acute coro-

nary syndromes (ACS) who have myocardial ischemia but

no objective evidence for myocardial necrosis at ED presen-

tation. As a consequence, the threshold to admit chest pain

patients to the hospital remains low and >85% of these

patients are discharged after additional observation and test-

ing without a diagnosis of ACS.62,63 The admission and 

evaluation of these patients has enormous economic impli-

cations for the US health care system, estimated at an annual

cost of $8 billion.64 Despite this conservative practice, 2–8%

of patients who are discharged from the ED ultimately

develop an ACS within the next 30 days.55,67–69 Thus, there

is a clear need to improve the early triage of patients with

acute chest pain.

For the first time, there are now initial data showing

that noninvasive assessment of CAD by coronary MDCT

has excellent performance characteristics for excluding ACS

in subjects presenting with possible myocardial ischemia 

to the ED (NPV: 100%), and may be useful to improve 

early triage.70,71 In those two studies, coronary MDCT was

performed subsequent to the inconclusive work up in the

ED (nondiagnostic ECG changes and negative biomarkers)

and the MDCT images were evaluated for the presence of a
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significant coronary stenosis and/or plaque. None of the

subjects who achieved diagnostic image quality, and in

whom no significant coronary artery stenosis was detected,

developed ACS during index hospitalization and six month

follow-up. However, coronary MDCT was limited in a sig-

nificant portion of subjects because the exams remain incon-

clusive, as the presence of a significant stenosis cannot be

completely ruled out due to coronary calcification and/or

motion artifacts or the inability to assess the hemodynamic

significance of a detected stenosis. Both scenarios may

potentially lead to additional testing. Figure 13.5 demon-

strates the finding of a 48-year-old male patient with recent

onset of chest pain with a moderate to significant stenosis of

the right coronary artery.

4.3.4 Preoperative assessment 

Preoperative assessment prior to noncardiac surgery is another

potential application in which coronary MDCT may enhance

current standard of care. These patients typically are deemed

at low to intermediate risk, do not warrant an invasive proce-

dure, and receive a stress test either with or without imaging.

However, standard treadmill has a relative low diagnostic

accuracy for the detection of significant CAD (sensitivity and

specificity of 65–70% and 70–75%, respectively) which

improves to 80–90% sensitivity and specificity if pharmacolog-

ical myocardial perfusion SPECT imaging is performed.72

As shown, available data suggest that coronary MDCT 

may provide similar sensitivities with potentially higher

specificities and therefore may be an appealing alternative

for the evaluation of patients prior to noncardiac surgery.

Further research is necessary to determine the incremental

diagnostic value in this population, also considering side

effects of contrast-administration and radiation exposure.

4.3.5 Equivocal stress test 

Inconclusive or equivocal stress tests represent a limitation in

the management of patients with suspected CAD in current

clinical practice. While a normal stress test eliminates the

need for further imaging because the patient is at low risk for

subsequent cardiac events,73,74 there is the scenario of an

inconclusive or equivocal test in which a coronary CTA could

be potentially helpful. Diaphragm attenuation, breast attenu-

ation,75–77 and left bundle branch block78–80 can all lead to false

positive perfusion defects on nuclear medicine studies. 

A diagnostic test, characterized by a high negative predictive

value in order to eliminate the possibility of a significant 

coronary lesion, would represent an ideal follow-up.

4.4 Detection and
characterization of coronary
atherosclerotic plaque

The clinical impact of quantification of nonsignificant and

assessment of noncalcified plaque burden remains question-

able. Although some groups investigated the feasibility of 

16- and 64-slice MDCT to detect and quantify non-

significant CAD, analysis was limited to high-quality exams

in small cohorts.81–83 However, the potential value for risk

stratification is striking. There is evidence that the probability
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Figure 13.5 (A–C) A 48-year old male patient with recent onset of chest pain. (A) Selective invasive coronary angiogra-
phy demonstrates a proximal moderate to significant stenosis of the right coronary artery (RCA) (arrow). (B and C)
Contrast-enhanced MDCT reveals a concentric noncalcified plaque of the proximal RCA (arrows) in multiplanar recon-
struction (B) and in 3-dimensional volume rendered image (C).
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of experiencing an acute coronary event is directly propor-

tional to the total burden of coronary artery calcification

(CAC) as quantified by EBCT/MDCT84,85 and that CAC

scores correlate well with the total amount of atherosclerotic

burden.86,87 A very high calcium score has a high positive

predictive value for future hard cardiac events; a very low

CAC score nearly excludes the occurrence of events.

However, about 80% of the overall plaque burden has been

shown to be noncalcified88 and most investigators agree that

that portion of noncalcified plaque is related to plaque insta-

bility.89,90 In addition to CAC, MDCT provides the opportu-

nity to quantify noncalcified CAD, which may potentially be a

stronger predictor for cardiac events. Consequently, plaque

burden of calcified and non-calcified CAD as quantified by

MDCT may be established as a novel local biomarker for car-

diac risk. Quantification of the overall amount of non-calcified

CAD – comparable to CAC scores – may conceivably, in the

future, enable percentile-based risk stratification and subse-

quent better identification of patients at risk.91

Despite these encouraging concepts, feasibility data

available show little evidence that calcified and noncalcified

plaque quantification can be transferred into clinical prac-

tice soon. A recent study from Leber et al. in 19 subjects

showed that MDCT correctly detected 83% of noncalcified

plaque, 94% of mixed plaque, and 95% of calcified plaque as

compared to intravascular ultrasound (IVUS).82 However,

plaque volume measurement revealed an underestimation

of noncalcified and mixed plaque whereas calcified plaque

was systematically overestimated and, more importantly,

interobserver variability was 37%. Although these results

suggest that noninvasive plaque detection by MDCT is fea-

sible, a moderate concordance to IVUS and insufficient

reproducibility may encumber clinical use of plaque quantifi-

cation using current technology. Perhaps, a semi-quantitative

approach related to coronary segments in which non-calci-

fied and/or calcified plaque can be detected may facilitate

reliability and enable assessment of coronary plaque burden

not restricted to CAC. Further large-scale studies, similar to

initial CAC trails, are necessary to determine the longitudi-

nal association between the amounts of nonsignificant 

CAD – quantitatively or semiquantitatively – and hard 

cardiac outcomes.

5 FUTURE DIRECTIONS

In order to determine a technology’s clinical utility enor-

mous efforts need to be undertaken. The first step on a long

road is to assess feasibility demonstrating the accuracy and

reproducibility of a new technology. If general feasibility of

a technology is met, observational studies can conclude

whether the selected patient population and the clinical end

points are appropriate. In the majority of these observational

studies, a preliminary assessment of safety, cost, and cost

effectiveness can be performed, information that is critical

to rationalize costly randomized diagnostic trials as the final

step of the process. Only technology assessment at this level

permits recommendations by national and international

societies and would potentially justify reimbursement 

by third party payers in the context of evidenced-based 

medicine.

Applying these principles to the technology and clinical

application of coronary MDCT there are numerous 

studies that have demonstrated the high sensitivity and

specificity of both 16- and 64-slice MDCT for the detection

and quantification of coronary stenosis and initial experi-

ence for the detection and quantification of nonsignificant

CAD. Beyond feasibility assessment in single-center studies,

there has not been much effort to advance to observational

studies and define the population that will potentially bene-

fit of coronary MDCT. This may be related to a continuous

rapid technical improvement with the promotion of a new

scanner generation almost every year. In this context, 

obviously it has been the outmost difficulty to perform

large-scaled prospective trials which implement state of 

the art technology as the diagnostic intervention. Those

studies require a longer period of time to complete and

acquired results may not apply to technology on the market

by then.

Nevertheless, diagnostic accuracy of coronary MDCT is

excellent independent of scanner type if analysis is restricted

to assessable segments. Diagnostic accuracy of MDCT based

on all segments, the clinically relevant measure, increases

from EBCT to 4/8-, 16- to 64-slice MDCT, reflecting 

the improvement in scanner technology. However, proba-

bility revision on a patient-based analysis reveals that the

clinical utility may be limited in a population of high risk for

significant CAD.

There is now a window of opportunity to provide these

data and to potentially demonstrate that coronary MDCT

improves patient management in terms of diagnostic accu-

racy, clinical decision-making, and cost effectiveness.

Because this window might be narrow, these ambitious

goals may only be achieved in a major collaborative effort

between cardiologists, radiologists, and public health

researchers.
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14
Computed Tomographic Angiography of
Coronary Artery Anomalies

Phillip M. Young, Ronald S. Kuzo, and Thomas C. Gerber

Anomalies of the coronary vasculature have gained increasing

attention in recent years. The medical significance of anom-

alous coronary arteries lies in the risk of sudden cardiac death

in young, previously asymptomatic individuals, which is asso-

ciated with certain variants of such anomalies. Typically, coro-

nary anomalies are either recognized as incidental findings in

patients undergoing invasive, selective coronary angiography,

or are diagnosed at autopsy. Given the limited number of suit-

able diagnostic modalities, these uncommon but potentially

lethal conditions are rarely detected and probably frequently

under-recognized or incorrectly characterized in live patients.

However, modern multidetector row CT scanning

(MDCT), with ECG gating, allowing exquisite delineation

of cardiac and vascular anatomy, offers a widely available

method for accurately delineating incidentally discovered

coronary artery anomalies; it also has the ability to noninva-

sively investigate individuals with signs or symptoms, sug-

gesting the presence of coronary artery anomalies with the

potential to cause adverse cardiac events.

1 PREVALENCE OF
ANOMALOUS CORONARY
ARTERIES

Coronary artery anomalies have been described with a 

frequency of approximately 0.3% to 1.3% in angiographic

studies1,2 and approximately 0.3% to 0.5% in large autopsy

series.3,4 There is some overlap between variants of normal

coronary anatomy and true anomalies, and many “anomalies”

are of little clinical significance and have little potential for

causing adverse events.5,6 However, anomalous coronary

arteries have been implicated as the cause of sudden death in

5% to 35% of young athletes.7 Retrospective analysis of 

27 cases of sudden death associated with anomalous coronary

arteries demonstrated that 55% had no premonitory symp-

toms.8 Of those who had symptoms, the prior investigations,

including 12-lead ECG, stress ECG with maximal exercise,

and left ventricular wall motion and cardiac dimensions by 

two-dimensional echocardiography were all normal.

2 CLASSIFICATION AND
CLINICAL SIGNIFICANCE 
OF CORONARY ARTERY
ANOMALIES

Angelini5 has suggested classifying coronary anomalies into

three categories: abnormalities of the coronary ostia, abnor-

malities of the coronary stems, and abnormalities in the 

terminus of the artery.

2.1 Abnormalities of coronary ostia

Typically, there are 2 coronary ostia (right and left) located

centrally in the right and left coronary sinus of 
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Valsalva, respectively. However, as many as 3 or 4 coronary

ostia, including separate origins of the circumflex and left

anterior descending arteries, or a separate origin of the

conus branch, are considered normal variants without clinical

significance.

Although anomalies of caliber or morphology of the

coronary ostia can be hemodynamically significant, premorbid

anatomic delineation of these anomalies is quite difficult.

Yet, ostial abnormalities, particularly the concept of the 

“slit-like orifice”, may play an important role in the patho-

physiology of sudden death in patients with abnormal coro-

nary stems, as will be discussed later. The coronary ostium

is usually at least equal in size to the caliber of the proximal

portion of the coronary artery. Normally, the ostium is

located within 1 cm cranial to the aortic valve plane. Origin

of a coronary artery above this level is usually not clinically

important, but knowledge that such a variation is present

may help anticipate the degree of difficulty of catheter-

based invasive procedures or avoid problems or errors

during cardiac and thoracic surgery. Rarely, a coronary

artery may arise from the pulmonary artery. Although pul-

monary arterial origin of the right coronary artery (RCA),

left anterior descending artery (LAD), and left circumflex

coronary artery (LCX) have been described, they are

extremely rare and usually not clinically significant. The

condition of anomalous left coronary artery from the 

pulmonary artery (ALCAPA), also known as Bland-White-

Garland syndrome, is slightly more common and will be

discussed in the section on coronary anomalies with shunt

physiology.

2.2 Abnormalities of the 
coronary stem

Although rare in absolute terms, anomalous path of the

coronary artery stem presents a much more common clini-

cal dilemma. The most frequently encountered anomaly of

clinical significance involves abnormal origin from the con-

tralateral coronary sinus (e.g., LCA originating from the

right coronary sinus of Valsalva or RCA originating from

the left coronary sinus). In traveling to its perfusion terri-

tory, the artery must course either posteriorly to the aorta

(retroaortic), anteriorly to the pulmonary outflow tract (pre-

pulmonic), between the main pulmonary artery and the

aorta (interarterial), or through the interventricular septum.

The risk of adverse events is highest in anomalous arter-

ies that take an interarterial course. The proposed mecha-

nism of pathology is compression of the artery between the

adjacent great vessels, which is most likely to occur during

vigorous exercise. Although based on skewed patient popu-

lations from multiple sources, the mortality rate for patients

with these anomalies has been estimated at 30%.9 This risk

of adverse outcomes has resulted in the designations of

“malignant coronary artery anomaly” for those with an

interarterial course, versus “benign coronary artery anomaly”

for those with prepulmonic and retroaortic courses.

Some authors propose that tortuosity or angulation of the

vessel with respect to the aorta can have adverse hemody-

namic consequences.10–12 It has been suggested at necropsy

that angulation of the vessel with respect to the aorta can

cause a valve-like “ridge” in the ostium which is accentuated

with dilatation of the aortic root while the coronary stem is

fixed in place (Figure 14.1). Virmani et al.12 suggested that

even arteries with normally located ostia may be at risk of

sudden cardiac death if the angle of the artery with respect to

the aorta is less than 45 degrees. Kragel and Roberts, in a

series of 32 necropsy cases, could not establish statistical 
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Figure 14.1 Mechanisms of compression of anomalous
coronary arteries. Example of a coronary artery originating
at an acute angle from the aorta show in diastole (top). The
narrow, slit-like orifice may be compressed (arrow) as the
aorta expands in systole (bottom). With permission from:
Cheitlin MD, DeCastro CM, McAllister HA. Sudden death
as a complication of anomalous left coronary origin from
the anterior sinus of Valsalva: a not-so-minor congenital
anomaly. Circulation 1974; 50: 780–7.
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significance of a slit-like shape of the ostium, but did note an

association between clinical outcome and dominance or non-

dominance of the anomalous artery. It has been noted on

pathologic investigation as well as intravascular ultrasound

that some arteries take a path that actually travels through

the wall of the aorta, causing variable degrees of compression

(Figure 14.2).9

The clinical significance of a septal course is not entirely

clear, but at least 1 case of near-complete occlusion of the

abnormal coronary artery was documented during systole

by angiography.14 This has also been noted in at least one

reported case on CT.15

2.3 Myocardial bridging

In myocardial bridging, an epicardial segment of a coronary

artery tunnels through a portion of myocardium. Typically

this abnormality involves the middle segment of the LAD,

and generally has an excellent prognosis.16–20 Although con-

ventional angiography may confirm as much as 50% lumi-

nal narrowing of the affected artery during systole, most

coronary blood flow normally occurs in diastole and the

anomaly rarely has hemodynamic significance. Interestingly,

the tunneled arterial segment frequently demonstrates 

sparing of atherosclerotic plaque.16

Juilliere et al.17 followed 61 patients with myocardial

bridges detected on coronary angiography for a mean of 

11 years. None of the patients developed a myocardial

infarction, and adverse outcomes were not seen to correlate

with the degree of systolic compression. Although myocar-

dial bridging is typically a benign anomaly, the diminished

caliber could affect myocardial reserve if there is infarction

in another vascular distribution, and this may play a role in

selected cases of multivessel disease.21

Rare clinical sequelae have been reported, usually 

secondary to compression and ischemia.19–21 The risk of

hemodynamic compromise in these cases is probably related

to the length, depth, and location of the intramyocardial 

segment, as well as the amount of coronary reserve.

2.4 Abnormalities of termination

Abnormalities of termination include coronary artery fistu-

lae and coronary arteriovenous malformations (AVMs),

both of which pose quite rare but potentially important

problems which are increasingly well-visualized with CT.

The distinction between fistulae and AVMs in the literature

is blurry, and the terms are sometimes used interchangeably.

Coronary artery fistulae have been described in up to 0.5%

of coronary angiograms, but are the most common indication

for repair of a coronary anomaly.22

Most fistulae are small, and the shunt volume is not suf-

ficient to cause symptoms. In one review of 51 Dutch 

adult patients with isolated coronary artery fistulae, 13 had

symptoms of angina pectoris without angiographic evidence

of significant atherosclerotic disease, and 7 had evidence 

for ischemia on stress testing. The 5-year cardiac mortality

was 4%, in a population in which the mean age at catheter-

ization was 60.3 years.23

Coronary arterial steal phenomenon has been described,

which may lead to myocardial ischemia but only rarely to

infarction.24 Increasing left-to-right shunt may occur and

may eventually cause elevation of pulmonary artery and

right ventricular pressures. Generally, symptoms from such

coronary shunts do not arise until adulthood, and early 

surgical repair and catheter-based coil embolization in the
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Figure 14.2 Various forms of coronary artery origin from
the aorta. Top, Normal origin at nearly right angle. Middle,
origin at acute angle. Bottom, intramural course of the very
proximal portion of a coronary artery. With permission
from: Angelini P. Normal and anomalous coronary arteries:
definitions and classification. American Heart Journal
1989; 117: 418–34.
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pediatric population remain controversial. Some authors

favor early intervention to prevent potential complica-

tions.25–27 However, others note a large preponderance of

small, hemodynamically insignificant fistulae in the adult

population, for which surgery or catheter-based therapy is

not warranted.28 Currently, the consensus statement from

the American Heart Association considers coronary fistulae

a Class II indication (coil occlusion may be appropriate) for

intervention in the pediatric population.29

2.5 Acquired coronary anomalies:
coronary aneurysms

Coronary artery aneurysms are defined as dilation of the

artery to 1.5 times the diameter of the largest “normal” por-

tion of the artery in the adjacent segment or the diameter of

the patient’s largest coronary artery.

Coronary artery aneurysms are uncommon, with an

incidence of 1.4% in an autopsy study of 694 patients30 and

an incidence of 4.9% on angiography in the Coronary

Artery Surgery Study (CASS) registry.31 It should be noted

that CASS was a retrospective study that relied on angiog-

raphy performed at multiple centers, and review of images

by the authors led them to believe that aneurysms were

overdiagnosed in the study population.

The main etiology of coronary artery aneurysms is ath-

erosclerosis. This probably accounts for the slight male pre-

ponderance of coronary aneurysms.32 Inflammatory

disorders such as Kawasaki disease, endocarditis, connective

tissue disorders such as Marfan’s Syndrome, and iatrogenic

causes (complications of angioplasty and prior cardiac sur-

gery) are also important causes. Congenital aneurysms have

also been described. In a review of the literature from 1963,

52% of coronary artery aneurysms were caused by athero-

sclerosis, 17% were congenital, and 11% mycotic.30

Coronary fistulae may cause significant aneurysmal dilata-

tion of the involved coronaries, with one transesophageal

echocardiographic study measuring an average coronary

diameter of 7.1 mm.33 However, the etiology varies with

geographic location, with Kawasaki’s disease being more

common in East Asian populations.34

Because of the low prevalence of coronary artery

aneurysms, the prognostic implications of their presence 

are not well understood. In CASS, the authors found no 

significant difference in 5-year mortality between patients

with and without aneurysmal disease who were matched 

for the degree of atherosclerotic luminal narrowing. 

The degree of ectasia likely affects the prognosis, and 

some authors consider “giant coronary artery aneurysms,”

implying severe ectasia (on the order of 20 mm diameter or

greater), to be a distinct entity.34 However, there are no

established criteria for what constitutes a giant coronary

artery aneurysm. Giant aneurysms are probably at higher

risk of serious complication, including rupture, thrombosis,

and distal embolization, but their natural history is not well

understood.

3 CT ANGIOGRAPHY OF
CORONARY ARTERY
ANOMALIES

Along with cardiac magnetic resonance (CMR), coronary

computed tomographic angiography (CCTA) is indicated

for the investigation of coronary artery anomalies because of

its potential to noninvasively delineate anomalous anatomy

and help in planning potential management.35 Currently,

the most frequent reason to use CCTA in this setting is to

delineate the proximal course of coronary arteries with anom-

alous origins. The indirect, two-dimensional projectional

nature of invasive, catheter-based angiography can make this

a difficult task. A number of studies have shown that, in con-

trast to CCTA, invasive angiography could only in 31–55% of

cases delineate the course of anomalous arteries, and CCTA

in each study was felt to be more accurate.36–42

In addition to characterizing the origin of the anomalous

vessel and its path relative to the aorta and pulmonary

artery, it is also important to note the relationship of the

vessel to the aortic wall and the overall coronary dominance

pattern. Careful analysis of the proximal anomalous coro-

nary artery with respect to the aortic wall, including tortuos-

ity, angulation, and mural tunneling, as well as the overall

coronary dominance pattern, can provide useful prognostic

information and may help in presurgical planning.

3.1 Right coronary artery arising
from the left coronary cusp, left
main coronary artery, or left
anterior descending artery

RCAs originating from the left coronary sinus most fre-

quently course interarterially. To date, 70 such cases have been

described on MDCT or electron beam computed tomography

(EBCT)15,36–55 (Figure 14.3). All but 2 of these cases demon-

strated an interarterial course of the anomalous artery. In one
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case, cine loop reconstruction demonstrated 35% diameter

reduction in the RCA during systole, correlating with evi-

dence of inferior wall ischemia on dobutamine stress

echocardiography.55

In three of these cases, conventional angiography had

previously misinterpreted the course of the arteries as

“benign.”39–41 One case has been described in which the

RCA arose from the left coronary cusp, and the course was

implied to be benign but not specificied.49 Another case has

been described of the RCA arising from the noncoronary

sinus, with a tortuous but benign course posterior to the

aorta.38 In 1 case, the RCA was not detected during emer-

gent invasive angiography, and CT was successfully used to

evaluate for the presence of an anomalous artery.51 A single

case has been described of origin of the RCA from the LAD

in the setting of tetralogy of Fallot.52

3.2 Left main coronary artery
arising from the right coronary
cusp, right coronary artery, or
sharing a common origin with the
right coronary artery

The course of an anomalous left main coronary artery aris-

ing from the right coronary sinus, from the RCA, or sharing

a common origin with the RCA, is variable. Fifty-one cases

of this anomaly have been described on MDCT or EBCT,

with 29 taking an interarterial course or having a branch

with an interarterial component (Figure 14.4). Of the

remainder, 6 followed a septal course, 9 followed a retroaor-

tic course, and 7 followed a purely prepulmonic

course.14,36–38,40–42,46,49–50,53–61 An example of a left coronary

artery arising from the RCA with a retroaortic proximal

course is shown in Figure 14.5.

In one series of 10 cases, 3 were misinterpreted on inva-

sive angiography blinded to CT results. Two cases which

had been thought to have an interarterial course were

shown to have a benign retroaortic course on CT, while

another case that had been thought to have a benign 

course was upgraded when CT demonstrated interarterial

course of the LCA.42 Two cases have been described in

which the left anterior descending and circumflex arteries

arose from separate ostia in the right coronary sinus. In one

case, both arteries took a benign course.40 In the other, 

the LAD took a prepulmonic course but gave off a 

septal branch which traveled an interarterial course. The

circumflex coronary artery took a retroaortic course.60

Similarly, another early case report demonstrated a single

coronary artery arising from the right sinus of Valsalva.

MDCT clearly demonstrated that the LAD took a 

prepulmonic course and the LCX took a retroaortic course

(Figure 14.6).61

Computed Tomographic Angiography of Coronary Artery Anomalies 183

rca

RCA

Ao

RVOT

LA
LCA

BA

Figure 14.3 Interarterial course of an anomalous right coronary artery (RCA). Schematic (left) and maximum intensity pro-
jection image (right) oriented approximately in the horizontal plane demonstrate the RCA arising from the left sinus of
Valsalva and traveling between the aorta (Ao) and the right ventricular outflow tract (RVOT) and pulmonary artery to its per-
fusion territory. LA, left atrium; LCA, left coronary artery. Left panel with permission from: Bunce NH et al. Coronary artery
anomalies: Assessment with free-breathing three-dimensional coronary MR angiography. Radiology 2003; 227: 201–8.
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3.4 Left circumflex coronary
artery arising separately from the
right coronary cusp or right
coronary artery

The left circumflex may arise separately from the LAD, 

or may originate from the right coronary cusp or RCA

(Figure 14.7). This anomaly is invariably benign and no

cases of this anomaly presenting with an interarterial course

have ever been described in the CT or angiographic litera-

ture. Fifty-one cases of this anomaly have so far been

described on MDCT or EBCT.36,38–42,53–54,62–63 All cases 

of the anomalous right-sided origin of the circumflex 

artery, whether arising from the coronary sinus or the right
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Figure 14.4 Interarterial course of an anomalous left coronary artery (LCA). Schematic (left) and maximum intensity pro-
jection image (right) demonstrate origin of the left main coronary artery from the right sinus of Valsalva and traveling an
interarterial path, partly through the septum, to its perfusion territory. Small branches course anteriorly to supply the left
anterior descending (LAD) territory, while the circumflex (LCX) is quite robust and tortuous. RA, right atrium; RCA, right
coronary artery; Ao, aorta; LA, left atrium. Left panel with permission from: Bunce NH et al. Coronary artery anomalies:
Assessment with free-breathing three-dimensional coronary MR angiography. Radiology 2003; 227: 201–8.
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Figure 14.5 Retroaortic course of an anomalous left coronary artery (LCA). Schematic (left) and maximum intensity pro-
jection image (right) oriented approximately in the horizontal plane demonstrate a single coronary artery arising from the
right sinus of Valsalva, with the LCA coursing posterior to the aorta (Ao) to its perfusion territories. LA, left atrium; LAD, left
anterior descending artery; LCX, circumflex coronary artery; RCA, right coronary artery. Left panel with permission from:
Bunce NH et al. Coronary artery anomalies: Assessment with free-breathing three-dimensional coronary MR angiography.
Radiology 2003; 227: 201–8.
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Figure 14.6 Single coronary artery originating from the right sinus of Valsalva. Volume rendering demonstrates the left
anterior descending artery (LAD) coursing in front of the pulmonary artery (PA). The left circumflex coronary artery (LCX)
courses behind the aorta. RV, right ventricle; LV, left ventricle; AO, aorta; LA, left atrium; RA, right atrium; RCA, right coro-
nary artery. With permission from: Deibler AR et al. Imaging of congenital coronary anomalies with multislice computed
tomography. Mayo Clinic Proceedings 2004; 79(80): 1017–23.
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Figure 14.7 Retroaortic course of an anomalous circumflex coronary artery (LCX). Schematic (A) and maximum inten-
sity projection image (B) oriented approximately in the horizontal plane demonstrate the circumflex coronary artery aris-
ing from the proximal portion of the right coronary artery (RCA), and coursing posterior to the aorta (Ao) to its perfusion
territory. The left anterior descending artery (LAD) has a separate, normal origin in the left sinus of Valsalva. LA, left atrium;
RVOT, right ventricular outflow tract. Left panel with permission from: Bunce NH et al. Coronary artery anomalies:
Anomalies with free-breathing three-dimensional coronary MR angiography. Radiology 2003; 227: 201–8.
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coronary artery, traveled a retroaortic path to their perfu-

sion territory.

3.5 Left anterior descending
artery arising from the right
coronary sinus or right coronary
artery

Eleven cases of the left anterior descending artery arising from

the right coronary sinus have been reported on CT.40–42,54,60,62

In a series of 3 patients, 1 patient demonstrated an interarter-

ial course and 2 demonstrated a septal course.60 In the other 

8 cases, the artery took a prepulmonic course to the anterior

wall of the left ventricle. One case has been reported in which

the LAD was duplicated (the anomalous prepulmonic LAD

coexisted with a diminutive native LAD arising from the

LCA along with a robust ramus intermedius).54

3.6 Myocardial bridging

Intramyocardial course of the LAD is frequently seen on

CT (Figure 14.8). In analysis of 118 consecutive patients,

30.5% had some degree of myocardial bridging.64 In this

study, 55% of the patients with muscular bridges had no 

evidence of coronary atherosclerosis, and only 22% had 

evidence of stenosis greater than 50%. Half of the patients

referred were asymptomatic and scanned because of 

coronary risk factors; of the remainder, 27% had known

coronary disease and 22% had chest pain and equivocal

results on prior tests.

The first case report on CT described a patient with

atypical chest pain who had this anomaly incidentally

detected, and the patient was managed conservatively.65

Another interesting case series described 3 patients who

were imaged for atypical chest pain who demonstrated con-

comitant bridging in both the LAD and RCA territories.66

It is likely that increasing use of CT and CMR for cardiac

imaging will increase the number of patients found to have

this typically benign condition.

3.7 Coronary artery anomalies
with shunt physiology

A few case reports have described CT findings of anomalous

termination of coronary arteries with shunt physiology. 

In one series, 4 cases of fistulae connecting a coronary 

artery (2 LAD, 1 LCA, and 1 RCA) to a pulmonary 

artery and 1 fistula from the circumflex to the right atrium

were all clearly defined.42 Another report illustrated a

patient with a suspected coronary artery fistula who

declined conventional angiography. CT demonstrated 

a single coronary artery arising from the left coronary 

sinus. After giving off the LAD and circumflex arteries, the

artery coursed caudad in the right atrioventricular 

groove and terminated in the basal surface of the right 

ventricle.67 Although CT does not yet offer the opportunity

to quantify flow and shunt physiology, as does angiography

or CMR, CT may be a helpful investigative tool if, as in 

this case, angiography is contraindicated or declined by a

patient.

There may also be a complementary role in characteriz-

ing the anatomy of certain cases Datta et al.49 described a

case of fistula between the circumflex artery and great car-

diac vein in which the anatomy of the fistula was difficult to

ascertain during angiography due to the high flow state. CT

clearly identified the origin and termination of the 

fistula, as well as the tortuous vessels. CT can clearly

demonstrate the relationship of the fistula to adjacent struc-

tures and may be used to demonstrate associated abnormal-

ities not otherwise evident. Yoshimura et al.68 described 

2 cases of RCA-LV fistula, 1 case of RCA-RV fistula, and 1

case of LCA-RV fistula. In all cases the drainage pattern

was clearly delineated, and in 1 case cine reconstructions

demonstrated focal decrease in wall motion at the fistula

drainage site in the RV.

Anomalous origin of the LCA from the pulmonary

artery (Bland-White-Garland syndrome) is a rare coronary

artery anomaly that usually presents with left-to-right shunt

physiology. Eight cases of this anomaly have been described

on CT.68–72 Many of these patients become symptomatic

during childhood, but incidental discovery in adults has

been described. CT imaging of these anomalies can be quite

striking, and demonstrates coronaries which are dilated and

tortuous due to increased flow (Figure 14.9).

In all cases of cardiac anomalies with a potential for

shunt physiology, careful attention should be paid to sec-

ondary signs of pulmonary hypertension and right heart

strain, including morphologic enlargement of the right ven-

tricle and right atrium, enlargement of the central pul-

monary arteries, paradoxical bowing of the interventricular

septum, and reflux of contrast into the inferior vena 

cava and hepatic veins. Such information can provide valu-

able clues to the physiologic significance of the anatomical

findings.
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3.8 CTA of acquired coronary
anomalies

Coronary artery aneurysms are often characterized on CT

as markedly dilated and tortuous vessels, which may have

areas of luminal thrombus and/or calcification, as well as

mural thickening. Aneurysms may be short, elongated, or

even fusiform. Some authors have attributed high attenua-

tion plaque (70–90 Hounsfield units) to mural fibrosis.73

Calcification may cause significant blooming artifact and

limit evaluation of the vessel lumen. However, CT often can

be useful in evaluating areas of stenosis, thrombosis, positive

remodeling, and presence of developed collateral vessels. An

example of a symptomatic coronary aneurysm of obscure

etiology in a young woman is shown in Figure 14.10.

CT imaging of aneurysms associated with Kawasaki

disease presents some unique challenges to CT, including

small size of the coronary arteries, relatively high heart
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Figure 14.8 Myocardial bridge. Multiplanar reformations (A) and schematics (B). Top panel, an approximate short axis
view shows an intramyocardial position of the left anterior descending artery (arrow, LAD) traveling deep into the anterior
interventricular sulcus and disappearing into the right ventricular trabeculae. Asterisk, interventricular septum. A reforma-
tion which follows the course of the LAD (bottom panel) shows the short intramyocardial segment (arrow). RV, right ven-
tricle. With permission from: Konen E et al. The prevalence and anatomical patterns of intramuscular coronary arteries: a
coronary computed tomography angiographic study. Journal of the American College of Cardiology 2007; 49(5): 587–93.
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rates, reduced compliance with breath-holding in young

children, and risks of radiation to a generally young patient

population. However, in certain cases CT may provide a

useful noninvasive adjunct to echocardiography, and diag-

nostic quality images have been obtained in patients as

young as 7 years old.74

3.9 Associations of anomalous
coronary arteries with other
pathology

Attention to the origin of the coronary arteries during inves-

tigations performed for other indications may also provide

useful information.75 Anomalous origins of the right and cir-

cumflex coronary arteries have been noted in association

with anomalies of the aortic root, and particularly bicuspid

aortic valves; preoperative detection of such anatomy may

help the surgeon to avoid injury to these vessels during car-

diac surgery.13,76–78 Case reports have described postoperative

compression of anomalous arteries by bioprosthetic valve

rings,79–81 and preoperative awareness of coronary anomalies

may help in surgical planning or postoperative evaluation.

4 POTENTIAL PITFALLS IN 
CT IMAGING OF CORONARY
ANOMALIES

Caution must be used when interpreting scans not optimized

for evaluation of the heart and coronary arteries (e.g., CT

pulmonary angiography performed to evaluate for pul-

monary emboli). Motion artifact on scans performed without

ECG-gating can mimic anomalous coronary arteries with an

interarterial course (Figure 14.11) in as many as 6–20% of

patients, with some of this variation related to the number of

detectors and the temporal resolution of the CT images.82,83

5 HOW AND WHEN TO MAKE
THE DIAGNOSIS OF A
CONGENITAL CORONARY
ANOMALY

In addition to conventional angiography, other techniques,

including echocardiography, intravascular ultrasound,

and CMR, have been used to evaluate coronary artery 
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Figure 14.9 Anomalous left coronary artery arising from
the pulmonary artery (PA), also known as Bland-White-
Garland syndrome. The volume-rendered image demon-
strates dilatation and tortuosity of the left anterior
descending artery (LAD), first and second diagonal
branches (D1, D2), and right coronary artery (RCA), along
with extensive collateral vessel formation, indicative of
shunt pathology. The anomalous origin of the left coronary
artery is not well seen. Ao, aorta. Image courtesy of 
Dr. Eric E Williamson, Mayo Clinic, Rochester.
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Figure 14.10 Coronary artery aneurysm (arrows) of the
mid portion of the left anterior descending artery (LAD).
Multiplanar reformation following the course of the LAD.
The aneurysm is filled with thrombus. Partial calcification of
the thrombus (asterisk) suggests chronicity. The LAD is
occluded at the level of the aneurysm (open arrows) but
the distal portion (arrowhead) is filled via ipsicollaterals. LV,
left ventricle.

9781841846255-Ch-14  10/12/07  5:10 PM  Page 188



anomalies.84–87 CT has distinct advantages when compared

with these techniques, including wide availability and the

brief duration of the scan. Disadvantages include the need

for iodinated contrast agents (with potential nephrotoxicity

and allergic reactions) and the radiation dose. This last dis-

advantage, in particular, might lead the physician to con-

sider CMR as the first-line noninvasive diagnostic tool in

young patients in whom coronary or cardiac anomalies are

suspected. Although CT often delineates the mid and distal

segments of the coronary arteries more clearly than CMR,

the important clinical consequences of most coronary artery

anomalies result from abnormalities in the proximal course

of the arterial stem and can be well characterized on CMR.

Given the exquisite anatomic detail that CT can

quickly and noninvasively provide, the question arises

when to initiate a CT workup for coronary artery anom-

alies. Although few clinical indications are defined, a mul-

tidisciplinary task force spearheaded by the American

College of Cardiology Foundation considers CCTA

appropriate for the investigation of known or suspected

coronary anomalies.35 CCTA is particularly useful if the

proximal course is unclear, as in anomalies in which there

is variability in course (e.g., origin of the LCA or LAD

from the right coronary sinus), or in which the course is

typically (but not always) malignant (e.g., RCA arising

from the left coronary sinus).

The role of CT coronary angiography in noninvasively

screening individuals is less clear. A trial of screening 3,650

young athletes (mean age 30) with transthoracic echocardio-

graphy revealed only 3 (0.09%) in whom anomalous 

coronary arteries were suspected and confirmed on selective

angiography.88 Such a low-yield rate suggests a need for 

criteria to identify asymptomatic individuals who should

undergo further investigation, particularly when using a

relatively costly technique with a high radiation dose. 

The American Heart Association has published a set of 

recommendations for pre-participation screening of high

school and college athletes.89 This list includes items from

personal history, family history, and physical examination; 

it does not make recommendations regarding specific 

methods of investigation. It is important to remember that

there can be substantial legal implications both for failing to

identify individuals who may be at risk of sudden cardiac

death on the one hand, and to groundlessly barring athletes

from a fulfilling and potentially lucrative career on the

other.90

Screening techniques are typically employed for diseases 

1. which have significant morbidity and/or mortality

2. can be detected in the premorbid state, and

3. for which therapeutic intervention may prevent adverse

events.

In addition, the benefits of the screening procedure

should outweigh the risks, and the procedure should be 

sufficiently cost effective to justify screening of a defined

population. Given the rarity of clinically significant 

anomalies, potential cost, and radiation dose, screening 

for coronary anomalies by CT appears unreasonable, 

especially in a population as poorly defined as “young 

athletes.”

CT imaging, however, may be useful for confirming a

diagnosis in selected symptomatic individuals with a high

pre-test probability of a congenital coronary anomaly. Such

individuals might include young athletes who experience

otherwise unexplained anginal chest pain, syncope, or 

cardiac arrest during exercise, or individuals with a family

history of sudden cardiac death.

Although the indications for the evaluation for 

congenital coronary anomalies will no doubt evolve, the

availability of MDCT and its established utility for noninva-

sively detecting and characterizing such anomalies 

should make this an accepted first- or second-line method

for the investigation of this rare but potentially lethal 

condition.
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Ao

LA

RVOT

Figure 14.11 Motion artifact simulating an interarterial
course of the right coronary artery (arrow). The transaxial
source image from a nongated computed tomographic pul-
monary angiogram study performed for chest pain in the
emergency department shows a tubular opacity between
the right ventricular outflow tract (RVOT) and the ascend-
ing aorta (Ao). The patient underwent further investigation
with transesophageal echocardiography, which demon-
strated normal origin of the coronary arteries. LA, left
atrium.
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15
Noninvasive Evaluation of Coronary
Artery Bypass Grafts with Multislice
Computed Tomography

Christof Burgstahler, Anja Reimann, Harald Brodoefel, Martin Heuschmid, 
Andreas F. Kopp, and Stephen Schroeder

1 INTRODUCTION

Coronary artery bypass graft (CABG) surgery is usually 

performed in patients with advanced coronary artery 

disease (CAD). Recurrence of angina pectoris in these

patients is a common problem, and early graft occlusion is

described in up to 23% of all patients,1 with a large number

of patients developing angina pectoris within the initial

three months. Surgical revascularization is done usually

with either arterial or venous grafts or the combination 

of both. Arterial grafts (left or right internal mammarian

artery or free arterial grafts) are preferable as they have 

a higher graft patency rate than venous grafts in short- 

and mid-time follow-up.2 Five years after coronary 

artery bypass surgery approximately 90% of arterial 

grafts are patent, in contrast to 80% of venous grafts. The

gold standard for direct visualization of coronary artery ves-

sels is invasive X-ray coronary angiography. However, due

to its invasive character and possible complications, there is

a need for non-invasive tools to assess coronary artery bypass

vessels.

Former CT scanners were not able to provide sufficient

spatial and temporal resolution to visualize coronary arter-

ies and coronary bypass grafts. Since 1999, multislice com-

puted tomography (MSCT) scanners are available, allowing

the visualization and assessment of coronary arteries with

good overall image quality.

2 TECHNICAL REQUIREMENTS

Noninvasive imaging of coronary vessels is complicated by

several factors. First, coronary vessels are characterized by a

rapid and complex motion during the heart cycle.

Depending on the coronary artery, velocity ranges between

20 mm/sec and 110 mm/sec, with the highest velocity for the

right coronary artery.3 Thus, high temporal resolution is

essential for coronary imaging. Second, the coronary arter-

ies are small structures with an average diameter of approx-

imately 4–5 mm of the proximal parts,4 thus demanding a

high spatial resolution.

The first CT scanners to provide high spatial resolution

were electron beam computed tomography scanners,

enabling the physician to image the heart and the coronary

arteries noninvasively. In 1999, with the introduction 

of MSCT scanners with 4 slices and a gantry rotation 

time of 500 ms, a second type of CT scanner was available

for noninvasive cardiac imaging. Over the last several 

years, EBCT has become less important due to the rapid

technical improvement of MSCT and the relatively low 
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spatial resolution of EBCT. Today, noninvasive coronary

imaging is the domain of multislice computed tomography.

3 BYPASS IMAGING WITH
EBCT

Electron beam computed tomography is a cross-sectional

imaging method originally designed to detect and quantify

coronary calcifications. In contrast to multislice computed

tomography, which is characterized by the rotation of the 

X-ray tube, EBCT is a stationary gun running at a constant

tube current of 625 mAs and a tube voltage of 130 kV. The

generated electron beam is deflected and focused on one of

several target rings, then reflected towards one of two 

detector rings located on the opposite site. Due to the con-

stant tube current an individual dose adaptation (e.g., in

obese patients) is not possible. This might hamper the 

diagnostic accuracy of EBCT due to a reduction of image

quality. While coronary calcium scoring is performed 

on native scans, the application of contrast media is 

necessary to visualize coronary arteries and coronary 

bypass grafts in both modalities, EBCT and MSCT.

3.1 Detection of coronary bypass
graft occlusion and stenosis with
EBCT

In 1997, Achenbach5 published a study evaluating 56 bypass

grafts by EBCT. The results were compared to invasive

angiography. Two bypass grafts were not assessable by

EBCT. Of the remaining 54 bypass graft vessels 

13 grafts were occluded and all of them were correctly 

classified by EBCT (sensitivity and specificity 100%). In 36

of 43 patent grafts the evaluation of hemodynamically 

relevant stenosis was possible (sensitivity, 100%; specificity,

97%).5 Besides breathing artifacts, the misplacement 

of the imaging volume was the main reason for non- 

diagnostic images.

4 CORONARY ARTERY BYPASS
GRAFTS VISUALIZATION WITH
MSCT

The assessment of coronary artery bypass graft patency

using computed tomography was already described in 1981

with a single row scanner.6 Even with this timeworn 

scanner type graft patency was assessable correctly in 79 of

100 grafts.

Today multi-slice computer tomography scanners with

at least 16 to 64 rows are used in clinical routine. Dedicated

algorithms for postprocessing the acquired raw data (multi-

planar reformation, maximum intensity projection, 

3-dimensonal volume rendering) have been developed to

ease the evaluation coronary arteries and coronary bypass

grafts (Figures 15.1 and 15.2).

Non invasive imaging of coronary artery bypass grafts by

modern MSCT scanners enables graft patency and stenosis to

be detected with high sensitivity and specificity. Four-row

scanners already detect or rule out the obstruction of grafts

with high overall accuracy. In a pilot study, we evaluated 

14 venous and 7 arterial grafts with MSCT in comparison 

to invasive angiography. The sensitivity and specificity 

for the detection of graft stenosis was 86% and 100%, 

respectively. However, 2 of 21 grafts could not be evaluated

by MSCT.7 Ropers et al.8 reported on a series of 65 patients,

in which MSCT showed a sensitivity of 97% and a 

specificity of 98% for detection of graft obstruction. These

promising results were demonstrated by the success of 

visualization in larger vessels, and by the low number of calci-

fications in coronary artery bypass grafts. The initial data were
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Figure 15.1 Axial slice demonstrating the contrast-
enhanced ascending aorta and two venous bypass grafts
(origin of one bypass marked with the arrow). This image
might be used for diagnostic purposes and represent the
basis for further views generated by special post processing
software tools. The calcification of the descending aorta
(gray arrow) is an additional finding.
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confirmed in future studies with 16-slice scanners in larger

patient cohorts. Besides graft patency, improvement of the

spatial and temporal resolution allowed evaluation of large

lesions in arterial or venous bypass grafts. Martuscelli et al.9

enrolled 93 patients with previous coronary artery bypass graft

surgery in their study. In contrast to the above mentioned

studies, lesions of more than 50% diameter stenosis were

included in the analysis. A total of 285 grafts were evaluated

and in 84 of 93 patients all grafts were of diagnostic image

quality. Among these 84 patients, MSCT correctly diagnosed

54 occluded grafts and 4 significant stenoses within the bypass

body and 15 of 17 significant lesions of the anastomotic region

were correctly diagnosed. For the 84 patients, diagnostic accu-

racy of MSCT was 99%, sensitivity was 97%, and specificity

was 100%. When all 93 patients originally enrolled in the

study were considered, the sensitivity of MSCT in diagnosing

significant stenoses was 96%. Comparable results were pub-

lished by Schlosser et al.10 with a sensitivity of 96%, a speci-

ficity of 95%, a positive predictive value of 81%, and a

negative predictive value of 99% for bypass stenosis/occlusion.

The latest data for the noninvasive assessment of coro-

nary bypass grafts with 64-slice scanners were published in

2006.11 Malagutti et al.11 performed 64-slice MSCT in 52

symptomatic patients 10 ± 5 years after bypass surgery and

compared the results to invasive angiography. One hundred

and nine grafts were analyzed. The per-segment detection

of graft disease yielded a sensitivity of 99% (71/72) and a

specificity of 96% (106/110). These results confirmed a out-

performed data from Pache et al.12 using the same scanner

generation (sensitivity of 97.8%, a specificity of 89.3%, a pos-

itive predictive value of 90%, and a negative predictive value

of 97.7% in 96 bypass grafts / 31 patients).

In summary, there is good evidence that the noninvasive

detection of coronary bypass graft occlusion is possible, even

with former CT generations with an overall high accuracy.

Sixteen or 64-slice scanners are able to evaluate bypass grafts

and bypass stenosis in a larger cohort of patients.

Table 15.1 summarizes some of the recent literature 

concerning bypass graft visualization with MDCT.
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Figure 15.2 Three-dimensional volume rending image
generated from the axial slice stack (same patient as in
Figure 15.1). The two venous grafts to the first diagonal
branch and the right circumflex artery have their origin dis-
tally from the venous bypass graft to the right coronary
artery. Stepladder artifact leads to a mismatch of the verti-
cal part of the right coronary artery and the bypass graft
(arrow) to the right coronary artery.

Table 15.1 Diagnostic accuracy of MDCT to detect bypass occlusion or bypass stenosis 

Author/rows Patients/grafts Assessibility Sensitivity% Specificity% PPV% NPV%

Burgstahler7 10/21 86% grafts 86 100 75 86
4-slice
Ropers8 65/182 77% grafts 97 98 97 98
4-slice
Burgstahler13 13/43 95% grafts 100 93 89 100
16-slice
Martuscelli9 96/285 84/96 patients 97 100
16-slice
Schlosser10 51/131 48/51 patients 96 95 83 99
16-slice 100* 100*

Pache12 31/96 94% (distal 98 89 90 98
64-slice anastomosis)
Malagutti11 52/109 100% 100 98 98 100
64-slice

*Bypass occlusion. NPV, negative predictive value; PPV, positive predictive value.
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4.1 Evaluation of native coronary
arteries in patients with history of
coronary artery bypass grafts

Despite the fact that coronary artery bypass grafts are quite

easily assessed by MSCT, the evaluation of native coronary

arteries remains a problem in patients who have previously

undergone bypass surgery because of severe calcifications in

diffusely diseased coronary arteries. The impact of severe

calcifications on image quality and diagnostic accuracy has

been reported in several studies.14,15 Highly calcified lesions

hamper to differentiate between a high-grade stenosis and

the sole presence of nonobstructive calcified plaque.

Data about the diagnostic accuracy of MDCT for native

vessels in patients with coronary artery bypass are rare. Own

data, generated with a 16-slice scanner, revealed a sensitiv-

ity of 83% and a specificity of 59% for the presence of a rel-

evant stenosis (diameter reduction of at least 50%, positive

predictive value of 78%, negative predictive value of 67%)13

which is much lower than in patients without coronary

bypass graft in their history. Malagutti et al.11 evaluated

native vessels as well as the distal run-off in their bypass

study. With 64-slice computed tomography the sensitivity

and specificity in non-grafted vessels was high (97% and

86%, respectively) but the results for the evaluation of the

distal run-off was lower (sensitivity and specificity to detect

run-off disease 89% and 93%, positive predictive value 50%).

This remains one of the main limitations of non-invasive

imaging with MDCT in patients with coronary artery

bypass grafts, as the treatment and the proceeding depends

on clinical presentation of the patient, graft status and status

of the native vessels, and the verification of a myocardial

ischemia.

4.2 Multislice computed
tomography in comparison 
to invasive angiography

Although invasive angiography is still the gold standard for

the assessment of coronary artery bypass grafts, multislice

computed tomography is superior in some regards. First,

the origin of coronary bypass grafts can easily be visualized

by MSCT. In clinical routine, some bypass grafts are diffi-

cult to intubate or localize with standard catheters. Even

with special catheters, some grafts cannot be visualized

selectively. This is associated with an increase of procedural

costs, radiation exposure, and contrast media application. In

that case, pre-invasive MSCT angiography might help 

to localize the bypass graft vessels. Second, radiation and

contrast media exposure is almost similar in patients with or

without coronary artery bypass grafts applying MSCT.

Finally, MSCT reveals information on vessel wall morphol-

ogy, and the morphology of a lesion (extent of calcification,

diameter of the vessel). This might be helpful to plan an

intervention in bypass grafts.

4.3 Radiation exposure

Noninvasive coronary imaging with multislice computed

tomography is associated with considerable exposure to

radiation. For noninvasive imaging of coronary arteries,

radiation values of 6.4 ± 1.9 and 11.0 ± 4.1 mSv for 16- and

64-slice scanners are reported. The radiation exposure can

be markedly reduced, if ECG-gated tube current modula-

tion – i.e. prospective reduction of the tube current during

systole – and a tube voltage of 100 kV, instead of 120 kV, 

is applied. These steps may reduce radiation exposure at 

57 to 64%.16

Although larger data about radiation exposure and its

impact on image quality in bypass grafts are missing, at least

ECG-gated tube current modulation should be applied in

all patients.

In contrast to patients without coronary bypass grafts the

field of view has to be increased in some cases for bypass

imaging, especially to visualize the proximal part of the left or

right internal mammarian artery. The majority of patients

with LIMA graft dysfunction have stenosis at the site of inser-

tion of the native coronary.17 Lesions of the proximal part 

of the vessel might appear soon after surgery caused by kink-

ing of the left internal mammarian artery during surgical

mobilization18 or by a surgical clip.19 However, as stenosis or

occlusion of the proximal part is quite rare, it has to be

decided in each individual case whether the scan range has to

be extended to the subclavian artery.

4.4 Contrast media

Assessment of coronary arteries and coronary artery bypass

grafts with multislice computed tomography is only possible

by applying contrast media. Thus, contraindications to 

coronary CTA might be known allergic reaction to contrast

media, renal failure and hyperthyroidism.
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4.5 Impact of heart rate 
and heart rhythm

Elevated heart rates have shown to reduce image quality

due to motion artifacts.20,21 Thus, elevated heart rates prior

to the scan are lowered by administration of beta-blockers,

which might be given orally (e.g., 50 to 100 mg metoprolol

po. 30 minutes prior to the CT scan) or intravenously. For

16- and 64-slice scanners heart rates of approximately 

60 beats per minutes are preferable.22

With dual source computed tomography, which has

been available since 2006, diagnostic image quality can be

achieved even with elevated heart rates.23 At present it

remains unclear whether beta-blockers are mandatory if the

patient is examined by dual-source CT.

For bypass imaging, heart rate is not that important than

for visualization of the native arteries, as bypass grafts do

not move much during the heart cycle. Therefore, efforts

for special imaging protocols are in progress. Theoretically,

untriggered images of the proximal part of the coronary

bypass graft arteries might be sufficient to diagnose by pass

occlusion or stenosis. This would lead to a significant reduc-

tion of radiation exposure. However, by origin of the native

coronaries, ECG-triggered image acquisition is absolutely

mandatory. Currently there is no commercial scan protocol

combining both acquisition modes in one examination.

Most studies comparing invasive angiography with car-

diac multi-slice computed tomography excluded patients

with irregular heart rates from analysis. For excellent image

quality a stable sinus rhythm is one precondition. Although

there are reports that a dedicated postprocessing algorithm

improves image quality in patients with nonsinus rhythm or

atrial fibrillation,24,25 the diagnostic accuracy in patients

with irregular heart rhythms is unforeseeable and moderate

in most cases.

4.6 Idiosyncrasy of bypass imaging

In contrast to native coronary arteries, bypass grafts are

characterized by a larger vessel diameter and less motion

during the heart cycle, facilitating visualization by multi-

slice computed tomography. On the other hand, bypass

imaging is complicated by several aspects.

Surgical clips may influence image quality in the adja-

cent bypass graft segment. This has no impact in the diag-

nosis of a bypass graft occlusion which can normally still be

easily diagnosed. However, artifacts caused by clips may

pretend or mask the presence of a stenosis (e.g., by beam

hardening).

The trickiest part of the bypass graft to evaluate is the

insertion into the native vessel. On the one hand, there is a

discrepancy of the gauge between the bypass graft vessel and

native vessel in most cases. On the other hand, the ankle

between the graft and the coronary artery causes some kind

of banding, complicating the assessment of the insertion.

Adjacent metal clips sometimes inhibit the evaluation of the

insertion.12 Figure 15.3 demonstrates an insertion of a graft

without stenosis.

4.6.1 Difference between venous and arterial
bypass grafts

Although arterial grafts have a smaller diameter than

venous grafts, the sensitivity and specificity for the detection

of significant stenosis in both types of bypass grafts do not

differ significantly, at least if the images are acquired by 

64-slice computed tomography. Malagutti et al.11 reported a

100% sensitivity and specificity for arterial grafts (100% and

96% for venous grafts), whereas Pache et al.12 described the

sensitivity and specificity for venous bypass grafts (98% and

97%) to be better than for arterial grafts (83% and 75% with

three false positive results due to metal clip artifacts).
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*

Figure 15.3 Insertion of venous bypass graft. Small
diameter of the native vessel with coronary calcifications
(*) proximal to the bypass graft insertion. The dark arrow
marks the insertion, the gray arrow indicates a clip.
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5. PRACTICAL MANAGEMENT:
HOW TO PERFORM
NONINVASIVE BYPASS
IMAGING WITH 
MULTISLICE CT

The CT scanning of patients with coronary bypass grafts is

comparable to the imaging technique for patients without

prior heart surgery. A careful preparation and instruction of

the patient is demandable for accurate image quality and

diagnostic performance. Blood testing to exclude hyperthy-

roidism and renal failure is necessary to avoid severe com-

plications of the contrast media administration. Moreover,

the patient should be asked whether they had any prior

allergic reaction to contrast media.

To reduce motion artefacts caused by elevated heart

rate20,21 b-blockade (e.g., with 50–100 mg metoprolol po)

should be performed within 30 minutes prior to the CT

scan. Sometimes additional intravenous administration of a

beta-blocker is necessary to achieve a heart rate of less than

65 bpm. Although dual-source CT has shown to be able to

visualize coronary arteries with good image quality even in

patients with higher heart rates, the administration of beta-

blockers should be taken into account for bypass imaging.

Patients with a history of bypass grafts have advanced coro-

nary artery disease with prior myocardial infarctions and a

high probability of heart beat irregularities that might be at

least partially suppressed by beta-blockers.

5.1 CT scanning

The patient has to be placed comfortably on the examina-

tion table. An 18-gauge catheter should be placed into an

antecubital vein to inject the contrast medium. During the

scan, the arms of the patient have to be placed overhead.

Moreover, the patient has to be carefully instructed on how

to perform the breath hold. ECG electrodes are placed on

the thorax and the ECG signal has to be checked carefully

(no artifacts). Cables of the ECG should not intersect.

For planning of the contrast enhanced scan, a low dose

of radiation topogram is acquired. The field of view for the

contrast enhanced scan is adjusted for each patient (depend-

ing whether the proximal part of the left internal mammar-

ian artery should be scanned). A test bolus of 20 mL of

contrast medium and a chaser bolus of 20 mL of physiolog-

ical saline solution is injected through an 18-gauge catheter

into an antecubital vein to determine the circulation time.

For the coronary angiography a total of 60 to 80 mL of

contrast media is injected through the catheter, and the scan

starts with the delay of the circulation time. Immediately

before the start of the scan, the patient is asked to breath in

and hold their breath until the scan is finished (depending on

the type of scanner, approximately 10–15 seconds). A total of

150 to 250 axial slices are acquired (raw data). Image recon-

struction is normally performed in the diastolic phase, with

a relative retrospective gating of 60% for all coronary arter-

ies in a first step.15 In case of impaired image quality addi-

tional image reconstruction has to be performed at different

RR intervals after a test series. For further postprocessing,

the data are transferred to a work station. The analyses are

done interpreting axial slices (origin of the bypass grafts

from the ascending aorta, probably button like shaped in

case of a proximal occlusion), 3-dimensional volume render-

ing images (helps to locate the vessels that are connected to

the bypass grafts) and maximal intensity protection (MIP)

with different slice thickness and multiplanar reformation

images (MPR). In case of impaired image quality, additional

reconstructions at different RR-intervals and/or different

kernels may help to reassess the anatomy of the lesion. In the

case of a total occlusion of a bypass graft, remaining metal

clips indicate the previous course of the vessel. Indirect signs

indicating the patency of a graft are likely clear contrast

enhancement of the distal run off and/or better contrast

enhancement of the native vessel distal to the insertion than
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Figure 15.4 Curved multiplanar reformation (curved
MPR) of a left internal mammarian artery bypass graft to
the left anterior descending artery (LAD).The native vessel
is severely calcified.
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proximal of the insertion. However, the distinction between

retrograde or antegrade filling via collaterals is not possible.

5.2 Patient preparation 
and CT scanning

1. Patient history

● prior infarctions? number of bypass grafts? surgery

records available? angina pectoris?

● contraindications for contrast media (allergy?

hyperthyroidism? renal failure?)

● instruction of the patient (breath hold)

2. Physical examination (blood pressure, heart rate)

● lowering of the heart rate with beta-blockers (con-

traindications?) if necessary

● application of nitroglycerin possible?

● irregular heart beat (impaired image quality)

3. Positioning of the patient on the table

● application of the ECG (correct contact of the elec-

trodes, no intersection of the cables)

● iv catheter (antecubital) and connection to the con-

trast medium

● placement of the arms overhead

● nitroglycerin (optional)

4. CT scanning

● topogram and adjustment of the field of view

● determination of the circulation time (test bolus)

● application of the contrast medium

● breath hold-start of the scan

5. Postprocessing

● diastolic reconstruction (60% of the RR interval,

additional reconstructions if necessary)

● transfer of the raw data to the work station

● image interpretation using axial slices, 3-dimensional

images, MIP and MPR

● storage of the raw data and/or the reconstructed

images

● report of the findings

6 CONCLUSION

Although there are some limitations, noninvasive bypass

imaging by MSCT is safe and provides additional informa-

tion, especially about graft wall morphology. Invasive

angiography is associated with the risk of possible graft dis-

section from direct cannulation and contrast injection.

Thus, MSCT might be useful, particularly in patients in

whom early graft occlusion is suspected or in patients for

whom the history of bypass grafts is unavailable.
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16
Assessment of Coronary Artery Stents by
Coronary Computed Tomograpic
Angiography

David Maintz and Harald Seifarth

1 INTRODUCTION

Stents are wire mesh tubes used to prop open a coronary

artery during angioplasty. Stents reduce the acute risk of a

coronary intervention and reduce the risk of restenosis

afterwards. Stents have become by far more widely accepted

compared to other interventional techniques such as

atherectomy or rotablation.

Coronary CT angiography in the presence of stents is a

controversial topic. CT represents a possible noninvasive

method for the detection of in-stent restenosis, but in the

presence of stents imaging is impeded by artifacts.

Knowledge of the clinical background of the patient, stent

type, location of the stent, scanner technology, scan protocols

and image reconstruction methods is crucial to define an indi-

cation for the exam and to correctly interpret scan results.

1.1 History

The first coronary stents were implanted in 1986 by J. Puel

and U. Sigwart in Europe and G. Roubin and 

R. Schatz in the USA. Since then, several generations of

bare metal stents were developed being more flexible and

easier to deliver to the narrowed artery. Early results 

highlighted problems associated with the use of stents, in

particular a high incidence of subacute occlusions and bleed-

ing complications.1 In 1993, two important clinical trials,

BENESTENT2 and STRESS,3 demonstrated that intra-

coronary stents significantly reduced the incidence of angio-

graphic restenosis, establishing the elective placement of

stents as a standard treatment.

Since then, an exponential increase of stent procedures

can be observed. The rate of coronary stent insertion

increased 147% between 1996 and 2000. In 2004, 615,000 stent

procedures were performed in the United States.4

1.2 Stent patency – clinical results

At the time of the STRESS and BENESTENT trials, sub-

acute stent occlusion occurred in 3.7% of patients, a value

higher than that seen with balloon angioplasty alone. The

use of dual antiplatelet therapy with aspirin and clopidogrel

resulted in a lower incidence of subacute thrombosis. While

the reduction of restenosis and repeated intervention

achieved with stenting in comparison to balloon angioplasty

alone has been proven in multiple studies,5 neointimal

hyperplasia with recurrent stenosis remains an issue for bare

metal stents (BMS). In-stent restenosis rates ranging from

11% to 46% after 6 months have been reported for BMS.6

The need to treat restenosis with repeated percutaneous or

surgical revascularization procedures was 14% for BMS.7

To reduce restenosis rates, drug-eluting stents (DES) have

been introduced. DES are coated with antiproliferative sub-

stances such as sirolimus (Cyper, Cordis, Johnson & Johnson)
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or paclitaxel (Taxus, Boston Scientific). The use of drug-

eluting stents has reduced the occurrence of restenosis and the

need of repeated revascularization procedures by 50–70%.8,9

This success has led to a rapid increase of the use of 

DES vs. BMS. However, implantation rates for DES vary

regionally. In 2006, approximate implantation rates were

80% in the USA and 45% in Europe.

However, there is an ongoing debate as to whether 

DES lead to higher rates of late stent thrombosis due to

impaired healing of coronary arteries. Scientific data are

conflicting: One meta-anlaysis has suggested that rates of

death and myocardial infarction may be increased in

patients who have received DES in comparison to BMS,10

while others report no significant differences between the

two treatments.11,12

1.3 Stent types

Stents can be classified according to their geometry (slotted

tube, monofilament, multicellular, modular, helical-

sinusoidal), underlying material (stainless steel, tantalum,

cobalt-alloys, platinum, nitinol, titanium), modus of applica-

tion (self expandable, balloon expandable), covering (phos-

phorylcholine, carbon), drug elution (rapamycin, paclitaxel,

actinomycin). Other features include flexibility, strut thick-

ness, profile, radial stability, shortening. The most important

characteristics influencing the radioopacity of stents are the

material (atomic number, e.g. titanium = 22, chromium = 24,

steel = 26, cobalt = 27, nickel = 28, tantalum = 73) and the

relative amount of metal per stent area.

1.4 Imaging

While invasive coronary angiography (ICA) remains the

gold standard for coronary stent evaluation, noninvasive

assessment of coronary stents would be highly desirable.

Such an alternative to ICA would ideally have to address 

the three following clinical problems: (1) stent occlusion

(Figure 16.1), (2) stent restenosis (Figure 16.2), (3) disease

progression in other coronary arteries.

A combination of beam-hardening and partial-volume

artifacts causes artificial thickening of the stent struts during

CT, so-called ‘blooming’ of stents. This ‘blooming’ is

responsible for the artificial lumen narrowing of stents. The

magnitude of artifacts and consequently the degree of

lumen narrowing depends on the type of stent, the stent

diameter and various scan and reconstruction parameters.

2 RESULTS OF CORONARY
STENT IMAGING OBTAINED
WITH DIFFERENT CT SCANNER
TYPES

Before the era of Multidetector Computed Tomography

(MDCT) attempts were made to use Electron Beam CT
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Figure 16.1 Stent occlusion, 4-slice MDCT. 69-year-old patient with three implanted stents in the right coronary artery.
(A) shows a longitudinal reformation along the RCA with all three stents visible (dotted arrows). (B) A transverse reforma-
tion depicting the proximal two stents (dotted arrows). (C) A reformatted image perpendicular to the most distal stent.
Missing contrast distal to the stents (continuous arrows) indicates stent occlusion.The thrombotic material inside the stents
appears hypodense.
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(EBCT) for the imaging of stents. EBCT enabled exact

localization of coronary stents and indirect evaluation of

stent patency by cine loop evaluation and time-attenuation

curve analysis.13–16

Since the turn of the century, EBCT has been increas-

ingly replaced by Multidetector CT, offering higher spatial

resolution. First results of coronary stent imaging using 

4-slice MDCT revealed that reliable lumen assessment was

not possible due to severe blooming artifacts. In an in-vitro

study evaluating 19 different stents, the percentage of artifi-

cial stenosis from blooming ranged from 62% to 100%.17

Three patient studies are published that report 100% correct

assessment of stent patency (stent occluded or not occluded,

decision based on the indirect sign of contrast in the vessel

distal to the stent), but insufficient stent lumen visibility and

stenosis assessment.18–20 Figure 16.1 demonstrates a case

with stent occlusion diagnosed by a lack of in-stent contrast

and lack of contrast distal to the stent.

The introduction of 16-slice MDCT systems with

increased spatial and temporal resolution effected improve-

ment of general image quality and stent assessability.

Furthermore, stent-optimized reconstruction kernels were

provided (see paragraph on reconstruction methods). 

A number of in-vitro studies have been performed that

compared different stent products with regard to lumen vis-

ibility and stenosis assessment with different scan and

reconstruction parameters. Depending on stent type, scan-

ner hardware, and convolution kernel, artificial lumen nar-

rowing ranged from 20% to 100%.21,22

In a clinical study by Schuijf et al. 50/65 stents (77%) were

evaluable. In these 7/9 stenoses were detected and absence of

stenosis was correctly identified in all 41 patent stents, result-

ing in a sensitivity and specificity of 78% and 100%.

In the largest series of coronary stents investigated by

CT so far, Gilard et al. report a lumen visibility depended

on stent diameter: on average 64% (126/190 stents) were vis-

ible, of stents with diameter >3 mm 81% were visible, but

only 51% of stents with a diameter £3 mm.23 Likewise,

restenosis detection sensitivity and specificity were 54% and

100% for small stents £3 mm and 86% and 100% for larger

stents >3 mm. In another study, the detection rates of in-

stent stenoses were assessed in comparison to the detection

rates of stenoses in unstented coronaries and, somewhat sur-

prisingly, similar sensitivities and specificities (67% vs. 67%

and 98% vs. 99%) were found.24

64-slice MDCT offers a further increase of spatial and

temporal resolution and larger volume coverage when com-

pared to previous scanner generations. Detection rates of
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A B C

Figure 16.2 Stent restenosis, dual-source MDCT. 58-year-old patient with 8-mm stent in the mid segment of the RCA.
Catheter angiography reveals a significant luminal stenosis at the stent location (A). (B) A curved MIP along the RCA
demonstrating the stent location. (C) MPR perpendicular to the stent revealing the instent stenosis with hypodense plaque
(arrow) and contrasted remaining lumen.
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coronary artery stenoses in the native coronary arteries were

reported to be as high as 99%.25–27 However, evaluation of

stents still constitutes a problem because of the blooming

artifacts. The difference of the magnitude of stent artifacts

using 16-slice CT and 64-slice CT in comparison has been

quantified by two in-vitro studies. Mahnken et al. found an

improvement of 5.9% lumen diameter visibility and Seifarth

et al. found an improvement of lumen diameter visibility in

the range of 2.5% to 8%, depending on the orientation of the

stent axis relative to the z-axis of the scanner.28,29 After these

promising results a number of in-vivo studies were per-

formed with varying results. Rist et al. report a sensitivity

and specificity of 75% and 92% for the detection of signifi-

cant in-stent disease in 45 patients with 6 instent stenoses

and 2 occlusions.30 The largest series using 64-slice CT so far

investigated 102 coronary stents.31 Only 58% of these were

evaluable regarding lumen visibility. In the evaluable stents,

six of seven instent stenoses were correctly detected, and the

absence of instent stenosis was correctly identified in 51 of 

52 cases (sensitivity 86%, specificity 98%). The most recently

published study reports a sensitivity and specificity of 64-slice

CT for the detection of instent stenoses and occlusions of

89% and 95% in a collective of 30 patients with 39 stents, of

which 9 were occluded, 20 patent and 10 stenosed.32

Of all referenced studies using 64-slice CT for the assess-

ment of coronary stents, the one by Rixe et al.31 gives the

most realistic picture of clinical practice and confirms the

own experiences of the author’s: A high number of coronary

stents are not evaluable even with advanced CT technology.

However, in the evaluable ones, detection of significant in-

stent disease is possible (Figure 16.2).

Dual source MDCT (DSCT) offers the same qualities

with regard to spatial resolution as 64-slice MDCT and even

higher temporal resolution (=83 ms). The use of a dual-

energy mode is not yet implemented for cardiac applications.

However, increased soft tissue contrast with a low tube cur-

rent (e.g. 80 kV) and reduced artifacts and noise with a

higher current of 140 kV, for example, give perspective for

further improvements of stent imaging using DSCT.33

3 INFLUENCE OF IMAGE
RECONSTRUCTION METHODS
ON STENT VISUALIZATION

The influence of image reconstruction algorithms on stent

visualization is at least as important as the influence of the

scanner type. In general, the sharper the kernel the higher

percentage of the stent lumen becomes visible (Figure 16.3).

However, using very sharp kernels the lumen attenuation

might be artificially decreased. Therefore, stent-dedicated

convolution kernels (e.g. B46f for Siemens scanners) have

been developed that have less overshoot in the low-

frequency region of the modulation-transfer function and

consequently offer more reliable lumen attenuation assess-

ment. In-vitro and in-vivo studies have reported the superi-

ority of a stent-optimized kernel (B46f) in comparison to the

conventional medium-soft (B30f) convolution kernel.21,22,34

The increase of image noise using a stent-optimized kernel

can be retrospectively compensated for by smoothening 

filters.35 To account for optimal image quality in both the

stented and unstented parts of coronary arteries, it is recom-

mended to routinely obtain conventional medium-soft

kernel and stent-optimized sharp kernel reconstructions.

4 VISUALIZATION OF
DIFFERENT STENT TYPES

More than 100 different coronary stent types are known.

Many of them are still available, others have been suspended

but can still be found in patients that were treated in the

past. Stents can be composed of different material. Most

products are made from stainless steel. Cobalt-chromium is

another frequently used material. Tantalum and nitinol

(nickel titanium alloy) are also being used but less fre-

quently. Stents from biodegradable materials such as mag-

nesium are being evaluated in phase 3 studies. The degree of

artifacts produced by stents from different materials largely

depends on the atomic number of the material. Consequently,

tantalum causes the strongest artifacts, followed by steel,

cobalt-chromium and nitinol. Magnesium stents exhibit only

minor artifacts. Some stents bear radioopaque markers at the

stent ends. These markers can cause additional artifacts

superimposing the stent lumen at the ends. Besides the

underlying material, the appearance of steel stents varies

depending on the individual design (see Figure 16.4).

5 INFLUENCE OF STENT
DIAMETER AND LOCATION OF
STENTS

The diameter of the stent is another important factor influ-

encing the lumen visibility. The larger the stent diameter

the higher the visible percentage of the lumen. Stents with a

diameter of ≥3.0 mm can often be evaluated.36 In the study

by Schuif et al., 28% of stents with a diameter £3.0 mm, but
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only 10% of stents with a diameter >3 mm, were unevalu-

able.37 Stent implantation in the left main (LM) and proxi-

mal left anterior descending/proximal left circumflex

coronary artery provides the ‘best case scenario’ for the use

of MSCT in the detection of in-stent restenosis. This is

because of the relatively large stent diameters (usually

approximately 3.9 mm in the LM), the fact that scan orien-

tation is parallel to the stent axis and the relatively low

motion in this area. Excellent results in patient studies 

confirm these considerations: in a series of 114 patients with

131 proximal stents (3.25 mm) Chabbert et al. found lumen

evaluability in 121 stents (92.4%) and correct identification

of in-stent restenosis in 91.7% (prevalence of restenosis

22.5%) using 16-slice CT.38 Gilard et al. were able to 

evaluate the stent lumen of LM coronary stents (average

diameter 3.9 mm) in 27/29 cases and to identify 4/4 instent

restenoses.36 Identification of neointimal hyperplasia with

lumen reduction of less than 35% was not possible in this 

16-slice MDCT study.

Van Mieghem evaluated a large collective of patients

with left main coronary stents using 16-slice CT (n = 27) or

64-slice CT (n = 43).39 All 10 of 70 in-stent restenoses were

correctly identified. However, there were also 5 false-

positive results (sensitivity 100%, specificity 91%).

6 INDICATIONS FOR A CT
EXAMINATION AFTER STENT
TREATMENT

Stent assessment shall not be regarded as an accepted indi-

cation for a CT examination in general. It is important to

define whether the purpose of a CT scan is the assessment of

stent patency (= to exclude stent occlusion), assessment of

Assessment of Coronary Artery Stents by Coronary Computed Tomographic Angiography 205

B20f smooth

458±34HU
20%

B36f medium B46f sharp

352±15HU
27%

299±15HU
32%

249±6HU
35%

225±12HU
45%

107±22HU
45%

B30f medium-smoothB20f smooth B30f medium-smooth B40f medium B60f sharp

Figure 16.3 Differences of lumen visibility depending on the convolution kernel used for reconstruction. In-vitro experi-
ment with a stent implanted in a 3 mm coronary phantom, vessel contrast 230 HU. The upper image row shows images
reconstructed with conventional smooth, medium-smooth, medium and sharp convolution kernels. Note increased lumen
diameter visibility with sharp kernel (45%). The drawback with this sharp kernel is an artificially low instent attenuation 
of 107 HU. The two images in the lower row were reconstructed using stent-optimized convolution kernels. The advantage
of these kernels is an increase of lumen diameter visibility when compared to the corresponding conventional kernels while
preserving a ‘relialistic’ attenuation.

9781841846255-Ch-16  10/12/07  5:14 PM  Page 205



stent restenosis or evaluation of disease progression in non-

stented coronary vessels.

1. Stent patency: Exclusion of a stent occlusion may be

possible by indirect evaluation of the contrast distal of

the stent. If high contrast in the coronary segment distal

to the stent is present, stent occlusion can be regarded

unlikely. However, one must bear in mind that in some

cases with occluded stents collateral flow might cause

contrast distal to the stent.

2. Stent restenosis: To exclude stent stenosis, the stent

lumen must be visible. This is only possible in certain

stent types (Figure 16.4 might be helpful to identify

these) and in stents in proximal coronary vessels (≥3 mm

diameter). Intimal hyperplasia within a stent with lumen

reduction of >30% may not even be detected these cases.

3. Disease progression in nonstented coronary arteries: 

To exclude a significant stenosis in coronary segments

other than the stented one is another condition. In these

cases all general considerations for coronary CTA apply

(see different chapter).

7 OTHER IMPORTANT
CONSIDERATIONS BEFORE
EXAMINING A STENT PATIENT

As a consequence of the up to date available data from stud-

ies evaluating CT of coronary stents, the following recom-

mendations can be given:

1. Stent type: The stent type must be suitable for CT imag-

ing. A catalogue of the appearance of different stent-

types in CT as provided in Figure 16.4 might be helpful

for this decision. Information that reliably excludes a

stent restenosis larger than 50% diameter reduction can

only be expected in stents with low or medium artifacts.

2. The stent diameter should be ≥3 mm.

3. 64-slice MDCT (or Dual source MDCT) is the recom-

mended scanner technology that should be available if

stent restenosis is the question of interest.

4. A stent-optimized convolution kernel must be available

for image reconstruction. In all patients that are treated
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Figure 16.4 Individual appearance of 68 different stents using 64-slice CT (in-vitro experiment, lumen contrast 250 HU).
The numbers of the stents correspond to Table 16.1. Name of the stent, manufacturer and underlying material can be
derived from there as well as a rough classification according to the magnitude of artifacts into low, medium and high. Note
that some stents (number 4, 7, 25, 43, 46, 54, 56, 57, 61) have hyperdense markers at the stent ends that cause addi-
tional artifacts.
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Table 16.1 Name, manufacturer, material and magnitude of artifacts of different coronary stent. The stent numbers
correspond to Figure 6.4

No. Name Manufacturer Material CT artifacts

1 Arthos-Inert AMG International Stainless steel 316L medium
2 Arthos-Pico AMG International Cobalt-Cromium Alloy low
3 Axxion Krauth CardioVascular Stainless steel 316L + Paclitaxel low

on synthetic glycocalix coating
4 be-Stent 2 Medtronic Stainless steel 316L medium
5 BiodivYsio Abbott Vascular Devices Stainless steel 316L + medium

Phosphorylcholine-coating
6 CCSV Micro Science Medical Stainless steel 316L, Tantalcoating medium
7 Chrono Sorin Biomedica Cobalt-Cromium Alloy + medium

Carbofilm coating
8 Coroflex Blue B. Braun Cobalt-Cromium Alloy (L605) medium
9 Coroflex Delta B. Braun Stainless steel 316L medium
10 Coroflex Theca B. Braun Stainless steel 316L + low

PTFEP-Polyzene-F coating
11 Crossflex Cordis Stainless steel 316L medium
12 Cypher Cordis Stainless steel 316L medium
13 Driver Medtronic Cobalt-Cromium Alloy low
14 Duett Guidant Stainless steel 316L high
15 Endeavor Medtronic Cobalt-Cromium Alloy + low

phosphorylcholine + ABT 578 coating
16 Express 2 Boston Scientific Stainless steel 316L medium
17 F1 Medium (009FF12) Abbott Vascular Devices Stainless steel 316L medium
18 F1 Small (006FF16) Abbott Vascular Devices Stainless steel 316L medium
19 Flex AS Phytis Stainless steel 316L + DLC-coating medium
20 Flex Small (006F26) Abbott Vascular Devices Stainless steel 316L low
21 Flex Standard (010F12) Abbott Vascular Devices Stainless steel 316L low
22 Herculink Guidant Stainless steel 316L high
23 Jograft Abbott Vascular Devices Stainless steel 316L + PTFE-graft medium
24 Jostent Abbott Vascular Devices Stainless steel 316L medium
25 Lekton Biotronik Stainless steel 316L, silicon- medium

carbide coating
26 Liberté Boston Scientific Stainless steel 316L+PTFE medium
27 MAC AMG International Stainless steel 316L medium
28 Magic Wallstent Boston Scientific Cobalt alloy with titanium core (33%) high
29 Mansfield Coronary Stent Mansfield Tantalum high
30 MicroStent Medtronic-AVE Stainless steel 316L high
31 Mini Cordis Stainless steel 316L medium
32 MSM Coronary Stent Micro Science Medical Stainless steel 316L, Tantalcoating medium
33 Nexus Occam International Stainless steel 316L medium
34 Nexus 2 Occam International Stainless steel 316L low
35 NIR Primo Boston Scientific Stainless steel 316L medium
36 NIR Royal Boston Scientific Stainless steel 316LS + Gold-coating high
37 NIR Royal Adv Boston Scientific Stainless steel 316LS + Gold-coating high
38 Palmaz Cordis Stainless steel 316L medium
39 Penta Guidant Stainless steel 316L medium
40 Pixel Guidant Stainless steel 316L medium
41 Pro-Kinetik Biotronik Cobalt-Cromium Alloy + medium

PROBIO, SiC coating
42 Radius Boston Scientific Nitinol low
43 Rithron-XR Biotronik Stainless steel 316L medium
44 R-Stent Orbus Medical Technologies Stainless steel 316L medium
45 S 7 Medtronic Stainless steel 316L low
46 Sirius Carbostent Sorin Biomedica Stainless steel 316L + Carbon- medium

coating + 2 Platinum markers
47 Sito Stent S Sitomed Stainless steel 316L medium
48 Sonic Bx Cordis Stainless steel 316L high

Continued
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with coronary stents, scan reconstruction with both a

stent optimized kernel and a conventional kernel shall

be routinely obtained for optimal assessment of stented

and nonstented coronary segments.

5. General requirements that apply for standard CTA

(contraindications, heart rate, etc.) must be considered.
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17
Computed Tomography of the
Myocardium, Pericardium, and 
Cardiac Chambers

James F. Glockner

1 INTRODUCTION

Recent developments in cardiac CT technology have been

employed primarily to investigate coronary artery disease,

whether to detect and quantify coronary artery calcification

or to directly image coronary artery luminal narrowing with

CT angiography. Considering that coronary artery disease

is the major cause of death in the western world, this is an

eminently reasonable approach. It is worth noting, however,

that not all cardiac pathology involves the coronary arteries,

and that many of the CT techniques used to image the coro-

nary arteries are equally applicable to detecting and charac-

terizing non-coronary pathology. This chapter offers a brief

overview of the use of CT to image the myocardium, peri-

cardium, and cardiac chambers.

2 TECHNICAL
CONSIDERATIONS

While in theory it is best to determine an imaging protocol

based on the cardiac abnormality to be examined, in practice

myocardial or pericardial abnormalities are often noted as

incidental findings on routine chest CT or CTA of the pul-

monary arteries or aorta. Image quality in these typically

non-gated acquisitions can be quite variable, but it is often

surprisingly good, and more than adequate to detect and

characterize many cardiac pathologies.

Ideally, however, images are acquired using state-of-

the-art equipment after careful consideration of the appro-

priate protocol. Cardiac CT has traditionally been

performed either using electron beam CT (EBCT) or mul-

tidetector row CT (MDCT) in conjunction with prospective

or retrospective ECG gating. Electron beam CT has some

important advantages relative to multidetector CT: faster

temporal resolution and lower radiation doses. However,

the latest generation of MDCT systems approaches the tem-

poral resolution of EBCT, has much higher spatial resolu-

tion, and much shorter acquisition times. EBCT also suffers

in terms of its ability to perform general cross sectional

imaging, and therefore MDCT has become the dominant

platform for cardiac CT.

Any dedicated CT examination of the heart should

employ either prospective or retrospective ECG gating.

Prospective gating offers the advantage of reduced radiation

dose; however acquisition times are generally longer, spatial

resolution is reduced, and images are somewhat more sus-

ceptible to cardiac arrhythmias. Prospectively gated images

may be all that is necessary to detect and characterize a cal-

cified or fatty mass, for example. Retrospectively gated

images, acquired in spiral mode with a low pitch, require a

higher radiation dose, but can be reconstructed at any phase

of the cardiac cycle (allowing creation of cine loops) and can

be acquired with submillimeter isotropic spatial resolution,

so that any imaging plane can be viewed without loss of spa-

tial resolution.
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Cardiac examinations, particularly those performed

with low pitch spiral MDCT and retrospective gating, 

generate large amounts of data, and should always be inter-

preted at a workstation where reconstructions can be per-

formed in a variety of planes. Long and short axis cardiac

planes are often helpful in appreciating the relationship of

masses to the cardiac chambers as well as in detecting

myocardial and pericardial abnormalities, but traditional

axial, coronal, and sagittal planes occasionally provide the

most helpful images. Three-dimensional reconstructions

using volume rendering or maximum intensity projection

techniques are probably less useful in evaluation of the

myocardium and pericardium in comparison to the coro-

nary arteries, but are occasionally informative.

3 PERICARDIUM

3.1 Anatomy and physiology

The pericardium is a double-walled sac containing the heart

and roots of the great vessels. An external fibrous layer sur-

rounds the inner serous pericardium, which consists of an

outer parietal layer and an inner visceral layer. The parietal

and visceral pericardium are separated by a potential space,

the pericardial cavity. The inner surface of the serous peri-

cardium is lined by a layer of mesothelial cells which 

produce the small amount of fluid normally present in the

pericardial cavity.1

The physiologic role of the pericardium is somewhat

mysterious: it may serve as a barrier to the spread of inflam-

mation and infection from adjacent mediastinal structures.

Other potential functions include reducing friction of car-

diac motion, and limiting acute distention of the heart in the

setting of rapid venous return of large amounts of blood.

Nevertheless, normal cardiac function is not impeded in

post-pericardectomy patients.

The pericardial cavity normally contains 15–50 ml of fluid.

While the amount and location of this fluid is variable, it tends

to collect in dependent regions and at sites of pericardial reflec-

tion. Visualization of the pericardium as it overlies the poste-

rior right atrium, left atrium, and lateral wall of the left

ventricle is limited because of its close proximity to the atrial

walls and myocardium. The pericardium is most clearly visu-

alized over the free wall of the right ventricle and the inferior

apical left ventricle, where it is outlined by mediastinal and

subpericardial fat. The normal thickness of the pericardium on

CT ranges from 1–3 mm; the true thickness is probably slightly

less than this, due to motion induced blurring and volume

averaging (Figure 17.1).2–3 The pericardium can appear erro-

neously thickened in the presence of a small effusion, or if

measurement is performed in a non-orthogonal projection, for

example on axial images near the superior or inferior margin

as it changes orientation from vertical to horizontal..
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Figure 17.1 Normal pericardium. Axial prospectively gated contrast-enhanced CT images reveal normal thin pericardium
best seen anterior to the right ventricular free wall.
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3.2 Pericardial effusion

Significant pericardial effusions are easily detected with 

CT, generally as low attenuation, non-enhancing fluid 

separating the parietal and visceral pericardial surfaces

(Figure 17.2). Small amounts of fluid may be difficult to

distinguish from pericardial thickening, particularly with-

out administration of contrast. Care must also be taken to

avoid mistaking normal amounts of pericardial fluid as

pathological: fluid often accumulates in the pericardial

recesses (sites of pericardial reflection) or along the inferior

border of the pericardium. Small amounts of fluid com-

monly accumulate in the superior pericardial recess

between the ascending aorta and pulmonary artery on axial

images: this normal variant should not be mistaken for

mediastinal mass or adenopathy, or a focal aortic dissec-

tion4–5 (Figure 17.3).

Pericardial effusions may occur as a response to a large

number of systemic or cardiac diseases. Some of the more

common underlying conditions include viral or idiopathic

pericarditis, postinfarction syndrome, neoplasia, uremia,

trauma, prior radiation therapy, collagen vascular disease,

and AIDS. Pericardial fluid in excess of 50 ml is considered

abnormal, and this will generally correspond to a pericardial

width in excess of 4 mm.
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Figure 17.2 Pericardial effusion. Axial contrast-enhanced CT reveals a large fluid attenuation pericardial effusion sur-
rounding the heart.
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Figure 17.3 Fluid in the superior pericardial recess. Axial images from thoracic CT reveal fluid adjacent to the aortic arch
and great vessels in the superior pericardial recess. This is a normal variant which should not be mistaken for a mass or
focal dissection.
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3.3 Pericarditis

Pericarditis, or inflammation of the pericardium, is also

associated with a large number of diseases, and there is con-

siderable overlap with causes of pericardial effusion. One

large pathologic series revealed that in most cases (68%) the

cause of pericarditis was unknown. Previous pericar-

diotomy and irradiation each accounted for 9% of cases.6 CT

findings of pericarditis include thickening and enhance-

ment of the pericardium, often associated with a simple or

complex pericardial effusion.

Constrictive pericarditis occurs when cardiac function

is impaired by a thickened or fibrotic pericardium. The

clinical presentation of constrictive pericarditis is often

nonspecific, and can be confused with restrictive cardiomy-

opathy, heart failure, and hepatic cirrhosis. Patients often

present with signs and symptoms of right sided heart fail-

ure disproportionate to the extent of left ventricular dys-

function or valvular disease. The most important

diagnostic challenge in this setting is to distinguish between

constrictive pericarditis, a surgical disease, and restrictive

cardiomyopathy, which generally requires medical therapy.

A wide range of etiologies have been implicated in constric-

tive pericarditis.7,8 A series from the Mayo Clinic examined

143 surgical specimens with constrictive pericarditis and

found that pericardial constriction was idiopathic in 49% of

cases.9 The two most prevalent known causes were both

iatrogenic: previous pericardiotomy (30%) and irradiation

(11%). Additional etiologies included viral pericarditis,

connective tissue disease, neoplasm, and uremia. The 

presence of gross calcification was relatively uncommon 

in constrictive pericarditis, occurring in only 28% of 

specimens.

The diagnostic hallmark of constrictive pericarditis is

pericardial thickening with or without calcifications in the

setting of clinical signs and symptoms suggestive of the

diagnosis (Figures 17.4 and 17.5).10,11 Secondary signs of con-

strictive pericarditis include focal distortion of the contour

of the ventricles or atria by the thickened pericardium, atrial

enlargement, tubular ventricles, dilatation of the IVC and

hepatic veins, ascites, and pleural effusions. The presence of

pericardial calcification is suggestive but not diagnostic of

constrictive pericarditis. The use of intravenous contrast is

not always necessary for the diagnosis of constrictive peri-

carditis; however, in conjunction with thin section, retro-

spectively gated CT, cine images can be reconstructed in

long or short axis projections which may then be assessed for

evidence of diastolic dysfunction. Most characteristic is the

presence of paradoxical septal motion in early diastole

(septal bounce) related to elevated diastolic filling pressures

in the right ventricle.12

Constrictive pericarditis can be seen in the setting of

normal pericardial thickness. One investigation, for exam-

ple, found that only 58% of patients with surgically con-

firmed constrictive pericarditis had pericardial thickening

or calcification.13 Fairly often in these cases, however, there

214 Computed Tomography of the Cardiovascular System

Figure 17.4 Constrictive pericarditis. Contrast-enhanced
prospectively gated image reveals a sheet of confluent
pericardial calcification overlying the right ventricle in a
patient with symptoms of pericardial constriction.

Figure 17.5 Constrictive pericarditis. Contrast-enhanced
retrospectively gated image shows focal contour deformity
of the lateral basal left ventricle with two small foci of 
pericardial calcification. Note also enlarged left and right
atria.
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are subtle secondary signs of constrictive pericarditis – in

our experience it is rare to see a completely normal CT in

the setting of pericardial constriction.

3.4 Pericardial cysts

Pericardial cysts are benign lesions which occur when a por-

tion of embryonic pericardium is pinched off during devel-

opment. Most contain simple fluid, and are most commonly

located in the anterior right cardiophrenic angle. Most

patients are asymptomatic, and the lesions are detected inci-

dentally as a cardiophrenic mass on chest x-ray. Pericardial

cysts are easily demonstrated on CT as well circumscribed

cystic lesions containing simple fluid (Figure 17.6).

Pericardial cysts may occasionally contain proteinaceous or

hemorrhagic fluid, in which case differentiation from a

solid mass may be more difficult. In these cases, administra-

tion of contrast and verification of a lack of enhancement

can confirm the diagnosis.

3.5 Congenital absence of the
pericardium

Complete or partial absence of the pericardium is a rare

developmental abnormality. Complete absence is relatively

uncommon, occurring in approximately 10% of cases, and

partial absence is more frequently left-sided. Pericardial

agenesis may be associated with additional congenital heart

defects in up to one third of cases, including atrial septal

defect, patent ductus arteriosus, and tetralogy of Fallot.14

Partial or complete pericardial agenesis is usually asympto-

matic, and is detected incidentally on chest x-ray by noting

a shift of the heart to the left with an unusually prominent

left atrial appendage or pulmonary artery segment.

CT may reveal complete or partial absence of the peri-

cardium; however, portions of the pericardium overlying

the left atrium and lateral left ventricle may not normally be

visualized. In cases of partial absence, the bulging left atrial

appendage and leftward protuberance of the pulmonary

artery are appreciated. Herniation of the left atrial

appendage or left ventricle through a partial defect has been

described,15,16 and this can result in sudden death from car-

diac strangulation.

3.6 Pericardial malignancies

Metastatic pericardial disease is much more common than

primary malignancy, and is generally associated with a poor

prognosis.17 While metastatic involvement of the peri-

cardium is not unusual in autopsy series,18,19 it is a relatively

uncommon finding on CT. Lung and breast carcinoma,
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Figure 17.6 Pericardial cyst. Pre (a) and post (b) contrast images demonstrate a cystic lesion adjacent to the right heart
border without enhancement.
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renal cell carcinoma, lymphoma, and melanoma are some of

the most frequent primary sources. Spread to the pericardium

can occur via hematogenous, lymphatic, or transvenous exten-

sion, or by direct extension from lung or mediastinal tumors.

Pericardial metastatic disease may manifest as a focal

pericardial mass, diffuse thickening, or a simple or complex

effusion (Figure 17.7). In patients with a known malignancy

and pericardial effusion, the differential diagnosis includes

malignant effusion as well as benign idiopathic, radiation-

induced or drug-induced pericarditis.

Primary tumors of the pericardium are rare. Benign

tumors of the pericardium include lipoma, teratoma,

fibroma, and hemangioma. Malignant neoplasms include

mesothelioma, lymphoma, and sarcoma.17,20

4 MYOCARDIUM

CT can be a valuable technique in assessing patients with

myocardial disease, including cardiomyopathies, myocadial

ischemia, congenital anomalies, and masses. Examination

protocols are not always straightforward, and should be tai-

lored to the particular patient and clinical question. Much

useful information, for example, can be obtained from ret-

rospectively gated coronary CTA data: cine images can be

reconstructed to assess myocardial function, complications

of previous myocardial infarction demonstrated, and inci-

dental anomalies noted. However, a contrast-enhanced coro-

nary CTA protocol may not be suitable for all patients: if the

clinical question is a possible mass, for example, pre- and post-

contrast images might be required. Additionally, consideration

should always be given to limit the radiation dose as much as

possible while still obtaining a diagnostic exam.

4.1 Cardiomyopathies

Cardiomyopathies are defined as diseases of the heart muscle

associated with cardiac dysfunction, and are classified as

dilated cardiomyopathy (DCM), hypertrophic cardiomyopa-

thy (HCM), restrictive cardiomyopathy, and arrhythmogenic

right ventricular cardiomyopathy or dysplasia (ARVD).21

Specific entities such as amyloidosis, sarcoidosis, myocarditis,

muscular dystrophies, etc., generally fall into one or more of

these classifications. MRI is more often performed than CT to

evaluate patients with cardiomyopathies, a result of its supe-

rior myocardial tissue characterization, lack of ionizing radi-

ation, and its ability to detect myocardial scarring and

infarction with delayed enhancement pulse sequences. There

are a number of situations, however, where CT might be pre-

ferred. Patients with pacemakers or AICD devices, for exam-

ple, are unable to undergo MRI. MRI can be quite limited in

patients with significant arrythmias; CT image quality also

deteriorates in these cases, but often to a lesser degree. Finally,

claustrophobic, unstable, or hypoxic patients unable to toler-

ate the longer examination times and multiple breath holds

typically required in MRI may benefit from CT.

Dilated cardiomyopathy is characterized by dilatation of

the cardiac chambers with increased myocardial mass,

reduced wall thickness, and reduced contractility. Causes of

dilated cardiomyopathy include familial/genetic, viral,

immune, toxic, or metabolic; however idiopathic dilated

cardiomyopathy is probably the most common cause, with

an estimated prevalence of 36/100,000 in the United States.22

Findings on cardiac CT include dilated cardiac cham-

bers with increased LV and RV volumes and reduced ejec-

tion fractions on cine images. Coronary CTA may be

helpful to distinguish patients with ventricular dysfunction

resulting from coronary atherosclerosis and myocardial

ischemia from those with dilated cardiomyopathy.

Hypertrophic cardiomyopathy (HCM) is characterized by

left ventricular hypertrophy (occasionally with involvement

of the right ventricle), impaired diastolic function, a rela-

tively small ventricular cavity, and increased risk of sudden

cardiac death. HCM is a fairly common disorder, with an

estimated incidence of 1/500, and is inherited in an autoso-

mal dominant pattern with variable penetrance, although

sporadic cases are frequent.23 Hypertrophic myocardium

histologically demonstrates myofibril disarray, various sizes

of myofibrils, and myocardial fibrosis. The basal septum is
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Figure 17.7 Pericardial metastasis. Contrast-enhanced
CT image reveals a focal pericardial mass extending into
the right atrium in this patient with rectal carcinoma. Note
also pleural, pulmonary, and bone metastases.
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most often involved, resulting in systolic anterior motion

(SAM) of the anterior mitral valve leaflet and concomitant

mitral regurgitation directed posteriorly and laterally. This

in turn causes subvalvular obstruction of the LV outflow

tract as the mitral leaflet contacts the hypertrophic basal

septum in mid systole. The appearance of HCM is quite

variable, however, and may involve any portion of the left

ventricle, including the apex, and can result in mid cavitary

rather than LV outflow tract obstruction. Patients with

large gradients (>30 mm Hg) have a significantly higher

risk of cardiovascular morbidity and mortality.23 Other risk

factors include the extent of hypertrophy and myocardial

scarring. CT can provide accurate measurements of

myocardial mass and myocardial thickness, assess myocar-

dial function, and evaluate the extent of LVOT obstruction

by planimetry. The recent emergence of delayed enhance-

ment imaging in CT may also allow accurate assessment of

the volume of myocardial fibrosis to aid in risk stratification.

Restrictive cardiomyopathies are characterized by left ven-

tricular diastolic dysfunction (and variable right ventricular

involvement) with relatively preserved systolic function.

Causes include infiltrative diseases such as amyloidosis,

hemochromatosis, and endomyocardial fibrosis. While MRI

has shown promise in distinguishing specific etiologies of

restrictive cardiomyopathies, CT probably has less to offer in

this regard, since soft tissue characterization is limited.

However, abnormal myocardial delayed enhancement has

been noted on cardiac MRI in amyloid patients; this may

have a correlate in CT delayed enhancement. Likewise, a

thickened interatrial septum or posterior atrial wall of

greater than 6 mm is a fairly specific finding for amyloid and

can aid in distinguishing between amyloid and hypertrophic

cardiomyopathy.24,25 This observation is easily applicable to

CT studies. Patients with eosinophilic endomyocarditis may

develop confluent left or right ventricular thrombus in a

subendocardial location, a classic finding demonstrable

either on MRI or CT (Figure 17.8).

Since the clinical signs and symptoms of restrictive car-

diomyopathy often mimic those of constrictive pericarditis,

the distinction between these two entities is important. As

noted above, cardiac CT is an excellent test for constrictive

pericarditis, and can usually make the distinction between

constrictive and restrictive disease.

Arrhythmogenic Right Ventricular Dysplasia (ARVD) is a

genetic cardiomyopathy characterized by fibro-fatty

replacement of the right ventricular myocardium, resulting

in arrhythmias and right ventricular failure. ARVD is

thought to account for up to 5% of sudden deaths in individ-

uals younger than 35 years in the United States, with an esti-

mated prevalence of 1/5000.26,27 Symptoms usually first

appear in the second and third decades of life, consisting 

of ventricular arrhythmias, syncope, or sudden cardiac death.

Inheritance is autosomal dominant in 30–50% of cases, and a

diagnosis often prompts evaluation of first degree relatives.28
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Figure 17.8 Eosinophilic endomyocarditis. Patient with eosinophilia and restrictive symptoms. Gated contrast-enhanced
CT reveals low attenuation confluent subendocardial thrombus in the left ventricle as well as large pleural effusions and
basilar atelectasis.
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Clinical diagnosis of ARVD is quite challenging, and is

based on a set of major and minor criteria proposed by the

Task Force of Cardiomyopathies in 199429 encompassing

electrical, anatomic, and functional abnormalities. Non-

invasive imaging often plays an important role in fulfilling

these diagnostic criteria. Classic imaging features of ARVD

include focal fatty replacement of the right ventricular free

wall, focal thinning of the RV wall, RV dilatation and

hypokinesis, aneurysmal outpouchings along the RV

myocardium, hypertrabeculation and trabecular disarray of

the right ventricle, and dilatation of the RV outflow tract. A

‘triangle of dysplasia’ has been described, consisting of the

inferior wall, RV apex, and infundibulum, which are fre-

quent sites of involvement in ARVD.30

MRI is performed much more frequently than CT in

patients with known or suspected ARVD. Advantages of

MRI include its lack of ionizing radiation and iodinated con-

trast and superior temporal resolution. Nevertheless, CT has

been used successfully to detect patients with ARVD.31–37

Since CT protocols for ARVD generally require cine images

(and therefore intravenous contrast) and high spatial resolu-

tion, radiation doses can be quite high, and consequently MRI

is probably the best choice for evaluating young patients and

screening asymptomatic first degree relatives. CT has several

advantages, however, including much shorter examination

times, limited number and length of breath holds required,

and the ability to evaluate patients with pacemakers and

AICD devices. Additionally, image quality in CT is generally

somewhat less sensitive to degradation by arrhythmias: this

can be a frustrating problem with MRI, even using state of

the art equipment and pulse sequences. The superior spatial

resolution of multidetector CT is also a potential major

advantage over MRI: state-of-the-art 64 row MDCT achieves

submillimeter isotropic voxels, while most MRI sequences

have in-plane resolution approaching 1 mm ¥ 1 mm, and slice

thicknesses of 4–8 mm. These differences can be particularly

important when searching for subtle anatomic abnormalities

in structures as thin as the RV free wall.

CT is able to demonstrate focal fatty infiltration of the

RV with an accuracy at least as high as MRI. Care must be

taken, however, to distinguish between subpericardial fat

and intramyocardial fat. Some authors have noted a clear

line of demarcation between subpericardial fat and the RV

myocardium in normal patients with disruption of the line in

patients with ARVD30; in our hands, however, this distinc-

tion is quite difficult to make consistently and is of limited

practical value. It is also important to remember that fatty

infiltration of the right ventricle is not uncommonly seen as

a normal variant, more frequently in older patients and in

patients with abundant mediastinal and subpericardial fat.38

The presence of intramyocardial fat should therefore not be

interpreted as clear evidence of ARVD without associated

functional or morphologic abnormalities (Figure 17.9). 

Wall thinning is another criteria which in practice is 
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Figure 17.9 Fatty replacement of the right ventricular free wall as a normal variant. Noncontrast prospectively gated
images show a rim of low attenuation fat in the right ventricular outflow tract (a) and the right ventricular free wall (b) in an
asymptomatic patient.
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difficult to apply, since the normal thickness of the RV free

wall ranges from 1–3 mm. Evaluation of reconstructed

images in end-systole can be helpful in this regard. The

presence of focal aneurysmal outpouchings along the RV

free wall with associated hypokinesis or dyskinesis

remains the most reliable indication of ARVD in our

practice (Figure 17.10).

5 CARDIAC MASSES

Arriving at an exact diagnosis in the setting of a cardiac

mass is not always possible with CT, or with any other

imaging modality. From a practical standpoint, however,

CT is generally very useful.39 Patients often present with an

abnormality detected on echocardiography that might or

might not represent a true mass. CT can easily sort out

common pseudomasses at echocardiography, such as lipo-

matous infiltration of the interatrial septum or prominent

calcification of the mitral annulus (Figure 17.11). CT is also

effective in differentiating mass from thrombus, and can

often allow accurate diagnosis of true masses based on loca-

tion and enhancement characteristics.

Protocols for CT characterization of masses typically

include pre and post-contrast gated imaging. Retrospective

gating with cine reconstruction may not be required, but is

occasionally helpful to assess the functional effect of masses.

Primary cardiac neoplasms are rare, with a cumulative

prevalence of 0.002–0.3% in autopsy series. Approximately

75% of primary cardiac tumors are benign, with the

most common of these the myxoma, accounting for 30% 

of all primary tumors. Almost all primary malignant 

tumors are sarcomas, most often rhabdomyosarcoma and 

angiosarcoma.40–42

Metastatic cardiac disease is 20–40 times more common

than primary neoplasms, and may involve the heart by

direct extension, hematogenous, or lymphatic spread.43–47

Bronchogenic carcinoma, breast carcinoma, melanoma,

lymphoma, and leukemia are the most frequent primary

tumors metastasizing to the heart.

Myxomas are the most common benign primary cardiac

tumor, and are typically located in the left atrium (75%), but

are occasionally seen in the right atrium (20%). Myxomas

typically arise near the fossa ovalis of the interatrial septum

from a broad base or a narrow stalk, and are often highly

mobile, protruding into the atrioventricular valve during

diastole (Figure 17.12). Patients may present with signs and

symptoms of embolization or valvular obstruction.

Approximately 16% of myxomas have focal calcification,

and enhancement is usually heterogeneous. The major dif-

ferential diagnosis is atrial thrombus.42,48–51

Lipomas account for 10% of cardiac tumors. 50% arise

from a subendocardial surface, 25% from the epicardium,

and 25% have intracavitary extension. Lipomas are easily

diagnosed on CT as a lesion with smooth borders showing 

a density of approximately -100 HU, similar to mediastinal

fat (Figure 17.13).42,52,53 Cardiac lipomas should be differen-

tiated from lipomatous hypertrophy of the interatrial
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Figure 17.10 ARVD. Contrast-enhanced prospectively gated images show dilatation of the right ventricle with subtle out-
pouchings along the surface of the free wall. Note AICD lead in (B).
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septum (LHIS): this is a normal variant frequently found in

older and obese patients. An unusual feature of LHIS is that

it may contain brown fat, which can show increased FDG

uptake on PET imaging, leading to occasional false positive

diagnoses of cardiac metastases.54,55 LHIS, unlike lipomas, is

not encapsulated, and has a characteristic dumbbell shape,

with sparing of the foramen ovale (Figure 17.14).

Fibromas are collections of fibroblasts interspersed

among large amounts of collagen, and are thought by some

pathologists to represent hamartoma rather than true 

neoplasms. These are most often detected in infants and

children, but may be detected in young adults, and are the

second most common benign primary cardiac tumor in chil-

dren after rhabdomyoma.40 Fibromas are associated with

arrhythmias, heart failure, and sudden cardiac death. There

is an increased prevalence of cardiac fibromas in Gorlin syn-

drome, an autosomal dominant disorder associated with

basal cell carcinomas, odontogenic keratocysts of the
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Figure 17.11 Mitral annular calcification. Patient with mass detected on echocardiography. Axial double inversion recov-
ery MR image (a) reveals a focal mass in the region of the mitral annulus. Noncontrast gated CT image (b) reveals exten-
sive focal calcification of the mitral annulus exactly corresponding to the size of the lesion on MR.

Figure 17.12 Left atrial myxoma. Contrast-enhanced gated CT images reveal a large hypoenhancing mass in the left
atrium with some central calcification. Note protrusion of the mass across the mitral valve in (b).
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mandible, skeletal anomalies, and a tendency toward neo-

plastic growth in several organ systems. Fibromas typically

arise in the myocardium of the interventricular septum and

left ventricular free wall. Fibromas may be circumscribed

but not truly encapsulated, or infiltrative. On CT, fibromas

generally appear as homogeneous masses with soft tissue

attenuation, frequently containing calcification.56,57

Rhabdomyomas are the most common primary cardiac

tumors in children, generally diagnosed in infancy, and are

associated with tuberous sclerosis in 50% of cases.52,58,59 They

generally involve the ventricles, and may be large enough to

cause obstruction of a valve or cardiac chamber. The major-

ity of rhabdomyomas regress spontaneously, and thus sur-

gery is not required unless the lesions are causing significant

symptoms.

Cardiac hemangiomas typically arise from the ventricular

myocardium in young to middle aged patients, demonstrate

intense enhancement after contrast administration, and may

have foci of calcification59 (Figure 17.15). Papillary fibroelas-

tomas are benign endocardial papillomas that predomi-

nantly involve cardiac valves. These are probably the second

most common benign cardiac neoplasm, but reports of

imaging these lesions with CT and MRI are quite rare, 

due to their small size and rapid motion associated with

valve leaflets. Most lesions are detected incidentally on

echocardiography as a subcentimeter pedunculated valvular

mass.59–62 Paragangliomas are rare vascular tumors arising

from intrinsic cardiac paraganglial cells, predominantly

located in the atria. Patients may present with hypertension

and biochemical evidence of catecholamine overproduction.

As many as 20% of patients with cardiac paragangliomas

have associated paragangliomas in other locations. Most

lesions arise in the left atrium, appear somewhat circum-

scribed, and show intense contrast enhancement.42,59,63–65

Angiosarcoma is the most common primary malignant

cardiac tumor, typically occurring in young and middle

aged adults who present with right-sided heart failure and
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Figure 17.13 Right ventricular lipoma. Non-contrast
gated CT image shows a focal mass in the right ventricu-
lar apex with signal intensity similar to subcutaneous fat.
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Figure 17.14 Lipomatous infiltration of the interatrial septum. Contrast-enhanced CT reveals fatty replacement and
hypertrophy of the interatrial septum.
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tamponade, as the tumor has a striking predilection for the

right heart and particularly the right atrium. Angiosarcoma

may manifest as a well defined mass projecting into the

right atrium or as an infiltrative lesion often invading the

RV and pericardium and encasing the right coronary artery.

Lesions are typically heterogeneous in appearance, with sig-

nificant contrast enhancement66–69 (Figure 17.16).

6 COMPLICATIONS OF
MYOCARDIAL ISCHEMIA

Coronary CTA has emerged as an effective technique in

many circumstances for direct evaluation of coronary ather-

osclerosis. Data from coronary CTA may also yield useful

information regarding complications of myocardial
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Figure 17.15 Left ventricular hemangioma. Immediate (a) and 70 second delayed (b) images from contrast-enhanced
gated cardiac CT reveal a large lesion in the inferior left ventricle which rapidly enhances and becomes isointense to the
ventricular cavity on the delayed image.
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Figure 17.16 Angiosarcoma. Contrast-enhanced non-gated CT images reveal a large heterogeneously enhancing infil-
trative mass invading the right atrium and pericardium.
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ischemia. Cine images can be reconstructed in long or short

axis views, for example, and examined for evidence of focal

wall motion abnormalities or global diminished function.

True myocardial aneurysms usually result from prior

infarction, are typically anteroapical in location, and 

have an imaging appearance consisting of a focal bulge in

the myocardium, myocardial thinning, and dyskinesis

(Figure 17.17). Ventricular pseudoaneurysms represent a

contained myocardial rupture, are typically narrow necked

and inferolateral in location, and may also occur as a compli-

cation of myocardial infarction. Ventricular thrombus occa-

sionally arises in the setting of infarction or ischemia and

reduced ventricular function. Thrombus typically arises

adjacent to an anterior or apical infarct, and appears as a 

filling defect on contrast-enhanced images. In the proper

clinical setting, diagnosis of ventricular thombus on CT is

usually fairly straightforward (Figure 17.18). Differentiation

of thrombus from a focal mass is occasionally problematic;

chronic thrombus may partially calcify and can develop

granulation tissue which enhances. Mitral insufficiency may

result from papillary muscle infarction or rupture, most

often occurring in the setting of an inferior infarct disrupting

the blood supply of the posteromedial papillary muscle from

the posterior descending artery. Mitral insufficiency can be

detected and characterized with CT, and the abnormal pap-

illary muscle directly visualized.

Post-infarction pericarditis can occur focally adjacent to

the infarct or as a more generalized inflammatory process
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Figure 17.17 Calcified left ventricular aneurysm. Noncontrast (a and b) and post contrast (c and d) gated images reveal
focal dilatation of the inferior LV apex with a rim of calcification, representing aneurysm formation following apical infarct.
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(Dressler’s syndrome). CT findings of pericarditis include

pericardial thickening, effusion, and enhancement.

7 INCIDENTAL CONGENITAL
ANOMALIES

Incidental asymptomatic congenital anomalies are occasion-

ally detected on cardiac CT exams performed for other indi-

cations. Small atrial or ventricular septal defects may be

seen, for example, or vascular anomalies such as partial

anomalous pulmonary venous return, or mild forms of ven-

tricular noncompaction. Careful evaluation of the

myocardium, pericardium, and cardiac chambers should

always be undertaken whenever cardiac CT is performed,

and will occasionally yield interesting and unexpected

results (Figure 17.19).

8 CT vs MRI

Whether CT or MRI is the optimal cross-sectional modality

to evaluate the myocardium or pericardium depends on a

great many factors. Sometimes the decision is easy: equip-

ment for one modality may not be available or may not be

state of the art, or technical expertise may be lacking.

Patients may not be candidates for a particular technique,

for example, those with pacemakers or AICD devices in the

case of MRI or contrast allergies in the case of CT. Radiation

doses can be particularly high with gated high resolution

CT, particularly if pre and post contrast images are obtained;

this should always be a consideration, particularly in radia-

tion-sensitive populations or in those patients who are likely

to undergo multiple follow up examinations. On the 

other hand, some patients are simply unable to tolerate the

longer MRI examination with its usual requirement for 

multiple breath holds, and fare much better with a shorter

CT examination. Patients with arrhythmias can be very

challenging to image with MRI; while CT image quality is

also degraded in the setting of arrhythmias, it is often less

affected.

Soft tissue characterization with MRI is superior to CT,

and in general this is an advantage for MRI in evaluating

cardiac and pericardial masses as well as cardiomyopathies.

However, MRI is relatively insensitive to calcium, which is

frequently an important finding, and CT is equally sensitive

to the presence of fat. CT has superior spatial resolution, a

critical consideration when evaluating very small structures.

MRI is the gold standard for quantification of cardiac vol-

umes and wall motion; however CT probably has similar

accuracy, and cine images from an axial acquisition can be

reconstructed in any plane when submillimeter isotropic

voxels are acquired. Functional capabilities of MRI include

the ability to measure flow and velocity with phase contrast
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Figure 17.18 Infarct and left ventricular thrombus. Focal filling defect in the left ventricular apex represents thrombus in
a patient with an extensive apical infarct. The old infarct can be seen as a region of subendocardial fatty replacement.
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sequences, which can be useful in assessing valve disease or

entities which affect cardiac valves.

9 CONCLUSIONS

Cardiac CT is an important and useful tool in evaluation of

the pericardium and myocardium. A wide range of abnor-

malities can be detected and confidently diagnosed using

state of the art cardiac CT. Pericardial effusion, thickening,

and calcification are easily demonstrated, as are the morpho-

logic and functional changes of constrictive pericarditis.

Pericardial masses can be detected and adequately charac-

terized in most cases, and their anatomic location and inva-

sion of adjacent structures precisely defined. In general MRI

is preferred for evaluation of patients with cardiomy-

opathies due to the superior soft tissue characterization; CT

is quite effective in most cases, and is probably equally effec-

tive in assessing patients with suspected ARVD. Cardiac

masses are also generally well characterized by CT. 

The presence of fat and/or calcification is frequently the 

key to distinguishing between benign and malignant 

etiologies, and CT is an ideal technique in this regard. Since

coronary CTA is performed with increasing frequency in

the setting of coronary atherosclerosis, myocardial compli-

cations of ischemia will be seen with increasing frequency,

including aneurysms, infarcts, and functional sequellae of

infarctions.

As CT technology continues to improve, additional

applications for investigation of myocardial and pericar-

dial pathology will no doubt emerge. Radiation dose and

the frequent need for iodinated contrast will remain signif-

icant limitations for the foreseeable future; nevertheless,

CT is a valuable clinical tool with great flexibility, and 

the range of clinical applications nicely complements that

of MRI.

REFERENCES
1. Moore KL, Dalley AF. Thorax. In: Clinically Oriented

Anatomy. New York: Lipincott, Williams and Wilkins, 1999;
60–173.

2. Bull RK, Edwards PD, Dixon AK. CT dimensions of the
normal pericardium. Br J Radiol 1998; 71: 923–5.

3. Breen JF. Imaging of the Pericardium. J Thorac Imag 2000; 16:
47–54.

4. Oyama N, Oyama N, Komuro K et al. Computed tomography
and magnetic resonance imaging of the pericardium: 
anatomy and pathology. Magn Reson Med Sci 2004; 3: 
145–52.

5. Choi YW, McAdams HP, Jeon SC, Seo HS, Hahm CK. The
“high riding” superior pericardial recess: CT findings. AJR
2000; 175: 1025–8.

6. Mulvagh SL, Rokey R, Vick GW, Johnston DL. Usefulness 
of nuclear magnetic resonance imaging for evaluation of 
pericardial effusions, and comparison with two-dimensional
echocardiography. Am J Cardiol 1989; 64(16): 1002–9.

7. Nishimura RA. Constrictive pericarditis in the modern era: a
diagnostic dilemma. Heart 2001; 86: 619–23.

Computed Tomography of the Myocardium, Pericardium, and Cardiac Chambers 225

A B

Figure 17.19 Cor triatriatum. Contrast-enhanced gated CT images demonstrate a septation dividing the anterior and
posterior segments of the left atrium.

9781841846255-Ch-17  10/12/07  5:15 PM  Page 225



8. Cameron J, Oesterle SN, Baldwin JC, Hancock EW. The eti-
ologic spectrum of constrictive pericarditis. Am Heart J 1987;
113(2 Pt 1): 354–60.

9. Oh KY, Shimizu M, Edwards WD et al. Surgical pathology
of the pericardium: a study of 344 cases (1993–1999).
Cardiovasc Path 2001; 10: 157–68.

10. Ling LH, Oh JK, Breen JF et al. Calcific constrictive peri-
carditis: is it still with us? Ann Intern Med 2000; 132: 444–50.

11. Masui T, Finck S, Higgins CB. Constrictive pericarditis and
restrictive cardiomyopathy: evaluation with MR imaging.
Radiology 1992; 182(2): 369–73.

12. Ghersin E, Lessick J, Litmanovich D et al. Septal bounce in 
constrictive pericarditis: diagnosis and dynamic evaluation 
with multidetector CT. J Comput Assist Tomogr 2004; 28:
676–8.

13. Hurrell DG, Nishimura RA, Higano ST et al. Value of
dynamic respiratory changes in left and right ventricular
pressures for the diagnosis of constrictive pericarditis.
Circulation 1996; 93: 2007–13.

14. Spodick DH. Pericardial disease. In: Braunwald E, ed. Heart
disease: a textbook of cardiovascular medicine, 6th ed.
Philadelphia, PA: Saunders, 2001; 1823–76.

15. Rusk RA, Kenny A. Congenital pericardial defect presenting
as chest pain. Heart 1999; 81: 327–8.

16. Gassner I, Judmaier W, Fink C et al. Diagnosis of congenital
pericardial defects, including a pathognomic sign for danger-
ous apical ventricular herniation, on magnetic resonance
imaging. Br Heart J 1995; 74: 60–6.

17. Hancock EW. Neoplastic pericardial disease. Cardiol Clin
1990; 8(4): 673–82.

18. Abraham KP, Reddy V, Gattuso P. Neoplasms metastatic to
the heart: review of 3314 consecutive autopsies. Am J
Cardiovasc Pathol 1990; 3: 195–8.

19. Klatt EC, Heitz DR. Cardiac metastases. Cancer 1990; 65:
1456–9.

20. Wang ZJ, Reddy GP, Gotway MB et al. CT and MR imaging
of pericardial disease. Radiographics 2003; 23: S167–S180.

21. Richardson P et al. Report of the 1995 World Health
Organization/International Society and Federation of
Cardiology Task Force on the definition and classification of
cardiomyopathies. Circulation 1996; 93: 841–2.

22. Hughes SE, McKenna WJ. New insights into the pathology
of inherited cardiomyopathy. Heart 2005; 91: 257–64.

23. Maron BJ et al. American College of Cardiology/European
Society of Cardiology clinical expert consensus document on
hypertrophic cardiomyopathy. A report of the American
College of Cardiology Foundation Task Force on clinical
expert consensus documents and the European Society of
Cardiology Committee for practice guidelines. J Am Coll
Cardiol 2003; 42: 1687–1713.

24. Fattori R et al. Contribution of magnetic resonance imaging
in the differential diagnosis of cardiac amyloidosis and sym-
metric hypertrophic cardiomyopathy. Am Heart J 1998; 136:
824–30.

25. Maceira AM, Joshi J, Prasad SK et al. Cardiovascular magnetic
resonance in cardiac amyloidosis. Circulation 2005; 111: 186–93.

26. Marcus FI, Fontaine GH, Guiraudon G, et al. Right ventric-
ular dysplasia: a report of 24 adult cases. Circulation 1982; 65:
384–98.

27. Laurent M, Descaves C, Biron Y et al. Familial form of
arrhythmogenic right ventricular dysplasia. Am Heart J 1987;
113: 827–29.

28. Hamid MS, Gimeno JR, Valdes M, Elliott PM. Prospective
evaluation of relatives for familial arrhythmogenic right ven-
tricular cardiomyopathy/dysplasia reveals a need to broaden
diagnostic criteria. J Am Coll Cardiol 2002; 40: 1445–50.

29. McKenna WJ, Thiene G, Nava A et al. Diagnosis of 
arrhythmogenic right ventricular dysplasia/cardiomyopathy.
Task force of the working group myocardial and pericardial
disease of the European Society of Cardiology and of the
Scientific Council on cardiomyopathies of the International
Society and Federation of Cardiology. Br Heart J 1994; 71:
215–18.

30. Tandri H, Bomma C, Calkins H, Bluemke DA. Magnetic
resonance and computed tomography imaging of arrhythmo-
genic right ventricular dysplasia. J Magn Reson Imaging
2004; 19: 848–58.

31. Dery R, Lipton MJ, Garrett JS et al. Cine-computed tomog-
raphy of arrhythmogenic right ventricular dysplasia. J
Comput Assist Tomogr 1986; 10: 120–3.

32. Villa A, Di Guglielmo L, Salerno J et al. Arrhythmogenic
dysplasia of the right ventricle. Evaluation of 7 cases 
using computerized tomography. Radiol Med 1998; 75:
28–35.

33. Sotozono K, Imahara S, Masuda H et al. Detection of fatty
tissue in the myocardium by using computerized tomography
in a patient with arrhythmogenic right ventricular dysplasia.
Heart Vessels Suppl 1990; 5: 59–61.

34. Hamada S, Takamiya M, Ohe T, Ueda H. Arrhythmogenic
right ventricular dysplasia: evaluation with electron-beam
CT. Radiology 1993; 187: 723–7.

35. Tada H, Shimizu W, Ohe T et al. Usefulness of electron-
beam computed tomography in arrhythmogenic right ven-
tricular dysplasia. Circulation 1996; 94: 437–44.

36. Kimura F, Sakai F, Sakomura Y et al. Helical CT features of
arrhythmogenic right ventricular cardiomyopathy.
Radiographics 2002; 22: 1111–24.

37. Bomma C, Tandri H, Nasir K et al. Role of helical CT in
qualitative and quantitative evaluation of arrhythmogenic
right ventricular dysplasia. Pacing Clin Electrophysiol 2003;
26(Suppl 1): 965.

38. Burke AP, Farb A, Tashko G, Virmani R. Arrhythmogenic
right ventricular cardiomyopathy and fatty replacement of
the right ventricular myocardium: are they different disease?
Circulation 1998; 97: 1571–80.

39. Mousseaux E, Hernigou A, Azencot M et al. Evaluation by
electron beam computed tomography of intracardiac masses
suspected by transesophageal echocardiography. Heart 1996;
76: 256–63.

40. Burke A, Virmani R. Tumors of the heart and great vessels.
In: Atlas of tumor pathology: fasc 16, ser 3. Washington DC:
Armed Forces Institute of Pathology, 1996; 1–98.

41. Perchinsky MJ, Lichtenstein SV, Tyers GF. Primary cardiac
tumors: forty years’ experience with 71 patients. Cancer 1997;
79: 1809–15.

42. Araoz, PA, Mulvagh SL, Tazelaar HD, Julsrud PR, Breen
JF. CT and MR imaging of benign primary cardiac neo-
plasms with echocardiographic correlation. Radiographics
2000; 20: 1303–19.

43. Abraham KP, Reddy V, Gattuso P. Neoplasms metastatic to
the heart: review of 3314 consecutive autopsies. Am J
Cardiovasc Pathol 1990; 3: 195–8.

44. Klatt EC, Heitz DR. Cardiac metastases. Cancer 1990; 65:
1456–59.

226 Computed Tomography of the Cardiovascular System

9781841846255-Ch-17  10/12/07  5:15 PM  Page 226



45. Lam KY, Dickens P, Chan AC. Tumors of the heart: a 20
year experience with a review of 12,458 consecutive autopsies.
Arch Pathol Lab Med 1993; 117: 1027–31.

46. Nakayama R, Yoneyama T, Takatani O, Kimura K. A study
of metastatic tumors to the heart, pericardium, and great ves-
sels. Jpn Heart J 1966; 7: 227–34.

47. Chiles C, Woodard PK, Gutierrez FR, Link KM. Metastatic
involvement of the heart and pericardium: CT and MR imag-
ing. Radiographics 2001; 21: 439–49.

48. Reynen K. Cardiac myxomas. N Engl J Med 1995; 333:
1610–17.

49. Tazelaar HD, Locke TJ, McGregor CG. Pathology of surgi-
cally excised primary cardiac tumors. Mayo Clin Proc 1992;
67: 957–65.

50. Grebenc ML, Rosado-de-Christenson ML, Green CE, Burke
AP, Galvin JR. Cardiac myxoma: imaging features in 83
patients. Radiographics 2002; 22: 673–89.

51. Obeid AI, Marvasti M, Parker F, Rosenberg J. Comparison
of transthoracic and transesophageal echocardiography in
diagnosis of left atrial myxomas. Am J Cardiol 1989; 63:
1006–8.

52. Schvartzman PR, White RD. Imaging of cardiac and parac-
ardiac masses. J Thoracic Imaging 2000; 15: 265–73.

53. Kamiya H, Ohno M, Iwata H et al. Cardiac lipoma in the
interventricular septum: evaluation by computed tomogra-
phy and magnetic resonance imaging. Am Heart J 1990; 119:
1215–17.

54. Heyer CM et al. Lipomatous hypertrophy of the interatrial
septum: a prospective study of incidence, imaging findings,
and clinical symptoms. Chest 2003; 124: 2068–73.

55. Chaithiraphan V, Abbara S. MRI of cardiomyopathies and
cardiac masses. In: Ho VB, Kransdorf MJ, Reinhold C, eds.
Body MRI Categorical Course Syllabus. American Roentgen
Ray Society 2006; 125–42.

56. Burke AP, Rosado-de-Christenson M, Templeton PA,
Virmani R. Cardiac fibroma: clinico-pathologic correlates 
and surgical treatment. J Thorac Cardiovasc Surg 1994; 108:
862–70.

57. Beghetti M, Gow RM, Haney I, Mawson J et al. Pediatric pri-
mary benign cardiac tumors: a 15 year review. Am Heart J
197; 134: 1107–14.

58. Fenoglio JJ, Callister HA, Ferrans VJ. Cardiac rhabdomy-
oma: a clinicopathologic and electron microscopic study. Am
J Cardiol 1976; 38: 241–51.

59. Grebenc ML, Rodado de Christenson ML, Burke AP, Green
CE, Galvin JR. Primary cardiac and pericardial neoplasms:
radiologic-pathologic correlation. Radiographics 2000; 20:
1073–11103.

60. Al-Mohammad A, Pambakian H, Young C. Fibroelastoma:
case report and review of the literature. Heart 1998; 79: 
301–4.

61. Shiraishi J, Tagawa M, Yamada T et al. Papillary fibroelas-
toma of the aortic valve. Jpn Heart J 2003; 44: 799–803.

62. Wintersperger BJ, Becker CR, Gulbins H et al. Tumors of
the cardiac valves: imaging findings in magnetic resonance
imaging, electron beam computed tomography, and echocar-
diography. Eur Radiol 2000; 10: 443–9.

63. Hamilton BH, Francis IR, Gross BH et al. Intrapericardial
paragangliomas (pheochromocytomas): imaging features.
AJR 1997; 168: 109–13.

64. Nonaka K, Makuuchi H, Naruse Y, Kobayashi T, Goto M.
Surgical excision of malignant pheochromocytoma in the left
atrium. Jpn J Throrac Cardiovasc Surg 2000; 48: 126–8.

65. Sahdev A, Sohaib A, Monson JP et al. CT and MR imaging
of unusual locations of extra-adrenal paragangliomas
(pheochromocytomas). Eur Radiol 2005; 15: 85–92.

66. Matheis G, Beyersdorf F. Primary cardiac angiosarcoma: a
case report. Cardiology 1995; 86: 83–5.

67. Shin MS, Kirklin JK, Cain JB, Ho KJ. Primary angiosarcoma
of the heart: CT characteristics. AJR 1987; 148: 267–8.

68. Bruna J, Lockwood M. Primary heart angiosarcoma detected
by computed tomography and magnetic resonance imaging.
Eur Radiol 1998; 8: 66–8.

69. Araoz PA, Eklund HE, Welch TJ, Breen JF. CT and MR
imaging of primary cardiac malignancies. Radiographics
1999; 1: 1421–34.

Computed Tomography of the Myocardium, Pericardium, and Cardiac Chambers 227

9781841846255-Ch-17  10/12/07  5:15 PM  Page 227



9781841846255-Ch-17  10/12/07  5:15 PM  Page 228



18
Assessment of Global and 
Regional Left Ventricular 
Function by Computed 
Tomography

Kai Uwe Juergens, Walter Heindel, and Roman Fischbach

1 INTRODUCTION

Ischemic heart disease is the leading cause of morbidity and

mortality in industrialized countries.1 For clinical diagnosis

and risk stratification in patients with suspected or docu-

mented heart disease, the accurate and reproducible deter-

mination of left ventricular (LV) myocardial function is of

utmost importance, as LV volumes and myocardial mass are

independent predictors of morbidity and mortality in

patients with coronary heart disease.2,3 Global LV function

is considered the strongest determinant of heart failure and

death due to myocardial infarction.4 Furthermore, the eval-

uation of LV function provides valuable information for

treatment planning, monitoring of the efficacy of treatment

as well as prognostic parameters in patients with ischemic

and nonischemic cardiomyopathy.3–5

Currently, global and regional LV function can be

assessed using different invasive modalities, i.e. mono- and

biplane cineventriculography, and noninvasive imaging

modalities, i.e. echocardiography,6–8 cine magnetic reso-

nance imaging (CMR),9–18 electron-beam computed tomo-

graphy (EBCT)19–23 as well as ECG-gated single photon

emission computed tomography (SPECT) and positron

emission tomography (PET).22–25 In clinical practice, the

assessment of LV volumes and function is most commonly

accomplished with echocardiography as a quick and widely

available bedside test as well as with CMR that is currently

considered the modality of reference for assessment of car-

diac function.8–10,14

In 1998, ECG-gated multi-detector row computed

tomography (MDCT) was introduced as a noninvasive car-

diac imaging technique primarily aiming at the detection of

coronary artery stenoses and cardiac morphology.

Retrospective ECG gating of a cardiac MDCT study 

allows for MDCT image reconstruction in any phase of the

cardiac cycle, thus end-diastolic and end-systolic images 

can be produced. Using 4- and 16-slice MDCT LV volumes

and global function parameters is assessed in good 

agreement with cine ventriculography, echocardiography,

and CMR. The fast technical development of scanner 

hardware has lead to a rapid improvement of spatial and

temporal resolution, which has made coronary MDCT

angiography a robust and widely available technique. 

Post-processing tools have emerged that allow fast and

semiautomatic determination of LV function parameters

from MDCT data.26–44
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2 ASSESSMENT OF LV
FUNCTION: PHYSIOLOGY AND
METHODOLOGY

2.1 Global LV function

During the cardiac cycle, electrical excitation causes a mechan-

ical contraction of the myocardium, resulting in changes of the

LV volume: the mechanical cycle starts with an isovolumetric

contraction of LV myocardium at the end of the ventricular

filling. The increase in ventricular pressure results in the ejec-

tion of blood into the systemic and pulmonary circulation that

is followed by isovolumetric ventricular relaxation, resulting

in the ventricular filling period. Volume changes of the left

and the right ventricle within one cardiac cycle are quantita-

tively comparable (Figure 18.1). LV volumes (LVVol) are

determined using different methodological approaches, the

area-length method, the Simpson’s method, and threshold-based

direct volume measurements (Figure 18.2):

● the area-length method is based on a vertical or horizon-

tal long-axis view is primarily used in mono- and

biplane cineventriculography as well as in echocardiog-

raphy according to the formula

(A: ventricular area; L: length from

apex to mitral valve plane) 

● Simpson’s method primarily used in CMR, EBCT, and

MDCT and employs contiguous short-axis images of

the left ventricle:

LVVol = S AN ¥ S (A: cross-sectional areas; S: section

thickness)

● the threshold-based three-dimensional direct volume meas-

urements from MDCT data sets are achieved by a seg-

mentation technique depicting attenuation or signal

intensity differences between myocardium and cardiac

chambers; the sum of all contiguous voxels exceeding a

predefined attenuation threshold represents the total

chamber volume.45

Other than the area-length method, threshold-based

direct volumetry and Simpson’s method do not rely on geo-

metric assumptions and provide more accurate and 

reproducible results for determination of LV diastolic

(EDV) and systolic (ESV) volumes, which are defined as 

the volumes of the LV cavity determined at end-diastolic

and end-systolic phase of the cardiac cycle. From 

the acquired LV volumes, secondary function parameters

are calculated. LV ejection fraction (LVEF) describes the

relative change of EDV to ESV during the cardiac cycle: 

the normal ventricle ejects about two-thirds of its end-

diastolic volume during systolic contraction (see reference

values in Table 18.1).

.

The stroke volume is defined as the absolute change in

the LV volume during the cardiac cycle according to the

equation SV = EDV - ESV [mL]. The cardiac output (CO)

represents the pumped blood volume per minute equaling

the stroke volume times heart rate, i.e. CO = SV ¥ heart rate

[mL / min].

2.2 Regional LV function

The determination of regional LV function parameters refers

to the subtle analysis of LV wall segments. In accordance with

LVEF =
(EDV - ESV)

EDV
100 [%]×

LV =
8

3Vol

2

× A

Lπ ⋅
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Figure 18.1 Diagram illustrating the electrical and mechan-
ical events during the cardiac cycle; left ventricular volume
curve, electrocardiogram and valvular events are depicted:
A: isovolumetric contraction phase,
B: ventricular ejection period,
C: isovolumetric relaxation phase,
D: ventricular filling period
(mvc/mvo: mitral valve closing/opening; tvc/tvo: tricuspid
valve closing/opening; pvo/pvc: pulmonary valve
opening/closing; avo/avc: aortic valve opening/closing;
sv: stroke volume, rv: residual volume).
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Figure 18.2 Dedicated CT analysis software applying a 3D threshold-based segmentation algorithm for determination
of left-ventricular volumes and ejection fraction from diastolic (A-C) and systolic (D-F) Dual Source CT angiography image
reformations in a 66-year-old man with suspected coronary artery disease; consecutive blurring of the systolic images due
to the application of online dose modulation.

Table 18.1 Global (A) and regional left ventricular (B) volumetric and functional parameters as determined using 
Cine Magnetic Resonance Imaging as imaging modality of reference in healthy volunteers (adapted from references
8–10*, and 51)

A

Male Female

Range of normal Range of normal 
Left ventricle values Mean * values Mean *

LV-EDV [ml] 102–235 169 ± 33 96–174 135 ± 19
LV-ESV [ml] 29–93 61 ± 16 27–71 49 ± 11
LV-SV 66–148 108 ± 21 62–110 86 ± 12
LV-EF [%] 55–73 64 ± 5 54–74 64 ± 5
LV mass [g] 85–181 133 ± 24 37–67 90 ± 12

B

Male Female

Left ventricle

EDWT [mm] 7.6 ± 1.4 6.3 ± 1.0
ESWT [mm] 13.2 ± 1.8 12.2 ± 1.6
SWT [mm] 5.5 ± 0.8 5.8 ± 1.2
% WT [%] 75 ± 16 96 ± 24

LV: left ventricle/ventricular; EDV: end-diastolic volume, ESV: end-systolic volume; SV: stroke volume; EF: ejection 
fraction; EDWT: end-diastolic wall thickness; ESWT: end-systolic wall thickness; SWT: systolic wall thickening; % WT:
percentual wall thickening.
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other cross-sectional imaging modalities, the use of the 17-seg-

ment model of the American Heart Association (AHA) is

advisable when reporting regional LV wall motion studies.46

The model is based on short-axis image reformations with six

LV segments in the basal and mid-ventricular and four LV

segments in the apical section; an additional 17th segment is

assigned to the LV apex (Figure 18.3).

The thickness of the normal LV myocardium measures

between 6 and 8 mm in diastole and 10 to 14 mm in systole.

Systolic contraction within the cardiac cycle results in a

thickening of the ventricular myocardium and, thus, a sig-

nificant reduction of ventricular volume. The normal sys-

tolic wall thickening of the LV myocardium measures

approximately 5 to 8 mm (Table 18.1).

The continuous change in wall thickness due to LV con-

traction and relaxation during the cardiac cycle can be semi-

quantitatively evaluated by visual assessment from cine loop

displays of the moving heart, or quantitatively assessed

using dedicated analysis software. A myocardial segment

with impaired contraction is called hypokinetic, whereas

absent motion in a myocardial segment is termed akinesis; a

paradoxical outward motion during systolic contraction is

called dyskinesis (Figure 18.4).

Regular systolic myocardial contraction requires func-

tional muscle tissue and relies on sufficient regional blood

supply. Due to the coronary flow reserve, only high-grade

coronary artery obstructions will reduce coronary blood flow

below this critical level at rest. Since coronary blood flow

increases significantly with exercise, flow obstructing lesions

will become symptomatic with regional hypoperfusion and

thus a loss of LV contraction. However, scar tissue does not

contract and, therefore, does not show systolic wall thickening;

wall motion will be affected to various degrees. Stress imaging

techniques using exercise or drug induced vasodilatation make

use of this fact to diagnose obstructive coronary artery disease

based on. Stress imaging requires serial measurements, which

are easily achieved with CMR17,18 and ultrasound, but repre-

sent a major limitation for MDCT due to repeated contrast

media injections and radiation exposure. Still, MDCT reveals

basic information on LV regional wall function at rest and this

information comes for free with a coronary CT data set.41,47,48

3 MDCT ASSESSMENT OF LV
FUNCTION: PRACTICAL
APPROACH AND 
DIAGNOSTIC VALUE

3.1 Global LV function

3.1.1 Global LV function: MDCT protocol

MDCT data acquisition is based on the routine protocols

used for coronary artery imaging as LV function assessment

232 Computed Tomography of the Cardiovascular System
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Figure 18.3 Seventeen-segment model used for seg-
ment-based MRI and MDCT analysis of regional left ven-
tricular (LV) function (modified from Cerqueira 2002, ref.
46): (A), (B), and (C): short-axis planes (A. basal, B. mid-
cavity, C. apical), (D): horizontal long-axis, and (E): vertical
long-axis. LV-Segments (S) 1, 7, and 13: anterior; S 2, and
8: anteroseptal; S 3, and 9: inferoseptal; S 4, 10, and 15:
inferior; S 5, and 11: inferolateral; S 6, and 12: anterolateral;
S 14: septal; S 16: lateral; S 17: apex (RV= right ventricle,
TV= tricuspid valve, LV= left ventricle, MV= mitral valve).

Normokinesis

Akinesis Dyskinesis

Hypokinesis

Figure 18.4 Four-point scale for qualitative assessment
of left ventricular (LV) regional wall motion and graduation 
of impaired LV function. Regular LV wall motion is classi-
fied as normokinesis. LV wall motion disturbance is graded
into hypokinesis (reduced regional systolic wall thicken-
ing), akinesis (absent regional systolic wall thickening) and
dyskinesis (outward movement of the LV wall segment
during systolic contraction).
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is usually performed complementary to coronary CT

angiography. Depending on the scanner used, scan proto-

cols may differ. With the introduction of advanced MDCT

scanners with up to 40-/64- detector rows and Dual-source

CT (DSCT) systems, CT scan duration is 6 to 12 sec-

onds.42,44,59–62 The performance of automatic segmentation

algorithms varies with the quality of contrast opacification,

which is focused on the coronary arteries and the left ventri-

cle. If functional parameters are to be obtained, delineation

of the right atrium and ventricle and the septal myocardium

is improved with a modified contrast injection scheme using

either a biphasic injection or application of diluted contrast

after the initial bolus injection.

Prospective tube current modulation is available with

routine coronary artery scan protocols; as tube current is

reduced during the systolic phase image noise increases sig-

nificantly (Figure 18.5). Since LV function studies do not

need high resolution images and use thicker section thick-

ness, prospective tube current modulation does not affect

accurate endocardial border delineation or LV segmenta-

tion in the systolic phase; however, published reports have

not included tube current modulation with their imaging

protocols.

3.2 Global LV function: MDCT
data post-processing and analysis

For accurate and reproducible analysis of LV function, MDCT

data postprocessing should enable data reconstruction of the

entire RR interval in 5 to 10% steps. In principle, solely a dia-

stolic and systolic phase reconstruction each is necessary for

global LV function assessment. The appropriate reconstruc-

tion windows for the systolic and diastolic phases are visu-

ally identified as the images showing the minimum

ventricular diameter, as well as the maximum ventricular

diameter from axial images at a representative mid-ven-

tricular level (Figure 18.6) reconstructed every 5% of the

RR-interval.36 Using dedicated postprocessing software,

MDCT data reconstruction is performed either in short-

axis orientation to apply the Simpson’s approach or in axial

orientation enabling threshold-based 3D-volumetry. The

section thickness for short-axis images is set to five to

eight millimeters according to recommendations by sev-

eral studies.33,34,36,41,52,53

In principle, diastolic and systolic LV volumes can be

calculated using standard MDCT software tools for area

and distance measurements when applying the area-length

method. However, studies performed since 2004 used com-

mercially available dedicated MDCT analysis software

packages exclusively, either applying the Simpson’s method

or enabling threshold-based 3D-volumetry. Performing the

Simpson’s method on short-axis image MDCT reforma-

tions only the delineation of endocardial borders is necessary

for global LV function assessment: contours are either auto-

matically detected by the analysis software or/and have to be

manually traced/corrected on the diastolic and systolic

short-axis image reformations, resulting in a time-consum-

ing procedure. An accurate definition of the basal slice is

desired as it contains the largest area of the MDCT image
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A B

Figure 18.5 Diastolic (A) and systolic (B) short-axis image reformation in a 59-year-old man undergoing Dual-Source
CT angiography for exclusion of coronary artery disease demonstrate the effect of online dose modulation with consecu-
tive blurring of the systolic image: LV-ejection fraction was regular (65.2%).
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reformations stack, and a potential error in LV volumetry

might be caused from inadequate slice selection. LV papil-

lary muscles are included in the LV lumen and, therefore,

do not need additional contouring.36 Evaluation software

for (semi-) automated LV volume and wall thickness mea-

surements helps to standardize and to speed up analysis and

reporting.

Recent developments in postprocessing MDCT software

enable threshold based 3D-volumetry;37,53 thus, LV volume

assessment accomplished by much faster and with less user

interaction compared to a conventional slice-by-slice assess-

ment according to the Simpson’s method has become feasi-

ble. Artifacts induced by electrodes of pacemakers or

implanted cardio-defibrillators (ICD) and contrast-media in

the ventricular cavities might cause systematical errors in

threshold-based volumetry. To date, however, prospective

studies comparing different evaluation software packages

for cardiac MDCT are not available.

3.2.1 Global LV function: MDCT accuracy and
reproducibility

Multiple single-center studies have been published deter-

mining global LV volume and function parameters using 

4-, 8- and 16-slice CT;30–41,53–83 recently, initial experience on

LV function assessment with 64-slice CT systems has been

reported.52,84 LV-EDV, LV-ESV and LV-EF determined by

MDCT showed a good agreement with measurements from

cineventriculography, echocardiography, SPECT and CMR

in patients with suspected or manifest CHD; LV-ESV was

slightly overestimated by MDCT versus CMR, resulting in a

systematic underestimation of LV-EF from 1 to 7%, most

likely due to the limited temporal resolution achieved by

MDCT systems used, yielding a temporal resolution between

125 and 250 ms with single or bi-segment image reconstruc-

tion (Table 18.2). However, a temporal resolution of 30 to

50 ms per image is mandatory to capture the maximum 

234 Computed Tomography of the Cardiovascular System

Figure 18.6 Dedicated postprocessing software enable multi-phase MDCT data reconstruction in 5% steps of the entire
RR-interval, either in short-axis orientation (as shown) to apply the Simpson’s approach, or in axial orientation enabling
threshold-based 3D-volumetry; the section thickness for short-axis images is set to five to eight millimeters.
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systolic contraction, especially in patients with higher heart

rates.11 Due to improved temporal resolution of 40-, 64- and

Dual-Source CT scanners, an even better agreement of

MDCT and CMR assessment of LV function is to be

expected. To date, no data on DSCT assessment of LV func-

tion has been published in the literature.

At present, the clinical experience with MDCT LV

function analysis is limited to specialized centers, as well as

small numbers of patient and rather homogenous 

patient populations reported to date with CHD and near

normal ranges of LV size, configuration, and function.

Since MDCT is a true volumetric modality, the accuracy of

the measurements is not supposed to be influenced by

enlarged or grossly deformed hearts; however, the proof of

this hypothesis is still pending. Recent studies demonstrated

accurate determination of global cardiac function parame-

ters by 16-slice CT in patients with LV dysfunction due to

different pathologies, e.g. previous myocardial infarction, or

LV dilatation. Reproducibility of global LV function

parameters was found within the range of other modalities

with the interobserver variability being 0.5 to 11.5 % for LV-

EDV and LV-ESV, and 2 to 8.6 % for LV-EF; correspon-

ding values for CMR are 2 to 6 %.34,38,52,65,77,79,81

The total evaluation time of MDCT global LV function

analysis has been reported as ranging between 30 to 50 min-

utes on 4-slice MDCT35 versus 14 to 20 minutes applying
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Table 18.2 Left ventricular end-diastolic and end-systolic volumes and ejection fraction determined from 4- (A) 
8-, 16-, and 64-slice (B) spiral Computed Tomography (MDCT) of the heart in comparison to competitive imaging 
modalities.

A. Comparison of 4-slice MDCT used for determination of LV end-diastolic (LV-EDV) and end-systolic (LV-ESV) vol-
umes as well as ejection fraction (LV-EF) to cineventriculography (CVG), 2D-echocardiography (2D-Echo) and Cine
Magnetic Resonance Imaging (CMR) using Turbo gradient-echo (TGrE) and Steady-State free precession (SSFP) Cine
sequences. Cc: Correlation coefficient.

Modality compared LV-EDV LV-ESV LV-EF D LV-EF using
Author N to MDCT - Cc- - Cc- - Cc- MDCT

Hosoi et al. Radiat Med 2003 11 CVG 0.95 0.98 0.93 -
Heuschmid et al. RÖFO 2003 25 CVG 0.59 0.82 0.88 -17 ± 9%
Hundt et al. J Comput Assist Tomogr 2005 30 CVG 0.73 0.88 0.76 -13 ± 22.5 %
Grude et al. Invest Radiol 2003 28 TGrE - CMR 0.92 0.90 0.90 -7.9 ± 5.6%
Erhard et al. RÖFO 2002 7 SSFP - CMR 0.93 0.95 0.83 -3.8 ± 9.4%
Halliburton et al. Int J Card Imag 2003 15 SSFP - CMR 0.26 0.62 0.30 -1.6%
Mahnken et al. RÖFO 2003 16 SSFP - CMR 0.99 0.99 0.98 -0.9 ± 3.6%
Juergens et al. Radiology 2004 30 SSFP - CMR 0.93 0.94 0.89 -0.2 ± 4.9%

B. Comparison of 8-(W), 16-, and 64-slice MDCT used for determination of LV-EDV and LV-ESV, and LV-EF to 
2D-echocardiography, ECG-gated SPECT, and Magnetic Resonance Imaging using SSFP Cine sequences (SSFP-
CMR). Cc: Correlation coefficient.

Modality compared LV-EDV LV-ESV LV-EF D LV-EF using 
Author N to MDCT - Cc- - Cc- - Cc- MDCT

Koch et al. RÖFO 2004 19 SSFP - CMR 0.96 0.98 0.91 -3.0 ± 7.1 %
Heuschmid et al. RÖFO 2005 31 SSFP - CMR 0.86 0.91 0.87 1.4 ± 5.2 %
Yamamuro et al. Radiology 2005 (W) 50 SSFP - CMR 0.97 0.99 0.96 -1.2 ± 4.6 %
Mahnken et al. Eur Radiol 2005 21 SSFP - CMR 0.99 0.99 0.99 -0.07 ± 2.0%
Juergens et al. Am J Roentgenol 2006 20 SSFP - CMR 0.96 0.95 0.92 -2.1 ± 3.6 %
Schuijf et al. Int J Cardiol 2006 70 2D-Echo 0.97 0.98 0.91 1.7 ± 4.9 %
Heuschmid et al. Eur Radiol 2006 52 SSFP - CMR 0.83 0.90 0.88 1.8 ± 4.7 %
Belge et al. Eur Radiol 2006 40 SSFP - CMR 0.82 0.87 0.96 -0.5 ± 13.0 %
Dewey et al. Eur Radiol 2006 33 SSFP - CMR 0.90 0.90 0.86 -2.1 ± 8.2 %
Dewey et al. J Am Coll Cardiol 2006 88 SSFP - CMR 0.87 0.92 0.91 -2.1± 5.2 %
Sugeng et al. Circulation 2006 31 SSFP - CMR 0.98 0.97 0.93 -1.8 ± 5.4 %
Fischbach et al. Eur Radiol 2006 30 SSFP - CMR 0.96 0.94 0.83 -2.5 ± 4.2 %
Henneman et al. J Nucl Cardiol 2006 40 2D-Echo 0.97 0.98 0.91 -2.5 ± 9.8 %
Schepis et al. J Nucl Med 2006 60 Gated SPECT 0.89 0.95 0.82 1.1 ± 1.7 %
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software-assisted LV function analysis according to

Simpson’s method on 16-slice MDCT.55,79,83 A significant

reduction in postprocessing time will be achieved by

advanced raw data reconstruction algorithms, allowing

interactive planning and direct calculation of multiphase

short-axis images, and the use of automatic LV segmenta-

tion for volume and ejection fraction determination.

3.3 Regional LV function

3.3.1 Regional LV function: MDCT protocol,
data post-processing and analysis

Regional LV function is determined from the identical

MDCT data sets as global function parameters. With cur-

rently available MDCT reconstruction algorithms devel-

oped for coronary artery visualization, a temporal resolution

between 100 to 250 ms, as achieved by 4- to 16-slice MDCT,

is sufficient to display diastolic and systolic phases in most

patients, but fast volume changes during the rapid systolic

ventricular filling and ejection phases (Figure 18.1) are not

adequately detected. While plain LV volume determination

is feasible in good agreement with competitive imaging

modalities, regional LV function assessment, especially detec-

tion of diastolic dysfunction, is limited. Sixty-four-slice

MDCT, as well as currently introduced DSCT systems

(Figures 18.7, 18.8) is providing a constant temporal resolution

of 83 ms and up to 40 ms using multi-segment data recon-

struction algorithms, might help to overcome this limitation.

Therefore, standardized MDCT data postprocessing for

regional LV wall motion assessment should include image

reconstructions of 20 phases at 5% steps of the RR-interval

from CT raw data sets to utilize the full diagnostic potential

from the improved temporal resolution. Multiphase MDCT

images are reconstructed in short-axis (section thickness 5 

to 8 mm), vertical, and horizontal long-axis (section thick-

ness 2 to 3 mm) orientation enabling semi-quantitative

analysis of regional LV function parameters: using MDCT

analysis software images from corresponding slice positions

are visually reviewed in a cine loop to qualitatively assess LV

wall motion applying the 17-segment AHA-model and

grading segmental LV wall motion according to a 4-point

scale.

Quantitative regional LV function assessment requires

delineation of endocardial and epicardial LV contours for

measuring diastolic and systolic LV wall thickness, systolic

wall thickening, and the determination of LV myocardial

mass, which is considered to be an important follow-up

parameter in patients treated for arterial hypertension.

Generation and edition of endo- and epicardial LV contours

is supported by dedicated MDCT analysis software apply-

ing the Simpson’s method on short-axis image reformations

or the 3D threshold based region-growing segmentation

algorithm based on axial MDCT images. The continuous

changes in wall thickness due to LV contraction and relax-

ation are calculated as myocardial wall thickness over time,

i.e. during the cardiac cycle, and expressed as time-volume-

curves. Normalization to body-surface-area enables com-

parison to reference values (Table 18.1 A and B).
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A B

Figure 18.7 Dual-Source CT study from a 37-year-old man with previous subendocardial anteroseptal infarction
(arrows), hypokinesis of the antero-septal myocardium and reduced global left ventricular (LV) function (LV-ejection frac-
tion 54.2%).
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3.2.2 Regional LV function: MDCT accuracy
and reproducibility

To date, semi-quantitative visual analysis and quantification

of regional LV function parameters have been reported by a

few single-center studies using 4-slice,31,38,51,56 16-

slice,54,55,60,61,67,75,82 and 64-slice MDCT.52,84 MDCT reveals

basic information on LV regional wall function at rest, as

systolic and diastolic image reconstructions depict changes in

wall thickness and multiphase reconstructions45 allow analy-

sis of the LV wall motion over the cardiac cycle.

Normokinetic LV segments are reliably identified with

MDCT.54 Even areas of impaired motion were identified

with sufficient reliability in comparison to CMR, echocardiog-

raphy, and ECG-gated SPECT; however, sensitivity for

detection and accurate classification of LV wall motion abnor-

malities needs to be improved (Table 18.2). Further improve-

ment of the MDCT system’s temporal resolution seems to be

the most important factor for enhancing MDCT perform-

ance.54 The definitive role and diagnosis value of MDCT in a

clinical setting needs to be further defined, once improved

postprocessing tools and scanners with improved temporal

resolution have become widely available.

Due to significantly improved temporal resolution, an

even better agreement of quantitative MDCT and CMR

assessment of regional LV function parameters is to be
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A B

C D

Figure 18.8 Dual-source CT study from a 76-year-old woman with left ventricular (LV) hypertrophy: diastolic (A+C) and
systolic (B+D) short-axis (A+B) and four-chamber (C+D) image reformations showed myocardial hypertrophy, particularly
of the interventricular septum without obstruction of the LV outflow-tract; LV-ejection fraction was normal (72.5%).
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expected from DSCT systems. The determination of LV

myocardial ischemia and its consecutive regional dysfunc-

tion is important with regard to the clinical management of

patients with CHD, especially if viable LV myocardium can

be detected and myocardial revascularization might lead to

improvement in LV function and patient survival. Initial

observations made in a study comparing myocardial

enhancement patterns seen with MDCT to dual isotope

SPECT showed that the extent of an early myocardial

enhancement deficit could predict subsequent myocardial

wall thickness and wall motion recovery in patients after

successful revascularization.85

4 CONCLUSIONS

Left ventricular function assessment with MDCT has

entered clinical routine as multiple studies on 4- to 64-slice

CT systems have demonstrated that MDCT allows for reli-

able determination of LV volumes and global LV function

parameters in good agreement with established imaging

modalities. Although MDCT is still not considered a first-

line modality for LV function assessment, this technique pro-

vides clinically valuable additional information in patients

undergoing MDCT coronary angiography, contributing to a

combined assessment of cardiac morphology and LV func-

tion without the need of additional radiation exposure. As

CMR is contraindicated, MDCT enables LV function assess-

ment in patients with implanted pacemakers and ICD, espe-

cially in follow-up after cardiac resynchronization therapy.

With improvements in dedicated postprocessing and image

analysis software, a further increase in clinical applicability of

global LV function evaluation has to be expected. Regional

LV wall motion analysis at rest is feasible from MDCT data

sets in good agreement with competitive imaging modalities;

however, sensitivity for detection and accurate classification

of LV wall motion abnormalities using 16-slice CT scanners

needs to be improved. As provided by 64-slice MDCT and

DSCT systems further improvement in temporal resolution

seems to be mandatory to match regional LV function analy-

sis obtained from CMR and echocardiography, especially if

any stress tests with MDCT are intended.
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19
Assessment of Heart Valve Disease by
Computed Tomography

R. van Lingen, N. Manghat, C. Roobottom, and G. Morgan-Hughes

1 INTRODUCTION

The constant technological improvements in CT have seen

it merge seamlessly from a research tool in cardiac imaging

to mainstream clinical utility in areas such as the assessment

of coronary artery disease. Although obviously not currently

the accepted gold standard for the assessment of the heart

valves over other imaging modalities such as echocardiogra-

phy, the increase in temporal and spatial resolution with the

current generation of 64-slice multidetector CT (MDCT)

scanners mean that excellent images can be obtained in most

patients of even these thin mobile structures. A huge wealth

of information about the heart valves is available from any

high specification cardiac MDCT scan regardless of the

original indication for the investigation. It is important that

this data is analyzed appropriately and commented upon.

Electrocardiographic gated MDCT data reconstructed at

different phases across the cardiac contraction cycle allows

haemodynamic assessment by implication of regurgitant

valve lesions and direct measurements of stenotic valve

areas. Furthermore MDCT might potentially be the pre-

ferred imaging modality in certain clinical situations in

which echocardiographic assessment is known to be chal-

lenging. In our experience these situations would include

the assessment of the aortic root for abscess formation in

prosthetic aortic valve infective endocarditis, and the assess-

ment of the pulmonary valve in infective endocarditis and

carcinoid syndrome (Figure 19.1). Additionally MDCT is

likely to play an increasingly important role in percutaneous

valve procedures such as mitral annuloplasty and aortic

stent valve insertion. Accurate preprocedural anatomical

assessment is crucial to the success of these two rapidly

developing techniques and MDCT would be ideally placed

to provide the required imaging.

The following chapter will review the basic causes and

pathophysiology of the common heart valve diseases and

provide a literature review of up to date published reports

on the use of MDCT in the assessment of these diseases.

Insights into practical reporting and application of MDCT

for the assessment of heart valve disease will be provided.

These insights are based around experience gained from a

busy clinical cardiac MDCT service, which has been in place

since 2003, and an active research programme.

2 CARDIAC CHAMBERS

Ideally, all valve pathology needs to be assessed in the context

of the underlying cardiac chambers’ size and function. The

atria and their associated inflow vessels are all clearly visible

on MDCT, including the left atrial (LA) appendage, which

needs to be assessed for the presence of thrombus. The utility

of CT for the accurate anatomical depiction of the atrial

region1 is best illustrated by its increasing use in atrial fibrilla-

tion ablation procedures, including pulmonary vein isolation.
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Left ventricular (LV) systolic function is usually the most

important associated factor that needs to be considered in

valve disease. Not only is LV systolic dysfunction an impor-

tant clinical parameter, it confers prognostic information,

influences treatment decisions and is an aetiological cause of

valvular dysfunction (the central mitral regurgitation in a

patient with a dilated cardiomyopathy being an example)

(Figure 19.2). LV functional assessment by MDCT has been

shown to be accurate compared to a number of alternative

imaging modalities, including cardiac magnetic resonance

imaging (MRI), echocardiography and Single Photon

Emission Computed Tomography (SPECT)2–10 with good

interobserver variability.3 MDCT appears to correlate most

closely with MRI in calculating ejection fraction,14 although

it tends to slightly underestimate measured values of 

wall thickness and volume.2,7,8,11 However, there is a pre-

dominance of patients with well-preserved LV function in 

the reported literature, and in those with global or regional

wall impairment this underestimation bias might be further

exaggerated.9,12 Right ventricular (RV) function can also be

quantified but requires good RV contrast opacification

which is not always possible with standard cardiac 

CT acquisition protocols.4 As the information required to

assess the left ventricle is acquired as part of the standard

volume of data in a routine MDCT the semi-automative

quantification packages now available should make this an

accurate interpretation with little impact on reporting

times.10,12

3 AORTIC VALVE

3.1 Anatomy and function

The normal aortic valve (AV) is tricuspid with cusps easily

visible on MDCT as thin structures (Figure 19.3 – images A,

244 Computed Tomography of the Cardiovascular System

Figure 19.1 Pulmonary valve at end-diastole unable to
close due to thickening and restriction of cusp leaflets sec-
ondary to carcinoid syndrome, resulting in severe pulmonary
regurgitation.

A B

Figure 19.2 A patient with dilated cardiomyopathy demonstrating end-systolic LV cavity dilatation with consequent mitral
annular ring dilation and failure of coaptation of the mitral valve leaflets (A), and the thinned and stretched sub-valvular
chordae tendinae and papillary muscles (B) holding the leaflets in place.
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B and C). The right and left cusps are below the right and

left coronary sinuses, which in turn give rise to the right and

left coronary arteries. The third cusp is therefore referred to

as the noncoronary cusp. The normal open valve area is

2.5–3.5 cm2.13

4 AORTIC STENOSIS

4.1 Causes

The site of stenosis can be valvular, subvalvular or supra-

valvular. Valvular aortic stenosis (AS) may be congenital,

degenerative or rheumatic (Table 19.1).13 Numerous 

variations on valve cusps number and morphology have

been described but congenital bicuspid valves are the most

common variant, occurring in 1–2% of people.14 Bicuspid

AV (Figure 19.4 – C) may be identified in patients of any

age although stenosis of the valve is usually accelerated and

more likely to present in younger persons.15 Associated con-

genital abnormalities of either coarctation of the aorta or

interrupted aortic arch should always be sought, as well as

aortic root dilation16 (Figure 19.5).

Age-related degenerative calcific AS is the most

common cause of AS in adults, can be present in 2–3%17 and

is a leading indication for aortic valve replacement (AVR).18

Degenerative calcific AS shares common risk factors with

aortic and coronary artery atherosclerosis and mitral valve

Assessment of Heart Valve Disease by Computed Tomography 245

A B

C D

Figure 19.3 Images A and B are orthogonal views of normal tricuspid aortic valve at end-diastole and image C at end-
systole. Image D demonstrates thickened and abnormal but non-calcified cusp leaflet tips of stenotic aortic valve at end
diastole. Note the failure of full closure which would result in a degree of aortic regurgitation.
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annular calcification.19–21 Patients usually present from

around the sixth decade with symptoms and/or signs of

aortic valve disease. A rheumatic valve is usually both regur-

gitant and stenotic.

4.2 Pathophysiology and 
natural history

The classically described natural history of adult aortic

stenosis is a gradual decrease in valve area, which is initially

well tolerated and asymptomatic. However, once the valve

has stenosed to about 50% of it’s original area22 (±1.5 cm2) a

transvalvular pressure gradient between the left ventricle

and aorta begins to develop. From that point on even minor

diminution of valve area leads to a rapid rise in pressure gra-

dient. This in turn leads to progressive pressure overload on

the left ventricle. The compensatory response to pressure

loading of the left ventricle is to develop left ventricular

hypertrophy (LVH) (Figure 19.6). Initially this allows for

increased pressure with normal LV wall stress, but as the

disease progresses the hypertrophy increasingly gains patho-

logical features, and this combination of increasing wall

thickness and afterload excess leads to progressive diastolic

followed by systolic dysfunction. The ultimate reduction in

contractile function and cardiac output means that intra-

ventricular pressure falls, resulting in an apparent decrease

in the transvalvular gradient despite continuing severe valve

stenosis. This can clinically be difficult to distinguish from

patients with mild aortic valve restriction and an incidental

cardiomyopathy.

4.3 MDCT assessment

Degenerative AS has a similar risk factor profile to athero-

sclerotic coronary artery disease and displays a similar 
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130.8 mm2

69.2 mm2

294.9 mm2

A

B

C

Figure 19.4 Image A is a planimetered area of a normal
aortic valve fully opened at end-systole, image B the signif-
icantly reduced area of a patient with severe calcific aortic
stenosis in a tricuspid valve, and image C the reduced area
of a patient with a calcified bicuspid aortic valve.

Table 19.1 Aetiology of aortic valve pathology

Aortic regurgitation Aortic stenosis

∑ Rheumatic fever ∑ Congenital
∑ Degenerative ∑ Degenerative
∑ Infective endocarditis ∑ Rheumatic fever

(Figures 19.13, 19.14) ∑ Rheumatoid
∑ Large ventricular septal arthritis

defect
∑ Complication of percutaneous 

aortic balloon valvotomy and 
radiofrequency catheter 
ablation43

∑ Structural deterioration of a 
bioprosthetic valve

∑ Trauma

Aortic root disease:
∑ Degenerative
∑ Cystic medial necrosis
∑ Aortic dissection
∑ Osteogenesis imperfecta
∑ Systemic hypertension
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tendency to calcify over time. Early MDCT assessment of

AS therefore focused on the correlation between increasing

levels of AV calcification (AVC) with increasing pressure

gradients and decreasing valve area.23–26 It has been shown

that on a 0–4 subjective scoring scale of AVC, grade 3–4 cal-

cification results in 60% of patients having AS, with only

2.4% of patients with scores of 0–2 having AS.27 However, it

appears that the relationship between AVC and gradient is

slightly more complex than a simple linear correlation.24

Although there is a linear relationship of increasing AVC

from mild gradients up to the point of severe AS, once a

patient has severe AS, calcification volumes can vary widely,

although always being high. It has been suggested from

echocardioghraphic data that very high levels of AVC might

confer an adverse prognosis in even asymptomatic severe AS

patients.28 By extension, therefore, CT scanning is ideally

placed to provide similar but more objective data, and this

represents an important clinical utility for cardiac MDCT. In

particular the two subgroups of patients with AS that can be

especially difficult to judge in terms of whether they are
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A B

Figure 19.5 Image A demonstrates a significantly dilated ascending aortic root with resultant failure of diastolic coapta-
tion of the aortic valve and consequent aortic regurgitation. Image B is of a calcified bicuspid aortic valve with associated
coarctation of the descending aorta.

Figure 19.6 The small cavity and thickened left ventricular
muscular walls at end-diastole of a patient with left ventricu-
lar hypertrophy secondary to hypertrophic cardiomyopathy.

9781841846255-Ch-19  10/12/07  5:16 PM  Page 247



likely to benefit from AVR, are the asymptomatic patients

with severe AS and those with AS and poor LV function.

Very high levels of AVC suggest an adverse prognosis in the

former group. In the second group the actual diagnosis of

severe AS can be difficult as a high pressure gradient over the

AV will not be generated in the setting of poor LV function.

High levels of AVC may assist in making the diagnosis of

severe AS in patients such as this. In both situations the infor-

mation obtained facilitates the decision making process with

regards to the timing of, or need for, AVR.

As the resolution of newer generation of MDCT scan-

ners improve, papers are starting to be published on direct

comparison between MDCT and echocardiographic valve

area assessment.29,30 Both transthoracic Doppler derived

valve areas.29,30 and transoesophageal echocardiographic

(TEE) planimetered valve areas 30 appear to correlate well

with MDCT planimetered valve areas (Figure 19.4).

Isolated case reports and anecdotal experience demonstrate

that aberrations in cusp morphology,31,32 supravalvular

stenosis33 and associated intrathoracic pathology32–34 (such as

aortic root dilation and coarctation of the aorta) are demon-

strated clearly by MDCT (Figure 19.5).

5 AORTIC REGURGITATION

5.1 Causes

Primary disease of the AV leaflets and/or the wall of the

aortic root may cause aortic regurgitation (AR). There is sep-

aration of the leaflets when the aortic annulus becomes signif-

icantly dilated. Dilatation of the aortic root can cause tension

and bowing of the individual cusps, which may thicken,

retract and become too short to close the aortic orifice. This

can cause a downward spiral of worsening AR and increasing

ascending aorta dilation. Table 19.113 highlights some of the

important causes of AR, with AR secondary to dilation of the

ascending aorta now being more common than pure primary

valve disease in patients undergoing AVR.35–36

5.2 Pathophysiology and 
natural history

Chronic AR results in both pressure and volume overloading

of the LV, which can stimulate the development of both con-

centric and eccentric LVH with a large left ventricular end-

diastolic volume. As the LV dilation progresses over time,

ejection fraction starts to deteriorate and symptoms usually

intervene. If AVR occurs prior to permanent LV dysfunc-

tion then beneficial remodeling can return the LV to normal.

5.3 CT assessment

Although MDCT is excellent for assessing the thoracic 

aorta and diseases which affect the AV, such as aortic 

root dilation and dissection, there is very little in the litera-

ture regarding calculation of regurgitant valve area. 

One paper37 has compared TEE with MDCT in 71 patients,

and found a sensitivity and specificity of 95% and 

96% respectively for moderate and severe grades of AR.

However, heavily calcified valves precluded assessment 

by MDCT in up to 50% of patients with AR, and mild 

regurgitation was poorly ruled out with a sensitivity of 

only 70%.

Despite the lack of literature on the subject AR is

straightforward to diagnose with cardiac MDCT. 

The AV should be closed at end-diastole. Failure of 

coaptation of the AV is very clear on cardiac MDCT 

data sets reconstructed at end-diastole (Figure 19.3 – D, 

and Figure 19.7). The failure of coaptation demonstrated

allows the diagnosis of AR by implication. Almost 

invariably in this situation the aortic root will be dilated or

the valve itself abnormal. Further supporting evidence of

AR may be evident on the scan. One such example is the 

differing contrast opacification seen between the LV and 

the LA in the patient with severe AR but a competent 

mitral valve (Figure 19.7). These findings should be 

commented upon when reporting cardiac MDCT and

haemodynamic assessment with echocardiography recom-

mended.

5.4 Clinical context of MDCT
reporting of the aortic valve

Evidence of AVC on routine thoracic MDCT scanning

should prompt a careful evaluation of the aorta and coro-

nary arterial tree for evidence of associated atherosclerosis.

A suspected stenotic AV should have a comment made on

its degree of calcification. Aortic root and arch calibres

should always be measured, and any evidence of congenital

abnormalities of the AV must prompt an assessment of the

descending thoracic aorta for evidence of associated coarcta-

tion. During cardiac MDCT, performed for whatever indi-

cation, the number and morphology of the AV leaflets

should be assessed, and if abnormal, the end systolic 
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maximally opened valve leaflet tip area traced around to 

calculate a planimetered area. The LV wall thicknesses 

and chamber dimensions in end-diastole and end-systole

should be measured for objective evidence of LVH or 

LV dilatation, and the LV ejection fraction should be 

calculated.

Similarly, in the regurgitant valve, morphological assess-

ment should be made of the leaflets and an end diastolic

assessment of leaflet coaptation. Careful measurement and

assessment of the aortic root and thoracic aorta for associated

dilation, dissection or connective tissue abnormalities should

be performed. LV chamber size and function is equally

important for the assessment of any adverse impact on the

LV by the regurgitant AV.

6 MITRAL VALVE

6.1 Anatomy and function

The mitral valve (MV) apparatus involves the mitral valve

annulus (MVA), mitral leaflets, chordae tendinae, papillary

muscles and the adjacent myocardium. The leaflets and

papillary muscles are easily visible on cardiac MDCT,

although the thin structures of the chordae tendinae less so

depending on scan quality. The normal cross sectional area

of the open MV in adults is 4–6 cm2.13

7 MITRAL STENOSIS

7.1 Causes

Rheumatic fever is the predominant cause of mitral stenosis

(MS) (Table 19.2).13,38,39 Rheumatic involvement results in

four forms of mitral valve leaflet fusion: commissural,

cuspal, chordal and combined.40 The cusps fuse at their

edges and thickening and shortening of the chordae 

tendinae results in tethering of the valve leaflets with 

concomitant restriction of cusp excursion. The stenotic MV

is typically funnel shaped and the orifice is frequently
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A

B

LA

LV

Figure 19.7 Aortic regurgitation in a patient with a dilated
artic root and regurgitant aortic valve visible at end-dias-
tole. Note the interesting differential contrast between the
left atrium and left ventricle in the lower image. This is due
to contrast accentuation in the LV due to the additive
effects of the aortic regurgitant jet, and the competent
mitral valve preventing this from occurring in the left atrium.

Table 19.2 Aetiology of mitral valve pathology

Mitral stenosis Mitral regurgitation

∑ Rheumatic heart ∑ Rheumatic heart 
disease disease

∑ Congenital ∑ Infective endocarditis
∑ Carcinoid syndrome ∑ Annular calcification
∑ Connective tissue ∑ Cardiomyopathy

disorder ∑ Ischemic heart 
∑ Lutembachers disease

syndrome (when ∑ Collagen vascular 
associated with atrial diseases
septal defect) ∑ Trauma

∑ Hypereosinophilic 
syndrome

∑ Carcinoid syndrome
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shaped like a ‘fish mouth.’ The thickened leaflets may be so

adherent and rigid that they cannot open or shut and lead to

combined MS and mitral regurgitation (MR).13

7.2 Pathophysiology and 
natural history

Once the MVA decreases to below 2.0 cm2 the pressure

begins to rise in the LA and a transvalvular pressure gradi-

ent develops. Increasing LA pressure is transmitted back

into the pulmonary vasculature resulting in rising pul-

monary pressures. This in turn ultimately leads to RV dila-

tion and failure. Thus the majority of the complications of

MS such as a dilated LA with thrombus, atrial fibrillation,

pulmonary hypertension, pulmonary oedema and haemopt-

ysis are logical consequences of this abnormal haemody-

namic state. The LV is protected from this by the stenotic

valve and thus is normal in most patients. Posterobasal LV

extension of the fibrotic valve process can however result in

mild localized hypokinesis. If LV dysfunction is present it is

usually related to con-comitant pathology such as ischemic

heart disease or additional MR.41

7.3 CT assessment

To date there is no publication that we are aware of compar-

ing modern generation MDCT to echocardiography for the

assessment of MS. Very early studies in the mid 1990s

attempted to use CT in patients undergoing percutaneous

mitral balloon commisurotomy to monitor changes in car-

diac chamber volumes42 and to assess MV morphology as a

predictor of eventual post procedure valve area.43 In 2002,

MDCT was used to evaluate the different anatomical com-

ponents of the MV and its apparatus, an important consid-

eration in planning percutaneous or surgical approaches to

treatment.44 Despite using only single slice mid-diastolic

images, reasonable visualization was achieved. But a recent

feasibility study comparing MDCT with TEE in patients

with normal MVs appears promising in terms of dynamic

morphological assessment.45 The long-axis perpendicular

plane appears better than short-axis views throughout the

cardiac cycle and most valvular and subvalvular structures

(with the exception of the thin chordae tendinae) appear well

visualized with good interobserver variability (Figure 19.8).

This clearly sets the stage for further MDCT studies on

abnormal valves, with the higher temporal resolution of 

64-slice machines and beyond looking promising in terms of

further reducing valve leaflet motion artifact.

8 MITRAL REGURGITATION

8.1 Causes

The important causes of MR are listed in Table 19.2.13 As pre-

viously mentioned, the deformation of valve leaflets in

chronic rheumatic heart disease can lead to regurgitation

(Figure 19.9), as can infective endocarditis (Figure 19.10).

Severe idiopathic (degenerative) calcification of the MVA

may also be an important cause of MR.46,47 With severe annu-

lar calcification, a rigid, curved ring of calcium encircles the

mitral orifice and calcific spurs may project into the adjacent

myocardium.48 This is perhaps better demonstrated by

MDCT than by other imaging modalities, and provides

important information for the cardiothoracic surgeon prior to

MV repair or replacement, as frequently the annulus has to be

extensively decalcified during the procedure. This additional

information may have a significant impact on both the nature

and timing of any planned cardiothoracic procedure. Excess

redundant myxomatous tissue leading to valve enlargement

and systolic prolapse is the cardinal feature of the mitral valve

prolapse (MVP) syndrome.41,49 Ischemically mediated MR

can either be secondary to acute rupture of a papillary muscle

or the altered LV geometry and function secondary to 

a region of wall motion abnormality. MR resulting from
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Figure 19.8 The echocardiographic equivalent of a long
axis view of the mitral valve demonstrating thin mitral valve
leaflets with the normal sub-valvular apparatus of chordae
tendinae and papillary muscles clearly visible.
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dilatation of the MVA secondary to dilating cardiomy-

opathies of any cause is also common50 (Figure 19.2).

8.2 Pathophysiology and 
natural history

Chronic MR results in a pure volume overloaded state, 

as opposed to the combined pressure and volume loading 

of aortic regurgitation. Thus both the LA and LV gradually

dilate in response to the retrogradely ejected portion of 

the stroke volume. This can be tolerated for many years, 

but at the point when ejection fraction starts to decline, 

diastolic, LA and pulmonary capillary pressures start 

to rise and symptoms can progress rapidly. Reduced 

LV function is a serious finding, as the regurgitation 

back into the low pressure LA confers a ‘sparing’ 

effect of afterload reduction, and implies a greater loss of

A B

C D

Figure 19.9 Cardinal cardiac CT features of a rheumatic mitral valve. A – tethering of the thickened leaflets by the sub-
valvular apparatus. B – calcification of the mitral annular ring and subvalvular apparatus. C – restricted opening in the
short-axis view of the thickened myxomatous anterior and posterior valve leaflets. D – failure of coaptation and closure at
end-systole resulting in mitral regurgitation.
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myocardial integrity when it occurs than with other valvu-

lar conditions.41

8.3 CT assessment

There are two potential strategies for attempting to assess

the presence and severity of MR using cardiac MDCT. One

is to directly planimeter or trace the valve area and the

second is to calculate regurgitant volume from forward

stroke and LV flow volumes. Before this is considered, how-

ever, the structure of the entire MV apparatus needs to be

evaluated. The question to be answered is: ‘Is there a sub-

strate for MR here?’ If the answer is yes, then attempts to

confirm the presence of and the severity of the MR should

be vigorous.

One set of authors has reported their experience with

evaluating MDCT for the first method by measuring

planimetered systolic MV regurgitant area in 25 normal and

19 patients with MR and compared the results with TOE

and ventriculography.51 Although only small numbers of

patients were involved, results were encouraging in that all

patients with no MR were correctly identified by MDCT,

and there appeared to be good correlation with the semi-

quantative assessment by the alternative assessment methods

of TOE and ventriculography. However, despite this corre-

lation, statistically there was still difficulty in distinguishing

between some grades of MR, such as between mild and

moderate regurgitation.

The second method of evaluating MR by MDCT is to

calculate a regurgitation volume. This is done by calculat-

ing the LV total stroke volume and subtracting from it the

forward stroke volume, the difference being the presumed

MR volume. An important caveat is that this assumption

only holds true in the absence of AR or an intra-

cardiac shunt. The LV total volume is the difference

between end diastolic and end systolic volumes, and the

forward stroke volume is determined by using the indica-

tor dilution method to calculate cardiac output with 

a region of interest attenuation time curve in the ascending

aorta. Lembcke and co-authors have published three

papers assessing MR by this method, two using echocardio-

graphy and MRI and one using echocardiography and ven-

triculography as comparators.52–54 Again, overall, good

correlation was found between MDCT grading of the

severity of the MR, including normal patients, and echo,

MRI and ventriculography. But the method is by no means

perfect, and it must be emphasized that in the most robust

study,53 which included 219 patients, there was perfect

agreement in 61% of patients between MDCT and

echocardiography, but still a mismatch by one grade in

31% and by two grades in 6%.

8.4 Clinical context of MDCT
reporting of the mitral valve

As with the AV the finding of MVA calcification on routine

MDCT of the thoracic aorta should be commented upon. 

At cardiac MDCT the MV and its apparatus should be

assessed carefully. The MV leaflets should be examined in

the short- and long-axis views. Comment should be made on

any redundant tissue, thickening, retraction or the unlikely

finding of vegetations (Figure 19.10). A planimetered area

should be made if any failure of leaflet coaptation and

possibly an attempt to infer haemodynamic data by calculat-

ing a regurgitant volume. The annular area should be meas-

ured, and the extent of any calcification commented on.

Similarly, the condition of the two papillary muscles and

associated chordae tendinae should be checked, and any

ruptured chordae noted. Measurement of atrial dimensions

and area (measured by planimetry in the four chamber

view), the presence or absence of any LA thrombus, and the

LV function and dimensions are further important factors

to include in the report.
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Figure 19.10  Vegetation on the posterior mitral valve
leaflet of a patient with infective endocarditis.
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9 TRICUSPID AND
PULMONARY VALVE 
DISEASE

9.1 Anatomy, causes 
and pathophysiology

The tricuspid valve (TV) is trileaflet with cusps that occupy

a septal anterior, superior and inferior position. It is more

difficult to appreciate on CT due to its thinner cusps and

contrast protocols usually aimed to maximize left-sided 

visualization. The pulmonary valve (PV) characteristics are

similar to the AV except for the absence of the coronary

ostia. The PV cusps, as with the TV, are more difficult to

appreciate on CT and the same contrast issues are relevant

as with TV imaging. As a general guide, in our experience,

if the PV cusps are easily visible then they are likely to be

thickened.

Better visualization is obtained if intracardiac 

contrast opacification timing is chosen that optimizes right

heart structures (such as a CT pulmonary angiogram 

protocol) combined with ECG-gating. During CT coronary

angiography a saline bolus chaser is normally employed 

to help flush contrast from the right side of the heart. 

This is to reduce contrast dose and prevent beam-hardening

artefact from the SVC and right heart, which adversely

affects visualization of the right coronary artery.

Unfortunately the sequelae of this are that assessment 

of the TV and PV becomes more difficult. However, using

bolus-tracking techniques, the operator may choose to 

vary the timing of the contrast bolus to optimally opacify

both the left and right heart or predominantly the right

heart.

The most common cause of tricuspid regurgitation (TR)

is not intrinsic involvement of the valve itself but 

rather dilation of the RV and of the tricuspid annulus 

causing secondary or functional TR. This is usually 

as a sequelae of left-sided cardiac or pulmonary disease.

Tricuspid stenosis (TS) is almost always rheumatic 

in origin.55 Other causes are listed in Table 19.3,13 but a

rheumatic TV is usually both stenotic and regurgitant.

The most common cause of PR is dilation of the valve

ring secondary to pulmonary hypertension or right ven-

tricular dilation of any aetiology, or to dilation of the pul-

monary artery, either idiopathic or secondary to a

connective tissue disorder (Table 19.4).13 The congenital

form is the most common cause of PS and constitutes

10–12% of cases of congenital heart disease in adults.56

Like AS, it can be supravalvular, valvular and subvalvular,

with valvular being most common and supravalvular

being associated with other congenital abnormalities such

as Tetralogy of Fallot.14 Table 19.413 lists the important

causes of PS.

9.2 Clinical context 
of MDCT reporting

The classic sign of TR on CT is the early retrograde 

reflux of intravenous contrast material into the 

inferior vena cava and/or hepatic veins.57,58 However, 

there are a number of factors which can influence 

the sensitivity and specificity of this, including 

the rate of contrast injection58 and in our experience an 

inadvertent Valsalva maneuver during breath-hold.

Previously undiagnosed pericardial constriction (Figure

19.11) or pulmonary hypertension are important diagnoses

to entertain in the presence of isolated TR, and 
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Table 19.3 Aetiology of tricuspid valve pathology

Tricuspid stenosis Tricuspid regurgitation

∑ Rheumatic fever ∑ Causes of RV 
∑ Congenital tricuspid failure

atresia ∑ Rheumatic fever
∑ Right atrial tumors ∑ Infective
∑ Carcinoid syndrome endocarditis
∑ Obstruction to right ∑ Congenital

ventricular inflow: ∑ Carcinoid
∑ Endomyocardial ∑ Rheumatoid

fibrosis arthritis
∑ TV vegetations ∑ Trauma
∑ Pacemaker lead ∑ Prolapse (floppy)
∑ Extracardiac ∑ Ebstein’s anomaly

tumors
∑ Ebstein’s anomaly

Table 19.4 Aetiology of pulmonary valve pathology

Pulmonary stenosis Pulmonary regurgitation

•  Congenital – most •  Pulmonary 
common hypertension

•  Rheumatic – uncommon •  Infective endocarditis
•  Carcinoid syndrome •  Iatrogenic, e.g. TOF 

repair
•  Congenital 

malformations
•  Trauma
•  Carcinoid
•  Rheumatic fever
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MDCT has the added advantage of being an excellent

modality for assessing the pericardium for thickening and

calcification and reviewing the lung windows for disease. If

TR is picked up on a thoracic MDCT then specific com-

ment about the pericardium should be made.

There is little in the literature on the MDCT assessment

of the PV. It is important to measure the pulmonary artery

dimensions, and visually inspect the PV leaflets for thicken-

ing and distortion. It is important to remember that the

echocardiographic views of the PV, even with TOE, may be

significantly suboptimal.

There may be individual cases where it may be 

appropriate to consider cardiac MDCT imaging specifically

for this purpose. It has been used for this reason in our 

institution to not only successfully rule out abnormalities 

of the PV, but also to demonstrate them. One such 

example is in the carcinoid syndrome, the results of which

are well documented, with the TV and PV affected.59

Abnormalities such as this are readily demonstrated with

cardiac MDCT and again, as with the AV, PR may be

inferred by a lack of coaptation in the end-diastolic images

(Figure 19.1).60

9.3 Prosthetic valves and infective 
endocarditis

These two subjects deserve a brief individual review due to

their importance. There is little in the literature on cardiac

MDCT imaging of these topics other than case reports and

clinical reviews and the majority of advice is based on our

own clinical experience.

9.4 Prosthetic valves

There are 2 major groups of artificial valves: mechanical 

prostheses with almost unlimited lifespan but in whom

patients need lifelong anticoagulation, and bioprostheses

(tissue valves) which have a lower infective risk profile 

and no need for anticoagulation, but are traditionally quoted

as lasting 10–15 years. Both valve types can be assessed by

MDCT (Figure 19.12), with the subvalvular area prone to

echocardiographic image drop out in mechanical valves, often

being well visualized, and the natural calcification and degen-

eration of bioprosthetic tissue leaflets readily quantifiable.

9.5 Infective endocarditis

Infective endocarditis (IE) is a microbial infection of the

endocardial surface of the heart, most commonly 

affecting the valves but it can affect septal defects, chordae

or mural endocardium. Lesions are characteristically veg-

etations comprising platelets, fibrin, inflammatory cells

and microorganisms61 and may be detected by MDCT.

Prosthetic heart valve endocarditis (PVE) is associated

with high mortality rates, especially if early (within 
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A B

Figure 19.11 2D and 3D reconstruction of a heart with calcific pericardial constriction.
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12 months of surgery), and can lead to valve dehiscence and

paravalvular abscesses necessitating valve replacement.

Mechanical valves are more at risk from early PVE than

bioprostheses, as the infection is more likely to be restricted

to valve leaflets in bioprostheses.62

9.6 Clinical context of MDCT 
reporting

There can be considerable artefactual drop out from mechan-

ical valves, even with TOE, and MDCT can therefore

be very useful in assessing the subvalvular apparatus of

valves as well as any associated vegetations. Similar cardiac

MDCT assessment should be undertaken with prosthetic

valves as with native valves in the same anatomical posi-

tion, the size of the sewing ring should be measured and

any paraprosthetic dehiscence looked for. Equally impor-

tant are the complications of IE, such as distant septic

emboli, and cardiac MDCT is excellent for the detection of

aortic root abscesses in the presence of PVE (Figure 19.13)

or native valve IE (Figure 19.14). As has been alluded to

previously, the aortic root abscess in the presence of PVE

may be difficult to detect with other imaging modalities

Assessment of Heart Valve Disease by Computed Tomography 255

A B

C D

Figure 19.12 A and C – trileaflet porcine tissue valves in the aortic position. B – metallic bileaflet tilting disc valves in the
aortic and pulmonary positions. D – underlying metallic scaffolding of a tissue valve.
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and may represent a primary indication for cardiac

MDCT.

9.7 Future directions

There will be continuing research in the haemodynamic

assessment of cardiac function by implication, and newer

techniques such as myocardial perfusion scanning will

garner more and more ancillary information. Newer percu-

taneous interventional strategies, such as mitral valve annu-

loplasty and aortic stent valves, are steadily emerging from

the research and palliative care arena into more widespread

clinical use, and are likely to increasingly utilize MDCT as

part of their perioperative assessment.63–65 All this in what

from a patient’s point of view is a single scan with a short

A B

C D

RA LV

Figure 19.13 Multiple aortic root abscesses (A–D, arrowheads) in different patients with aortic valve replacements.

Figure 19.14 Native aortic valve infective endocarditis
leading to aortic root abscess. This has eroded into the
right atrium and resulted in an aortic to right atrial fistula
(jet of contrast from aorta into atrium arrowed).
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breath-hold of 10 seconds or less. The utopian ideal of the

‘one stop shop’ for complete morphological and functional

cardiac assessment by MDCT scanning continues to draw

ever nearer.
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20
Multislice Computed Tomography
Evaluation of Congenital Heart Disease

Robert C. Gilkeson, Kenneth G. Zahka, and Ernest S. Siwik

Traditional evaluation of congenital heart disease was first

performed with conventional angiography.1 While the infor-

mation enabled with catheter angiography is important in

the evaluation of patients with CHD, it remains an invasive

procedure requiring sedation and significant radiation. The

development of echocardiography enabled real time evalua-

tion with excellent anatomic detail and functional informa-

tion. It is widely available, portable and is performed without

ionizing radiation. Echocardiography has become the pri-

mary diagnostic method of choice in the evaluation of

patients with CHD.2 This technique enables non-invasive

evaluation of anatomy, myocardial and valvular function.

The advent of Magnetic Resonance Imaging (MRI) and

its continued advances provide evaluation of myocardial

and valvular function with improved three-dimensional

evaluation.3 Recent literature has established MRI as the

gold standard for evaluation of ventricular function.

Continuing advances in MR angiography and ultrafast 

MR techniques now enable evaluation of vascular anatomy

with spatial resolution now approaching conventional

angiography.4

Significant advances in CT imaging of congenital heart

disease were first performed with EBCT.5 Faster imaging

times with EBCT enabled superior spatial and anatomic

information when compared to conventional single slice

CT. ECG gating technology further provided functional

information not possible with conventional CT technology.6

261

While effective, the limited availability and prohibitive

cost of EBCT technology has limited its widespread clinical

utility.

Multislice CT provides excellent three-dimensional

evaluation of cardiovascular anatomy in patients with

CHD.7 Recent studies have demonstrated that retrospective

ECG gating enables functional evaluation similar to con-

ventional echocardiography.8 While MSCT requires ioniz-

ing radiation, the marked reduction in imaging times can

often avoid the sedation sometimes needed in echocardiog-

raphy and usually required with MRI.

Current multislice CT technology offers an important

complement to traditional imaging techniques in the evalu-

ation of CHD. There are relative diagnostic ‘blind spots’ in

echocardiography.9 Transthoracic echocardiography can be

limited in the comprehensive evaluation of the right ventri-

cle, particularly important in the patient with congenital

heart disease. The transverse and descending aortic arch is

often suboptimally visualized with echocardiography,

important information in patients with suspected aortic arch

anomalies. Evaluation of branch and distal pulmonary

arteries are limited in echocardiography as is the assessment

of the pulmonary veins and venous drainage. In patients

with right heart enlargement, anomalous pulmonary

drainage must be assessed. The anatomic limitations of

echocardiography are particular strengths of the three-

dimensional evaluation with MSCT.
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While transesophageal echocardiography is a more sensi-

tive evaluation of intracardiac pathology, there are important

complications to be considered in patients with congenital

heart disease. Patients with congenital heart disease and asso-

ciated esophageal anomalies have a greater risk of esophageal

perforation and injury undergoing TEE. In patients with

congenital heart disease, the tracheobronchial tree is often

affected. Vascular rings, pulmonary artery enlargement and

anomalous vascular relationships will compromise the cen-

tral airways.10 In the congenital heart patient that presents

with shortness of breath, compromise of the tracheo-

bronchial tree is important to consider.11,12 Performing TEE

in patients with aortic arch anomalies and vascular rings can

compromise the pediatric airway.13 While echocardiography

will often delineate the important vascular relationships in

patients with congenital heart disease, CT is an important

non-invasive imaging modality in the anatomic delineation

of vascular and airway relationships.

It is similarly important to recognize both the advan-

tages and limitations in the use of CT in the assessment of

patients with congenital heart disease. Continued advances

in multislice CT technology offer significantly decreased

imaging times when compared to echocardiography and

MRI. This advantage in imaging times significantly

decreases the need for sedation. Studies in early single slice

helical CT sited sedation rates of 30%, a significant

improvement when compared to MRI.14,15 Evaluation of the

pediatric patient with multislice CT has described a seda-

tion rate of 6%.16

In the CT evaluation of young children and infants with

congenital heart disease, radiation dose issues are particu-

larly important to consider. Close consultation with our

pediatric cardiology colleagues is necessary to determine the

optimal imaging study for the patient. While conventional

cardiovascular CT imaging is generally performed at 120

kV in adults, diagnostic cardiovascular imaging in children

can be performed at 80 kV. Recent studies with this tech-

nique have described both significant decreases in radiation

dose while maintaining excellent visualization of pertinent

cardiovascular pathology.17 In infants, 50 mAs is chosen,

while children 6–12 are imaged at 65 M mAs.

Imaging protocols in children utilize non-ionic iodi-

nated contrast material (300–320 mg I/ml) administered

with volumes of 2 ml/kg. In imaging the very small infant,

contrast with limited access will often be injected via an

indwelling umbilical venous catheter. Before injection of

the catheter, close inspection of the scout is important to

establish the position of the catheter. Occasionally, the UVC

tip can be located in the ductus venosus. In this setting, the

catheter will be carefully repositioned in the more proximal

IVC to avoid the contrast injection within the hepatic

parenchyma that can occur when the catheter is within the

ductus venosus. In infants, contrast material is usually hand

injected. With hand injection, the scan is empirically begun

after 50% of the contrast material is injected. In very small

infants, we have found that an indwelling NG can produce

significant artifacts that can particularly limit three-dimen-

sional reconstruction. We will request temporary NG tube

removal, if clinically feasible.

In children with antecubital IV access, contrast can be

power injected at 2 cc/sec. Depiction of cardiovascular

pathology requires optimal contrast opacification of cardio-

vascular structures. Close consultation with our pediatric

cardiologists and cardiac surgeons precedes all cardiac CT

evaluations. Bolus tracking techniques are performed to

optimize maximal contrast opacification in the most

anatomically important vascular structures. Bolus tracking

is performed with placement of the tracking device placed

in the most important vascular structures to be assessed.

Imaging of children with congenital heart disease is opti-

mally performed with 64-slice scanning, though most perti-

nent information can often be obtained with 16 and 4-slice

technology. In the infant, slice collimation is performed at 

1 mm slice thickness with 0.5 mm reconstructions. In chil-

dren, 2 mm slice thickness with 1 mm slice reconstructions

are obtained. The significant dose increases in radiation

dose with retrospective ECG gating necessitates judicious

use of the technique. ECG gating is performed when precise

coronary anatomy is needed and definitive aortic valve

imaging is required.18 In children, coronary artery evalua-

tion is performed primarily for evaluation of coronary

artery anomalies, not stenosis or plaque characterization.

Due to these imaging requirements, mAs is lowered 

to 175–200 mAs. The advent of dose synchronization with

the ECG signal enables periodic decrease in radiation dose

during the systolic phase of the cardiac cycle, reserving the

maximal dose during the diastolic phase when coronary

artery motion is optimally visualized.19

As there have been significant hardware developments in

MSCT technology, similar software advancements have con-

tinually improved the three-dimensional reconstruction of

cardiovascular anatomy in patients with CHD. All vendor

workstations offer rapid post-processing of complex congen-

ital lesions, often enabling anatomic depictions historically

reserved for invasive angiography. More importantly, the

multiplanar, three-dimensional nature of these reconstruc-

tions present complex anatomy in imaging planes familiar to

the pediatric cardiologist. This enhanced visualization has
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become the most significant factor in the acceptance and

increasing use of MSCT in the patient with CHD.

In evaluation of the patient with CHD, primary review

of the axial images remains important for accurate diagno-

sis. The majority of imaging review is performed utilizing

multiplanar reconstruction (MPR) imaging. MPR enables

visualization of atrioventricular septal defects in imaging

planes analogous to echocardiography. Maximal intensity

projection (MIP) imaging is instrumental in evaluation of

the great vessels. The flexibility offered with variable slab

thickness MIP is particularly important in the evaluation of

aortic arch and pulmonary artery anomalies.20 Volume 

rendering is most often utilized in presurgical evaluation.21

When compared to catheter angiography, the three-dimen-

sional relationships of vascular anatomy and the chest wall

are significantly enhanced with MSCT.22

Continued advances in surgical therapies have enabled

the patient with congenital heart disease to survive into

adulthood.23 While this chapter will present a number of

examples of infants and children with congenital heart dis-

ease, it is increasingly important to understand the imaging

manifestations of the adult patient with corrected/palliated

congenital heart disease.24 We are all currently experiencing

the explosion of the use of MSCT in the emergency room. In

many centers, MSCT has become an increasing method of

triage in the patient with a wide range of cardiorespiratory

symptoms.25 In our experience, this phenomenon has

resulted in the increasing diagnoses of the adult with previ-

ously unrecognized congenital heart disease. This chapter

will present a number of these examples to help in the 

recognition of this important patient population.

1 EVALUATION OF
CONGENITAL DISEASES OF
THE AORTA

The accurate and non-invasive diagnosis of thoracic aortic

disease has been a particular benefit to MSCT imaging.26

The rapid acquisition of images and three-dimensional

capabilities of MSCT enables sophisticated depiction of 

congenital aortic disease in the youngest patients. The

common association of congenital thoracic aortic anomalies

and tracheobronchial pathology establish MSCT as a partic-

ularly powerful imaging modality in congenital aortic 

disease.27

It is important to recognize common congenital variants

of aortic arch anatomy. While commonly asymptomatic, their

recognition is important particularly in patients undergoing

neurovascular procedures and aortic surgery. The bovine

aortic arch is seen in 25% of patients, representing a common

origin of the brachiocephalic and left common carotid artery.

Direct origin of the left vertebral is identified in 1% of

patients. Probably due to the improved visualization of mul-

tiplanar imaging, we have seen an increased association of

these two congenital variants (Figure 20.1). Recognition of

these common variants is particularly important in prevent-

ing neurologic complications in patients undergoing complex

aortic and aortic arch reconstruction surgery.28

The most important congenital aortic anomalies include

double aortic arch, left aortic arch and aberrant right subcla-

vian, and right aortic arch with aberrant left subclavian. The

anatomy of these anomalies may predispose children to tra-

cheal and esophageal compression, resulting in tracheal and

esophageal compression.29 The double aortic arch represents

a persistence of the embryologic double aortic arch, and is the

most common cause of a symptomatic vascular ring.30 The

right arch is characteristically larger and superior to the left

aortic. The presence of symptoms is often due to the relative

atresia of the left aortic arch. Stridor will present in patients

with associated tracheomalacia (Figure 20.2). Double aortic

arch may first present in adults, often the result of an abnor-

mal mediastinal contour on chest radiographs. While

uncommon, recognition of this anomaly in the older popula-

tion is important to avoid misinterpretation of the double

aortic arch as adenopathy or a mediastinal mass.

The left aortic arch and aberrant right subclavian is seen

in 1% of patients. The aberrant subclavian often arises from
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Figure 20.1 17-year-old with Marfans disease for aortic
aneurysm evaluation. Sagittal oblique MPR demonstrates
bovine aortic arch (white arrow) and direct origin of the left
vertebral artery (black arrow).
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the diverticulum of Kommerell, representing the embryonic

remnant of the right aortic arch. The presence of symptoms

of stridor or dysphagia will correspond to the relative size of

the associated diverticulum of Kommerell.31 While com-

monly seen in the pediatric population, it is important to

recognize this entity in the adult population. It has been well

recognized that the aberrant right subclavian is prone to

advanced atherosclerotic disease and increased incidence of

aneurysmal disease (Figure 20.3). Distal embolization of

atherosclerotic plaque has been described in this population.
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A B

RR L

Figure 20.2 2-week-old male with stridor. A. Axial MIP images demonstrate double aortic arch (R = right aortic arch, 
L = left aortic arch). B. Coronal reconstruction of the airway shows focal narrowing of the trachea at the level of the right
aortic arch (arrow).

A B

Figure 20.3 57-year-old woman presents with dyspnea. A. Axial MIP demonstrates aneurysmal aberrant right subcla-
vian artery crossing posterior to the trachea and esophagus (arrow). B. Coronal MIP better defines the full course of the
aberrant, atherosclerotic right subclavian artery.
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In the adult population undergoing cardiac surgery, identi-

fication of this anomaly is particularly important.

Cardiopulmonary bypass is often performed via axillary

artery cannulation and retrograde perfusion to the brain via

the brachiocephalic artery. In patients with left aortic and

aberrant right subclavian artery, axillary cannulation will

only perfuse the right subclavian via the descending aorta,

markedly increasing the risk of operative stroke if this

anomaly is not recognized.

Coarctation of the aorta is a diagnosis traditionally made

with catheter angiography. The ability of MRI to define the

anatomy of the coarctation while quantifying flow velocity

and pressure gradients has made this an increasingly power-

ful tool. MSCT is currently able to both quickly and non-

invasively define the anatomic extent of the coarctation

while depicting the presence of collateral flow from internal

mammary and intercostal artery is important in evaluation

of this congenital anomaly32,33 (Figure 20.4). While well

defined in the pediatric population, aortic coarctation is an

important entity to consider in adults presenting in acute

aortic syndromes (Figure 20.5).

Williams syndrome is a rare but well classified syn-

drome of supravalvular aortic stenosis (Figure 20.6), elfin

facies and hypercalcemia. Evaluation of patients with

Williams syndrome will often present with a diffuse arteri-

opathy involving the peripheral pulmonary arteries, thora-

coabdominal coarctation and visceral arterial involvement.

The speed and comprehensive anatomic coverage enables

MSCT to become a powerful and comprehensive tool in

evaluation of these patients.34

An increasing literature has described reports of congenital

valvular disease with MSCT. The integration of ECG gating
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A B

Figure 20.5 22-year-old male presents with chest pain. A. Axial MIP demonstrates aortic dissection involving the aortic
arch (arrow). B. Sagittal oblique MIP image demonstrates focal aortic coarctation (arrow) distal to the arch dissection.

Figure 20.4 11-year-old male presents with hyperten-
sion and murmur. Volume rendered sagittal oblique image
confirms focal coarctation of the aorta (arrow). Note promi-
nent collateral vessels including internal mammary artery.
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significantly improves assessment of aortic valve disease.35

MSCT can define aortic valve calcification, leaflet architecture

and accurate assessment of valve area. The most common

congenital valvular lesion is the bicuspid aortic valve, found

in 1–2% of patients.36 While bicuspid aortic valve is often

first diagnosed with echocardiography, MSCT imaging

capabilities allows accurate diagnosis of the patient with

bicuspid aortic valve (Figure 20.7). While less defined in the

literature, congenital lesions of the subvalvular apparatus

can be diagnosed with MSCT (Figure 20.8).

2 EVALUATION OF
CONGENITAL DISEASE OF
PULMONARY ARTERIES AND
VEINS

From the advent of spiral CT, assessment of a wide variety

of congenital pulmonary artery lesions have been described.

The increased imaging speed and capacity for three-dimen-

sional reconstruction allow accurate assessment of the most

complex congenital pulmonary artery lesions. In arteriove-

nous malformations, MSCT defines the angioarchitecture

important to the diagnosis of pulmonary AVMs.37,38 In the

small child, this is particularly helpful for the non-invasive

preprocedural evaluation of AVMs (Figure 20.9).

Pulmonary artery atresia and stenosis is seen in a wide

variety of congenital lesions. While echocardiography can

assess the central pulmonary arteries, visualization of the

branch and peripheral pulmonary arteries are limited. MSCT

can accurately and non-invasively visualize the peripheral pul-

monary arteries in the child often assessed with catheter

angiography. While Tetralogy of Fallot is the congenital heart

most commonly associated with pulmonary artery atresia, a

wide variety of congenital pulmonary /stenoses can present in
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Figure 20.6 3-year-old with Williams syndrome. Coronal
volume rendered image reveals focal supravalvular steno-
sis (arrow).

Figure 20.7 57-year-old male presents with aortic steno-
sis. Sagittal oblique MIP image demonstrates bicuspid aortic
valve (arrow) with associated calcification (arrowhead).

Figure 20.8 24-year-old presents with chest pain and left
ventricular hypertrophy on EKG. Coronal volume rendered
image reveals linear soft tissue within the aortic outflow
tract consistent with subaortic web (arrow).
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the palliated adult with corrected CHD (Figure 20.10).

Unsuspected congenital pulmonary artery anomalies can be

diagnosed in adults undergoing CT angiography evaluation

for pulmonary embolus (Figure 20.11).

MSCT provides particular advantages in the assessment

of the systemic and pulmonary veins. Echocardiography can

be particularly limited in assessment of pulmonary venous

anatomy and venous drainage patterns. Pulmonary vein

stenosis/atresia can present with infiltrates and unusual pat-

terns of pulmonary edema. While these atretic pulmonary

veins are incompletely evaluated with echocardiography,

MSCT can identify the atretic veins and systemic collateral

arterial supply associated with these disorders (Figure 20.12).

Congenital anomalies of pulmonary venous drainage are

reported in 04–0.9% of patients.39 Anomalies of pulmonary

venous drainage are often suspected when echocardiogra-

phy demonstrates enlarged right-sided cardiac structures,

when the pulmonary veins are poorly visualized. Partial

anomalous pulmonary venous return (PAPVR) is more

common in males than females40 while reports describe the

prevalence of anomalous venous drainage of right-sided

pulmonary veins to the SVC and right atrium,41 recent

reports describe the most common anomalous drainage pat-

tern as the left upper lobe pulmonary vein draining into the

left vertical vein42 (Figure 20.13). In evaluation of patients

with partial anomalous venous return of the right upper

lobe, it is particularly important to assess for sinus venosus
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Figure 20.9 2-month-old with left upper mass on chest
radiograph. Coronal volume rendered image demonstrates
large arteriovenous malformation with feeding artery
(arrow) and draining vein (arrowhead).

Figure 20.10 24-year-old S/P Ross procedure and pul-
monary homograft repair presents with exercise intoler-
ance. Oblique coronal volume rendered image defines
focal stenosis of the right ventricular outflow tract (arrow).

Figure 20.11 27-year-old male evaluated for dyspnea
and suspected pulmonary embolism. Sagittal oblique
volume rendered image demonstrates distal atresia of the
left pulmonary artery (arrow).
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defects, an atrial septal defect located in the superior aspect

of the atrial septum43 (Figure 20.14).

3 EVALUATION OF
CONGENITAL DISEASE OF THE
CARDIAC CHAMBERS AND
CORONARY ARTERIES

While echocardiography is preferred in the evaluation of

atrioventricular defects, MSCT can depict important atri-

oventricular septal defects. The ever improving spatial reso-

lution of MSCT can detect ventriculoseptal defects in the

smallest patient. Recent reports suggest that while the intrac-

ardiac shunt can be clearly defined, in some cases direction-

ality of flow can also be assessed.44 The increased utilization

of MSCT in evaluation of chest pain and coronary artery dis-

ease has resulted in increased detection of previously undiag-

nosed atrioventricular septal defects. We have recently seen a

significant number of patients with previously undiagnosed

atrial septal defects presenting with chest pain and pul-

monary artery hypertension (Figure 20.15).

Though rare, the congenital cardiomyopathies have been

well described. Arrhythmogenic right ventricular dysplasia

(ARVD) and Uhls disease primarily involve the right ventri-

cle. These cardiomyopathies present with clinical signs of

right heart failure, and imaging studies demonstrate marked

enlargement of right-sided cardiac structures.45 The right

ventricle is markedly dilated, and fatty infiltration of the right

ventricle in ARVD is classically reported.46 While echocar-

diography is the traditional method of evaluation, reports

have described the use of MSCT in evaluation of these car-

diomyopathies.47 Isolated non-compaction of the ventricular

myocardium is a rare cardiomyopathy that usually affects the
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Figure 20.14 67-year-old man with shortness of breath
following surgery for colon cancer. No prior history of con-
genital heart disease. Axial oblique MIP image demonstrate
atrial septal defect in the superior aspect of the interatrial
septum (arrow) consistent with sinus venosus ASD.

Figure 20.13 22-year-old male presents with right ven-
tricular enlargement on echocardiogram. Coronal MIP
image demonstrates anomalous left upper lobe pulmonary
venous drainage via a vertical vein to left brachiocepahalic
vein (arrow).

Figure 20.12 2-month-old presents with right-sided
edema on chest radiographs. Echocardiography could not
identify right-sided pulmonary veins. Axial MIP image illus-
trates atresia of right-sided pulmonary veins (arrow).
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left ventricle. The disorder is felt to result from a failure of

normal endomyocardial embryogenesis. Imaging studies

demonstrate prominent trabecular meshwork with deep

intratrabecular processes.48,49 The improved spatial resolution

of MSCT enables an accurate depiction of this rare cardiomy-

opathy (Figure 20.16).

4 CONGENITAL DISEASE OF
THE CORONARY ARTERIES

While more common in the congenital heart disease 

population, isolated coronary artery anomalies are rare.50

In autopsy series it is seen in 0.3–0.5% of patients, 

while coronary artery anomalies are seen in 0.3–1.3% 

in patients undergoing cardiac catheterization.51 While 

the majority of coronary anomalies are benign and inciden-

tal findings52 it is important to accurately identify 

those anomalies associated with ischemia and sudden 

cardiac death. Autopsy studies have described incidence

rates of sudden cardiac death in 70–80% of patients with

these anomalies.53

In the CT assessment of anomalous coronary arteries, it is

important to review the normal anatomy of the coronary

arteries and their origins from the appropriate aortic sinuses.

Relating the aortic valve to a clockface, the normal right coro-

nary artery origin exits the right aortic sinus between 10 to 1

o’clock. The left coronary artery exits the left coronary sinus

at between 2 and 5 o’clock. In the pediatric population, coro-

nary artery anomalies are often first identified during

echocardiographic evaluation. An anomalous coronary artery

is first suspected when the coronary artery is not visualized in

the expected coronary sinus. While the origins of the anom-

alous coronary arteries can be then identified, echocardio-

graphic evaluation of the distal course of these vessels is

limited. The accurate delineation of these anomalous vessels

is essential to future management, and multislice CT enables

a non-invasive diagnostic alternative. 

The most important of these anomalies is the anomalous

coronary artery arising from the opposite sinus of Valsalva:

the left coronary artery arising from right aortic sinus, and

the right coronary artery arising from the left aortic sinus.

Further, it is important to identify the complete course of

these anomalous vessels. The anomalous coronary artery

that travels between the aorta and pulmonary artery is asso-

ciated with significant morbidity and mortality.

A number of theories have been proposed to explain the

etiology of ischemia and sudden cardiac death in these

patients. These interarterial coronary arteries may have a

significant intramural component before exiting the aorta.

This intramural course results in a slit-like orifice and com-

promised blood flow that may be particularly important in

the child and young athlete54 (Figure 20.17). The interarter-

ial coronary artery may take an acute angle as it returns to

its appropriate atrioventricular groove. This acute angle

may compromise blood flow and place myocardial tissue at

risk.55 Dynamic compression of the interarterial coronary

artery between the aorta and pulmonary artery is also

hypothesized to be a source of compression and symptoms

of chest pain and clinical signs of coronary ischemia (Figure

20.18). It is also recognized that the interarterial anomalous 
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Figure 20.16 9-year-old with prior history of Non-
Compaction Syndrome diagnosed at birth. Short axis MIP
view of the heart illustrates prominent trabecular network
of non-compacted myocardial tissue (arrow).

Figure 20.15 57-year-old woman presents for evaluation
of pulmonary artery hypertension. No prior history of con-
genital heart disease. Axial MIP images demonstrate large
ASD with no identifiable atrial septal tissue (arrow). Note
changes of pulmonary artery hypertension.
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coronary artery my also take an intramyocardial course as 

it courses distally, an additional risk factor for ischemia and

death.56 Often superior delineation of these anomalies has

established MSCT as the imaging method of choice when

coronary anomalies are suspected in our pediatric patients.

This chapter has presented the wide variety of imaging

manifestations of congenital heart disease. Imaging

advances in MSCT have expanded indications for the eval-

uation of CHD from the youngest infant to the previously

undiagnosed adult. A comprehensive CHD imaging serv-

ice, with the close collaboration of radiologists, pediatric 

cardiologists and surgeons, will continue to define the

important role of MSCT in the evaluation and treatment of

our patients with congenital heart disease.
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from right aortic sinus. Note narrowing of intramural portion
(arrow) before exiting to interventricular groove.
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Computed Tomographic Imaging of the
Cardiac and Pulmonary Veins: Role in
Electrophysiology

Kalpathi L. Venkatachalam and Peter A. Brady

1 INTRODUCTION

Diagnosis and management of complex heart rhythm disor-

ders, in particular atrial fibrillation (AF), continues to evolve.

Understanding of the mechanisms of arrhythmias, along

with advances in catheter ablative technology and advanced

mapping techniques, facilitates execution of electrophysio-

logic procedures which, in experienced centers, can be car-

ried out with high efficacy and low complication rates.

Evolution in electrophysiologic and ablative procedures

has been possible in large part because of advances in cardiac

imaging technology, which have a role both in the diagnosis

of cardiac disorders that may be the substrate for arrhythmias

as well as in providing anatomic data crucial to the planning,

execution, and follow-up of arrhythmia procedures.

Imaging modalities most useful in the management 

of heart rhythm disorders include echocardiography

(transthoracic, transesophageal and intra-cardiac), MRI and

multi-gated CT. Each of these imaging techniques has

inherent benefits and limitations.

The purpose of this chapter is to describe the utility of

multi-detector cardiac computed tomography (MDCT) 

in diagnosis and treatment of heart rhythm disorders 

(Table 21.1). Since MDCT is most commonly used in the

management of patients with atrial fibrillation, this rhythm

will be used as the basis for understanding the applications

and benefits of MDCT in diagnosis, treatment (catheter abla-

tion) and follow-up of patients with heart rhythm disorders.

1.1 Atrial fibrillation

Atrial fibrillation is a disorganized atrial rhythm believed to

initiate from rapidly-firing foci within the thoracic veins.

273

Table 21.1 Cardiac CT imaging in electrophysiology

Diagnosis Peri-operative evaluation

Arrhythmogenic right ventricular Left atrial and pulmonary vein topography
dysplasia/cardiomyopathy (ARVD/C) (electro-anatomic mapping)

Pulmonary vein anatomy Anatomy and post-operative substrate including
Intracardiac mass/thrombus conduit function in congenital heart disease

Coronary sinus anatomy for planned cardiac
resynchronization therapy
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Impulses from these veins are believed to capture the atria in

a rapid and irregular way, resulting in symptoms and the

electrocardiographic signature of AF.

Endocardial catheter based techniques that use radiofre-

quency energy delivered via steerable catheters placed

within the left atrium aim, in most cases, to electrically iso-

late the thoracic veins from the left atrium. Although differ-

ences exist in the precise techniques used to isolate electrical

activity arising from the pulmonary and other thoracic

veins, whether circumferential lesions at the veno-atrial

junction or encircling lesions remote from the vein orifice,

the success rate of AF ablation in eradicating symptomatic

episodes of AF in experienced centers is high.4,12

2 PLANNING CATHETER
ABLATION OF ATRIAL
FIBRILLATION: ANATOMIC
CONSIDERATIONS

2.1 Pre-operative MDCT

Pre-operative MDCT allows precise anatomic imaging of

the heart and thoracic veins and is important, since success-

ful planning of catheter ablation of AF is facilitated by

detailed information regarding the number and topology of

pulmonary veins, left atrial size and the relationship of the

left atrium to other thoracic structures such as the esopha-

gus. In addition, MDCT may reveal the presence of inflam-

matory or malignant extra-cardiac tumors that may rarely

be the cause of AF or atrial septal anomalies, including

fibromas or lipomatous atrial septa that might make trans-

septal puncture more challenging. Detailed anatomic

knowledge of normal structural relationships within the

thorax is essential prior to AF ablation.

2.2 Normal pulmonary vein
anatomy and the relationship 
of thoracic structures to the 
left atrium

In most cases 4 pulmonary veins empty into the left atrium

(two left sided veins – superior and inferior, and two right

sided veins – superior and inferior).1,2,5 The most common

anatomic relationship between these veins is illustrated in

Figures 21.1–21.3.

2.3 Normal anatomic 
relationship between 
left atrium and esophagus

In the majority of individuals the esophagus course immedi-

ately posterior to the left atrium separated by approximately

2–5 mm of soft tissue. The importance of this close anatomic

relationship is that prolonged ablation within the left atrium

posteriorly, particularly if higher power and temperature

settings are used, may risk damage to the esophagus which

can have important and possibly fatal consequences. The

relationship between the left atrium and the esophagus is

shown in Figure 21.4.

2.4 Anatomic variants of
pulmonary veins

Although the most common anatomic configuration of the

pulmonary veins is two left and two right sided pulmonary

veins that each connect to the left atrium via separate ostia,

variation is not uncommon. Prior knowledge of the correct

number and topology is important since undetected

anatomic variation may increase the complexity of ablation

and impact procedural success.

The most common anatomic variant of the pulmonary

veins is the presence of a common antrum or ‘outlet’ 

connecting upper and lower veins. Next frequent are sepa-

rate ostia for the right middle pulmonary vein into the left

atrium, multiple accessory pulmonary veins or a single 

pulmonary vein. Anomalous pulmonary venous connections
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RIPV
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LSPV

Figure 21.1 3D CT (posterior view) of the normal anatomic
relationship between pulmonary veins and left atrium.
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(e.g. pulmonary veins that drain into the right atrium) and

persistent left superior vena cava (with or without occlusion

of the coronary sinus) are important to be aware of as they

necessitate significant change in ablative approach.

Cortriatriatum, which involves septation of the left atrial

cavity, is another rare but important anatomic variation in

pulmonary vein and left atrial anatomy that impacts 

AF ablation and is also easily identified by MDCT.

Examples of anatomic variants of pulmonary veins are

illustrated in Figures 21.5 – 21.9.
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Figure 21.3 Normal anatomic relationship (coronal view) between superior (upper) pulmonary veins (right and left).
Note: right ventricle and pulmonary trunk (anterior) and proximity of the esophagus and descending aorta to ostia of the
left sided veins. LSPV, left superior pulmonary vein; RSPV, right superior pulmonary vein; PA, pulmonary artery; RV, right
ventricle.

Figure 21.2 Normal anatomic relationship (coronal view) between inferior (lower) pulmonary veins (right and left).
RIPV, right inferior pulmonary vein; LIPV, left inferior pulmonary vein.
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Variation in ablative strategy based upon anatomic dif-

ferences in pulmonary veins might include use of wider area

circumferential lesions that isolate both upper and lower

veins within a common antrum or separate ostial lesions in

cases where single or discrete ostia between individual veins

and the left atrium exist.

Pre-procedural MDCT also provides for comparison

with a post-procedural MDCT (typically performed 

3 months following AF ablation) to assess for evidence of

pulmonary vein stenosis resulting from ablation close to or

within the pulmonary vein.

3 LEFT ATRIAL SIZE

Increased left atrial size is a determinant of outcome in

patients with AF and may serve as a substrate for sustained 

re-entrant atrial arrhythmias. Therefore, accurate quantifica-

tion of LA size is useful in determining possible need 

for linear ablative lesions within the left atrium. In addition,

changes in left atrial size following ablation (reverse 

atrial remodeling) may have implications for long-term 

success and can be readily quantified with MDCT6,7

(Figure 21.10).
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Aorta
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Esophagus

LUPV

LLPV

E

Figure 21.4 MDCT (top left) and line drawing (top
right) showing relationship between esophagus
and posterior left atrium. Also shown (bottom left) is
a 3D-CT reconstruction of the posterior left atrium
demonstrating its proximity to the esophagus.19
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3.1 Use of MDCT in cardiac
resynchronization therapy

Cardiac resynchronization therapy (CRT) has emerged as an

important therapeutic modality in select patients with drug-

refractory heart failure. Resynchronization of ventricular con-

traction can be achieved via an endocardial approach utilizing

the coronary sinus (CS) to allow left ventricular pacing in most

cases. Since variation in CS anatomy is common, one applica-

tion of MDCT is to facilitate the procedure by visualization of

suitable coronary veins for lead placement prior to implanta-

tion (Figure 21.11).17 Unfortunately CT provides no physio-

logic information regarding myocardial properties of the target

site including pacing and sensing parameters or proximity of

the phrenic nerve that may lead to diaphragmatic capture.

4 INTRA-OPERATIVE MDCT AS
A GUIDE TO AF ABLATION

Advances in the complexity of arrhythmias that are

amenable to catheter ablation has followed in large part the

availability of advanced three-dimensional mapping systems

that allow accurate identification of the source of an

arrhythmia (in cases of a focal mechanism) or in identifica-

tion of potential circuits using activation mapping tech-

niques or by using a voltage map to identify myocardial scar.

More recently, integration of the ‘electrical’ map with a

three-dimensional rendering of the ‘anatomy’ derived from

CT has been possible. These two datasets can then be

‘merged’ to give an electro-anatomic map of the desired

chamber for use during the procedure. Examples of 
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RSPV

RMPV

PA

RV

Figure 21.5 MDCT illustrating a common antrum
between the RSPV and RMPV. This may require the use of
a larger mapping catheter during ablation to confirm loss
of pulmonary vein potentials. RMPV, right middle pul-
monary vein; PA, pulmonary artery; RV, right ventricle.
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commonly used ‘electro-anatomic’ mapping systems include

Carto(®) mapping (Biosense Webster) and NavX(®) (St

Jude) (Figures 21.12 and 21.13). An additional advantage of

these mapping tools is reduced need for fluoroscopy during

the ablation procedure.

4.1 Cardiac CT in congenital 
heart disease

Arrhythmias are common in patients with congenital heart

disease in both uncorrected and corrected (surgical) patients
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Figure 21.6 Common antrum between the LSPV and LIPV.

Figure 21.7 Separate ostium of right middle PV.
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with the majority of arrhythmias arising in patients with

Ebstein’s anomaly of the tricuspid valve and following

Mustard, Senning and Fontan procedures. Patients late after

repair of Tetralogy of Fallot are predisposed to ventricular

arrhythmias. In the majority of cases, observed arrhythmias

are re-entrant atrial arrhythmias that utilize scar or suture

lines or both as a part of the circuit. Although the usefulness

of CT in the management of patients with congenital heart

disease continues to evolve, it does provide anatomic detail

of both the atria and ventricles as well as location of surgical
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RV

PA

RPV

Figure 21.8 Single right pulmonary vein.

A

PA

RPV

Figure 21.9 Multiple right sided pulmonary veins.
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conduits, facilitating appropriate planning of ablative inter-

vention. In addition, electro-anatomic merging of CT data

with mapping data is useful (Figure 21.14).

4.2 MDCT in ischemic VT ablation

Knowledge of scar location is crucial in planning the abla-

tion of ventricular tachycardia (VT) in patients with

ischemic heart disease. A rough idea for VT exit site can be

obtained from the 12-lead electrocardiogram during VT.

The presence of an implantable defibrillator (present in

most patients with ischemic VT) precludes the use of an

MRI scan to delineate myocardial scar. However, MDCT

may allow precise localization of the myocardial scar respon-

sible for the re-entrant circuit. Correlating this information

with electro-anatomical mapping allows for accurate target-

ing of ablation sites.18 See Figure 21.15.

4.3 MDCT and diagnosis of
complications of catheter ablation

CT is most useful in diagnosis and management of compli-

cations in patients with atrial fibrillation, in particular pul-

monary vein stenosis and atrial-esophageal fistula.

5 PULMONARY VEIN STENOSIS
AFTER AF ABLATION

Thermal injury to the pulmonary veins results in pulmonary

vein stenosis in around 1–3% of patients undergoing 

AF ablation, even in experienced centers, and relates to tem-

perature, anatomic/tissue characteristics as well as operator

experience. Significant (greater than 50–70% stenosis) of a

pulmonary vein is a potentially serious and difficult-

to-manage complication of AF ablation that is associated

with significant morbidity. Thus, avoidance of pulmonary

stenosis is desirable. Common symptoms of pulmonary vein

stenosis/occlusion include: dyspnea, cough, hemoptysis and

pleuritic chest pain. In most cases, severity of symptoms

relates to both the severity of stenosis and number of affected

veins, with few or no symptoms occurring in patients with
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Figure 21.11 Volume-rendered cardiac reconstruction
(posterolateral view). This image illustrates the most
common anatomic configuration of the coronary sinus and
tributaries. In most cases, the posterior interventricular
vein (PIV) or middle cardiac vein (MCV) is the first tributary
running in the posterior interventricular groove while the
second is the posterior vein of the left ventricle (PVLV) that
typically has several side branches (asterisks) followed by
the left marginal vein (LMV). The great cardiac vein (GCV)
continues as anterior cardiac vein in the anterior interven-
tricular groove. Note also the proximity of the circumflex
coronary artery (CX) and right coronary artery (RCA).17

Figure 21.10 Simpson’s Rule for LA size (coronal view).
Addition of individual area of each ellipse (in two dimen-
sions) allows LA volume measurement that is then normal-
ized to body surface area giving a left atrial volume index
(normal 16–28 mL/m2).
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Figure 21.12 Carto® electro-anatomic map (pos-
tero-superior view)(upper panel) Sites of ablation
delivery are shown as red dots. 3-D CT reconstruc-
tion (middle) and superimposed image (below) 
to guide the ablation. Black dots delineate
esophageal location tagged onto the electro-
anatomic map using the temperature probes in the
esophagus as a fluoroscopic guide. (Courtesy:
Dr. Douglas L. Packer, Mayo Clinic College of
Medicine, Rochester, MN.)

Figure 21.13 NavX map of the pulmonary veins. Ablation sites are shown (red dots (left)) and superimposed on the 
3D CT image. Three dimensional CT reconstructions prior to merge with electrical map (right).
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less than moderate stenosis of only 1 or 2 pulmonary veins.

Hemoptysis may be present if pulmonary infarction occurs.13

Typically, symptoms evolve over 1–3 months following the

ablation procedure and may initially be attributed to pul-

monary etiology unless the index of suspicion is high.

In our practice, routine MDCT is obtained at 3 months

following AF ablation unless symptoms arise sooner and

allows rapid and effective diagnosis of pulmonary vein

stenosis (Figure 21.16).

Appropriate management of symptomatic pulmonary

vein stenosis is challenging and may necessitate balloon

dilatation (on multiple occasions) or stent placement as

appropriate. These procedures are performed in most 

cases via transseptal catheterization using fluoroscopic 
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Figure 21.15 Cardiac CT showing myocardial scar (inferolateral wall) close to mitral annulus (bold arrow) with ‘viable’
submitral isthmus (dotted arrow). Voltage map (right) delineates scar using color coded voltages matched to CT.18

Figure 21.14 CT image (coronal section) of D-TGA following Mustard procedure (creation of intra-atrial baffle) in which
left atrium drains into morphologic RV (systemic ventricle)(left panel). Right panel illustrates connection between right
atrium and non-systemic LV via the Mustard baffle. Also note artifact due to multiple pacemaker leads within the left (non-
systemic) ventricle.
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and intracardiac echocardiographic guidance (Figures 21.17

and 21.18).13

5.1 Atrial-esophageal fistula

One recently described complication of AF ablation is

development of an atrial-esophageal fistula.14,20,21

5.1.1 Clinical presentation

Typically, patients present with a febrile illness or chest pain

along with neurological deficits and subsequent hemody-

namic collapse.

Although rare, it is thought to be more common follow-

ing wider-area ablation and creation of linear lesions 

within the left atrium and with use of high temperature

and power.

CT imaging of the left atrial-esophageal interface can help

to establish the diagnosis (Figure 21.19). Prompt recognition

of this potentially life-threatening complication is essential.

During the ablative procedure, precise location of the

esophagus and avoidance of thermal injury is important. 

In some cases pre-procedural barium swallow is used to out-

line the course of the esophagus in relation to the left atrial

wall. In addition, intra-operative monitoring of esophageal

temperature via a probe placed in the esophagus may be used.

Tagging of the esophagus during construction of the left
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Figure 21.16 RSPV ostium prior to (left panel) and following (right panel) the pulmonary vein isolation procedure demon-
strating stenosis at the ostium of the vein as it enters the left atrium.
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atrial electro-anatomic map allows the operator to avoid

placing high thermal lesions in close proximity to the esoph-

agus (Figure 21.12).

5.1.2 Treatment

In addition to general supportive care, temporary

esophageal stenting with antibiotics may prevent progres-

sion and allow healing to occur.22

5.2 CT measurement

Comparing the pulmonary vein ostial diameters to the base-

line values in a particular patient by CT is the established

approach to diagnosing pulmonary vein stenosis. While

making these measurements, it is important to obtain an

image of the entire venous ostium in a single slice. This

requires the carina between the superior and inferior veins

to be visualized entirely. Oblique CT views can easily estab-

lish the plane of the orifice. Accurate measurements also
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Figure 21.17 Axial (upper) and sagittal (lower) views of RSPV pre-ablation (left panels). The middle panels show significant
RSPV stenosis post-ablation.The panels on the right show the same vessel after balloon dilatation of the RSPV was performed.

9781841846255-Ch-21  10/12/07  6:43 PM  Page 284



require orthogonal display of the long axis of each vein.

Figure 21.20 shows the measurement planes for the various

pulmonary veins.

5.3 Limitations of MDCT

One limitation of CT is the impact of abnormal heart

rhythms on image quality and volume measurements.

Specifically, irregular arrhythmias such as atrial fibrillation

and flutter or frequent premature atrial or ventricular 

complexes will prevent consistent gating and lead to image

degradation. Similarly, cardiac volume can also vary 

significantly with rhythm disturbances with apparent

change in cardiac volumes affecting accurate acquisition

and registration of electro-anatomical images. These limita-

tions can be overcome using ECG gating image acquisition

that allows signal averaging and improved image

signal/noise ratios.

Respiratory phase also affects image quality and volume

measurement since, during normal inspiration, the 

left atrium moves both inferiorly and anteriorly with 

respect to the aorta and may impair image registration. 

This can be avoided by acquiring images near end-expira-

tion.16 Whether gated MDCT will improve sensitivity for

detection of thrombus within the left atrium or its

appendage (and thereby avoid the need for a trans-

esophageal echocardiogram prior to AF ablation) is

unknown.

5.4 Imaging protocol for PVI
(pre/post)

A 2-phase protocol is used with an MDCT scanner. In the first

phase, a range-finding scan is undertaken at 10-mm intervals

to determine the superior and inferior borders of the heart. 
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Figure 21.18 RIPV with severe stenosis (left) and with bare-metal stent in place (right).

Figure 21.19 Atrial-esophageal fistula (arrow) following
wide-area circumferential ablation for atrial fibrillation.20

LA, left atrium.
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A complete image set is then obtained after injection of 125

mL of contrast medium, yielding images at 1.25 mm. This

allows a 0.6 mm axial image interval when reconstructed. For

analysis, commercial analysis software may be used. The axial

images are then reformatted for assessment of each pul-

monary vein from axial, coronal, sagittal and oblique images.13

On the day before the procedure:

● MDCT (chest) with course, number, anatomy and

dimensions of the pulmonary veins is performed.

● The same protocol is used three months post-procedure

for comparison.

6 UTILITY OF CT IN
ARRHYTHMIA DIAGNOSIS

Although diagnosis of heart rhythm disorders is primarily

an electrical one, anatomic substrates for arrhythmias need

to be excluded in some cases. A typical example of an

286 Computed Tomography of the Cardiovascular System

Figure 21.20 CT showing measurement of ostial diameter, axial (left), sagittal (right) (top–bottom RSPV, RIPV, LSPV,
LIPV). Oblique cuts with views of the carina allow accurate and reproducible measurement of the ostium.

9781841846255-Ch-21  10/12/07  6:43 PM  Page 286



‘anatomic’ arrhythmic condition is arrhythmogenic right

ventricular dysplasia/cardiomyopathy.

6.1 Arrhythmogenic Right
Ventricular Cardiomyopathy
(ARVC)

ARVC is a relatively uncommon cardiomyopathy that pre-

dominantly affects the right ventricular myocardium. It is

characterized by fatty infiltration of the myocardium that

leads to progressive replacement of ventricular myocardium

with fat causing dilatation and reduced right ventricular

function. In advanced stages this process may also affect left

ventricular myocardium.

These myocardial architectural changes provide the sub-

strate for re-entrant ventricular arrhythmias and present

typically with palpitations, pre-syncope or sudden cardiac

death. An important differential diagnosis of ARVC is

(idiopathic) right ventricular outflow tract VT. In this con-

dition, the ventricular myocardium is essentially normal

and without evidence of a cardiomyopathic process. In con-

trast to ARVC, idiopathic right ventricular outflow tract

VT has a benign prognosis. Thus, accurate distinction

between these conditions is essential.

Characteristic CT features of ARVC include the pres-

ence of outpouching, prominent trabeculation and dilation

of the right ventricle with later development of reduced sys-

tolic function, which are absent in patients with idiopathic

RVOT VT (Figure 21.21).
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Figure 21.20 Cont’d
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Magnetic resonance imaging (MRI) also allows multi-

planar evaluation of the right ventricle (RV), enabling accu-

rate morphologic and functional assessment without

geometric assumptions. Since intra-myocardial fat accumu-

lation is a hallmark of ARVC, MRI has excellent tissue

characterization capability and is therefore an alternative

modality to CT.11,15
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22
Extracardiac Findings on Cardiac
Computed Tomographic Imaging

Karen M. Horton and Elliot K. Fishman

1 INTRODUCTION

Gated non-contrast CT imaging of the heart for the 

detection and quantification of coronary artery calcium 

has been shown to be valuable in determining individual

risk of a future significant cardiac event.1–3 Studies also 

suggest that calcium scoring may be more useful than 

other well accepted conventional risk factors. In addition to

non-contrast coronary scans, recent advancements in

MDCT scanners and 3D cardiac imaging software 

have resulted in increased acceptance of coronary MDCT

angiography as part of a diagnostic work-up in a sympto-

matic patient.4,5 Given the potential usefulness of MDCT 

as both a screening and diagnostic study, it is certain that

both non contrast cardiac CT and CTA of the coronary

arteries will be performed with increased frequency in

coming years.

Cardiac CT scans (both non contrast calcium scoring

exams and coronary CTA exams) involve irradiating the

entire mid-thorax. Therefore, other structures (lungs, heart,

aorta, bones, chest wall, etc.) are visible on the scan, depend-

ing on the field of view. This chapter will discuss the preva-

lence and clinical significance of non-cardiac findings on

cardiac CT scans. The controversy surrounding the respon-

sibility of the interpreting physician to report these abnor-

malities will be discussed.

2 SCAN TECHNIQUE

When performing a cardiac CT, whether it be a non contrast

gated CT for coronary artery scoring or a full contrast

enhanced CT angiogram of the coronary arteries, these stud-

ies consist of a CT through the mid thorax. Typically, the scan

begins at the level of the carina and extends through the base

of the heart. Therefore, the entire mid thorax is irradiated.

Depending on the field of view of the reconstruction, the

volume of visible thoracic structures will vary (Figure 22.1).

For example, in a recent study by Haller et al. the authors cal-

culated the volume of the thorax visible on a cardiac CT in

comparison with a standard full chest CT.6 The authors

reconstructed the data twice. For the focused study, a smaller

field of view was utilized, usually including the region from

the carina to the base of the heart. This field of view is typically

between 26–30 cm.2 In addition, the authors created a separate

reconstruction using the maximum field of view, which is

dependent on the patient’s size. By opening up the field of

view this would include the entire mid thorax and chest wall.

The authors then compared the volume of the thorax visible

on both fields of view compared with a standard full chest CT.

The authors concluded that when a smaller focused field of

view is utilized that approximately 35.5% of the chest volume

is visible in the reconstructed field of view.6 When the maxi-

mum field of view is utilized then 70.3% of the chest volume
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was visible on the cardiac CT examination when compared 

to a full CT of the chest.6

Therefore, this study by Haller quantifies the amount of

potential information visible on the cardiac CT scan

depending on how the study is reconstructed. The technol-

ogist can reconstruct the study in both a small and larger

field of view without additional radiation to the patient. A

prominent cardiologist, John Rumberger, discussed this in a

recent editorial where he acknowledges that a significant

portion of the chest is irradiated during a cardiac CT.7

Rumberger also notes that these CT scans are diagnostic and

in fact high resolution thin section images of the same tech-

nical quality as a standard chest CT. Therefore, according to

Rumberger, the interpreting physician has an obligation to

review the entire scan, as all irradiated areas can potentially

harbor pathology.7

Investigators are beginning to recommend that when

performing a cardiac CT scan, the study should be done in

both a small focus field of view as well as a maximum field

of view to allow identification of all potential abnormalities.

Also, researchers note that the studies should be reviewed in

soft tissues windows, bone windows and lung windows in

order to maximize the possibility of detecting abnormali-

ties.8 Changing the window width and window level is as

easy the as push of a button and does not require any addi-

tional reconstructions or reformations.

3 PREVELANCE OF
NONCARDIAC FINDINGS

As stated above, a dedicated cardiac CT is actually a CT

scan through the entire mid thorax and therefore these stud-

ies contain information about the heart, great vessels, peri-

cardium, lungs, chest wall, spine, and in some cases upper

abdomen, in addition to information about the coronary

arteries (Figures 22.2–22.4).

Figure 22.1 (A) Noncontrast cardiac CT performed for
coronary calcium scoring. Example of small field of view
(20 cm2). (B) Noncontrast cardiac CT performed for coro-
nary calcium scoring. Example of larger field of view 
(32 cm2) to include the entire thorax.

A

B

Figure 22.2 Example of incidental bilateral pneumonia
found on a CTA of the coronary arteries in a patient with
chest pain.
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The first large study which addresses the prevalence of

extra cardiac abnormalities on cardiac CT was published by

Hunold in 2001.9 These investigators reviewed a total 812

consecutive patients who underwent electron-beam com-

puted tomography. Five hundred and eighty-three of the

patients received IV contrast. Investigators only reviewed the

mediastinal windows for extracardiac pathology and used a

relatively small field of view (26 cm2). A total of 2055 non-

coronary pathologic findings were observed in 953 patients.9

The authors found lung abnormalities in 28%, abdominal

abnormalities in 2%, mediastinal pathology in 4%, and spine

abnormalities in 5%. These abnormalities included a large

number of minor relatively insignificant findings such as

scars, granulomata, atelectasis, etc. Nodules were only found

in 1.1% of patients in that study.9 However, remember that

no lung windows were reviewed. Therefore, the actual

number of lung nodules in that cohort is unknown. Even

though that study had some limitations, it brings to the fore-

front that potentially significant abnormalities may be visual-

ized outside of the heart on various cardiac CT studies.

The following year, in 2002 we published a study in

Circulation describing the prevalence of significant non-car-

diac findings on electron-beam computed tomography scans

performed for coronary artery calcium scoring.8 In that

Extracardiac Findings on Cardiac Computed Tomographic Imaging 293

Figure 22.3 (A & B) Example of incidental right lower
lobe lung cancer found on a noncontrast cardiac CT per-
formed for coronary calcium scoring.

A

B

Figure 22.4 (A & B) Example of incidental hiatal hernia
as well as a large amount of herniated fat in a patient
undergoing a cardiac CTA exam.

A

B
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study, 1326 consecutive patients underwent coronary artery

calcium screening with electron-beam computed tomogra-

phy. A 35 cm2 field of view was utilized. These studies were

reviewed by one of two board certified CT radiologists.

Review included bone windows, mediastinal windows, and

lung windows on all patients. Of the 1326 patients, 103

(7.8%) had significant extra cardiac pathology which

required either clinical or imaging follow-up.8 This included

53 patients with non-calcified lung nodules less than 1 cm 

in size, and 12 patients with lung nodules greater than 

1 cm in size as well as 24 patients with infiltrates, 

7 patients with indeterminate liver lesions, 2 patients with

sclerotic bone lesions, 2 patients with breast abnormalities, 

1 patient with polycystic liver disease, and 1 patient with

esophageal thickening, as well as 1 patient with ascites.8 At

the time of publication, only 1 of the patients with a lung

nodule had undergone surgery. In that patient a 9 mm

nodule was removed from the right middle lobe and was

shown at pathology to be a 9 mm bronchoalveolar carci-

noma. Since that time, we are aware of 1 additional patient

in whom lung cancer has been diagnosed after following a

lung nodule detected on a cardiac scan. In that study, as the

authors, we concluded that it should be the responsibility and

obligation of the physician interpreting the cardiac CT scan

to review the entire study including the lungs and the bones.

A similar study was also published in 2004 by Schragin in

which the clinic files of 1366 patients who underwent elec-

tron beam scanning over a 12 year period were reviewed.10

Those reports contained both a description of the cardiac and

non-cardiac findings by a board certified radiologist. The

authors went on to match the patients with the national

death index. Two hundred and seventy-eight patients

(20.5%) had 1 or more non-cardiac findings on the scan.10

Fifty-seven patients (4.2%) received recommendations for

diagnostic CT follow-up. 46 of these 57 were for pulmonary

nodule follow-up. After cross-indexing their patients with

the national death index, 1 death was noted in a patient from

metastatic renal cell cancer who was found to have a lung

mass on the coronary scoring study.10

Another more recent study confirming the importance

of non-cardiac findings on coronary examinations was pub-

lished in 2006 in The Journal of American College of

Cardiology.11 Onuma et al. reviewed the cardiac MDCT

scans in 503 patients. In those patients, a cardiologist

assessed the heart while a radiologist reviewed the other

organs. Those investigators found 346 new non-cardiac

findings identified in 292 patients (58.1%) a total of 114

(22.7%) had clinically significant findings, including 4 cases

of malignancy (0.8%).11 Two cases of lung cancer were found

and 2 cases of breast cancer. The authors concluded that it is

essential that the CT study be reviewed by a radiologist

whether or not a cardiologist interprets the coronary portion

of the exam.11

The final study, which also supports the high prevalence

of non-cardiac findings on coronary CT studies, was pub-

lished by Haller et al. in 2006.6 In this study 166 patients

with suspected coronary artery disease were examined with

contrast enhanced MDCT. These images were reviewed for

extra cardiac findings and were classified as none, minor, or

major with respect to the impact on patient management

and treatment. Extra-cardiac findings were detected in 41

patients (24.7%); these were classified as minor in 19.9% and

major in 4.8%. Among the major findings noted by the

authors, which had an immediate impact on patient man-

agement, was the presence of bronchial carcinoma as well as

pulmonary emboli.6

Therefore, the landmark studies described above all

agree that important pathology will be overlooked unless

the entire study is reviewed. Many of the findings will be

insignificant such as scars, granulomata, etc. but, in a small

percentage of patients, a significant extra cardiac finding

will be visible and can have potentially devastating conse-

quences for the patient. In each of the published studies

where malignancies were diagnosed, the most common

were lung cancer and breast cancer. Other important life

threatening conditions such as pulmonary emboli were also

diagnosed on the contrast enhanced exams. Also, Onuma

makes a point that review of the extra cardiac structures

may indeed explain the patient’s symptoms in those found

not to have significant coronary disease.11 In that study, 32 of

201 patients in whom coronary disease was ruled out, the

non-cardiac findings on the CT were considered sufficient

to explain the patient’s symptoms.11

Despite the evidence cited above, there are still physi-

cians who oppose reviewing the extracardiac structures for

pathology. A study by Budoff et al. in 2006 describes poten-

tial limitations of reviewing the extracardiac anatomy.12

First he acknowledges that in this patient population there

is a high rate of nodule detection. Second, he is concerned

with the cost of following these nodules, the radiation dose

to the patient, as well as the potential risk of biopsy, etc.

Third, he is concerned with potential increased cancer risk

in patients undergoing follow-up CT scans. Finally, Budoff

is concerned about unnecessary anxiety for both the patients

and physician regarding the follow-up of insignificant find-

ings. He concludes that ‘the weight of the evidence suggests

that it is most prudent to not specifically reconstruct and re-

read CTA scans for lung nodules’.12
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3.1 Discussion

As described above, when performing a cardiac CT the

entire mid thorax is irradiated and therefore the structures

included in that region can have potential pathology. Over

the years, there has been significant controversy regarding

the obligation of the interpreting physician to evaluate all

the irradiated anatomy. This probably stems from the fact

that both cardiologists and radiologists are involved in

reviewing these studies. Dr. Rumberger wrote a very nice

editorial in The Journal of The American College of

Cardiology in 2006 were he specifically addresses this issue.7

First, he makes the point that as physicians we have a med-

ical legal responsibility to review the entire study as ‘failure

to diagnose’ remains one of the most common issues in mal-

practice. Also, as noted above in a study by Onuma, 32 of

201 patients in whom the coronary artery disease was ruled

out, the non-cardiac findings on the CT were sufficient to

explain the symptoms.11 Therefore, as physicians, our main

duty is to try to explain the patient’s symptoms, even if no

coronary artery disease is present on the study. Next,

Rumberger describes the medical moral responsibility the

physician has to review the entire study. As radiologists, we

were always taught that we were responsible to review the

entire study. It makes no sense to limit our interpretation

specifically to the organ of question. For example, when an

abdominal CT scan is performed to evaluate the pancreas, it

is still the radiologist’s responsibility to evaluate the adjacent

organs for potential pathology. In that example, when we

perform a pancreatic CT, we often can use a focus field of

view centering on the pancreas, but we also reconstruct the

study with a larger field of view so we can visualize all the

entire abdominal organs. The CT scan performed for 

cardiac imaging is a diagnostic CT scan with high resolution

thin section imaging which is adequate to visualize 

these structures. It has been noted that, even in low-dose

studies considered ‘non-diagnostic’ for other exam

inations, SPECT/CT investigators have found potentially

significant abnormal findings in the CT portion of these

exams even though a very low technique (2.5-mA) was 

utilized.13

Rumberger also acknowledges the medical-economic

impact of screening studies.13 Screening CT scans in gen-

eral, whether it be lung cancer screening, virtual

colonoscopy, whole body screening, or cardiac CT scanning,

are increasing every year. Incidental findings on CT scans,

both screening and diagnostic, are relatively common.

Incidental findings can lead to additional clinical and 

radiographic follow-up which in some cases may not be

unnecessary. Some opponents to CT screening suggest that

this may result in significant economic impact due to follow-

up of insignificant incidental findings. However, as

Rumberger acknowledges, the medical community as well

as the radiological community need to publish guidelines on

how to follow-up incidental findings.13

Given all the information described above, we feel it is

the obligation of the interpreting physician to evaluate the

entire CT scan. This will require reconstruction of both a

small focus field of view as well as a larger field of view to

include the entire mid thorax. Therefore, in most cases, this

will require a qualified radiologist to review the entire

examination, even if a cardiologist has interpreted the coro-

nary artery portion of the study.

In addition to detecting these important non-cardiac

abnormalities, clearly the radiologist and the clinician need

a strategy to follow unsuspected findings on screening 

studies. Budoff addresses these concerns in his article.12

Although we agree with many of the his conclusions, we 

do not believe that these potential abnormalities should 

be ignored. It is our opinion that the entire study be

reviewed and all abnormalities be reported. In order to min-

imize the impact of unnecessary follow-up, cost, radiation

dose and patient anxiety, the radiological and medical 

community in general needs to decide the appropriate way

to handle these findings.

First of all, it is important to select appropriate patient

for both screening and diagnostic cardiac scans. Selections of

subjects for screening in particular should be based on prior

determination of risk factors. As described in a study by

Obuchowski et al., images from screening studies should be

interpreted with a high sensitivity but positive findings on

screening exams should be handled with a level of surveil-

lance appropriate for risk.14 This is especially important

when unsuspected incidental findings are seen. Clearly, a

reasonable strategy for follow-up of these abnormalities

needs to be addressed. For example, in an article on whole

body screening studies published by Furtado et al. in

Radiology in 2005, those investigators reviewed 1192 consec-

utive patients undergoing whole body screening. In that

study, the radiologist recommended at least one additional

follow-up in 37% of patients.15 This seems like a very high

percentage of supposedly normal patients which required

additional radiological follow-up. For example, in that

study, lung nodules were the most common findings in

which the radiologist recommended follow-up. However,

when reviewing their reports, there was no strategy for

follow-up. The follow-up of nodules ranged between 

1 month to 12 months with no relationship to nodule size.15
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It is clear that the radiologic community needs to come

up with reasonable guidelines to handle these incidental

non-cardiac abnormalities. An example of this can be seen

in an article published by MacMahon et al. in Radiology

2005.16 These were guidelines for management of small pul-

monary nodules detected on CT scans quoting a statement

from the Fleischner Society. In that article, the contributors

reviewed the current data on lung nodules. They deter-

mined that lung nodules are common and seen in 51% of

smokers over the age of 50. The authors acknowledge that

our ability to detect small lung nodules has improved with

each new generation scanner. Therefore, the old recom-

mendations based on older CT scans and chest x-rays are

not appropriate for following nodules detected on scans

today. These authors describe new guidelines that can be

used by the interpreting physician to follow unsuspected

lung nodules. The authors took into account data on lung

nodule detection rate, data from the lung cancer screening

trials, data based on nodule size, growth rate and relative

risk. The management approach in allows the interpreting

physician to recommend reasonable follow-up for these

small nodules based on patient risk and nodule size.16 For

example, a 3 mm nodule detected incidentally in a low 

risk patient would not require additional radiographic

follow-up. A 3 mm nodule detected in a high-risk patient

would require a 12 month follow-up scan. If the nodule

were stable at that time, no additional follow-up would be

needed. This is a logical and reasonable way to approach

incidental nodule detection on cardiac scans.

4 IMPRESSION

Cardiac CT scans are being performed with increased fre-

quency. When performing both screening noncontrast CT

scans of the heart as well as contrast enhanced coronary

artery CT angiography studies, the entire mid thorax is irra-

diated. Many studies have been published by both radiolo-

gists and cardiologists, describing the importance of

reviewing the extra-cardiac structures in order to diagnose

important pathology. New strategies for follow-up of inci-

dentally detected pathology (i.e. lung nodules) have recently

been published which offer a reasonable approach.
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23
Computed Tomographic Angiography:
Technical Considerations

Jacobo Kirsch, Eric E. Williamson, and Dominik Fleischmann

1 MDCT ANGIOGRAPHY –
TECHNOLOGY DEVELOPMENT

The basic concept of computing a cross-sectional image from

multiple x-ray projections to create images of an anatomic

structure has remained the fundamental principle of com-

puted tomography (CT) since its origin in 1971. The evolu-

tion of this powerful tool has been spearheaded by hardware

and software advances that allow for rapid, robust acquisi-

tion of scan data and prompt, flexible workstation display.

1.1 Early development of CT

In the early 1980s, CT imaging consisted of step-and-shoot

axial scanning, acquiring anatomic data in single slices.

Each of these anatomic slices was obtained during a single

breath-hold while the patient table stayed motionless. This

scan technique resulted in discontinuous images with the

potential for misregistration between contiguous slices, and

was therefore not well adapted to imaging the vascular

system. Two major developments, spiral (helical) scanning

and multi-detector row CT, provided the impetus for the

development and rapid advance of clinical CT angiography.

1.2 Spiral/helical scanning

The introduction of slip-ring technology triggered the

development of spiral scanners in the early 1990s, which

allowed continuous imaging as the patient moved through

the CT gantry. Spiral CT for the first time transformed CT

into a true three-dimensional, volumetric imaging tech-

nique. In addition, comparable large anatomic volumes such

as the chest or the abdomen could be completed within a

single breath-hold.1 In addition to improving spatial resolu-

tion along the z-axis, this method of scanning eliminated

misregistration artifacts between adjacent slices. The ability

to interpolate overlapping axial images at arbitrary positions

along the z-axis permitted improved generation of multi-

planar reformations. In 1993, Rubin et al. demonstrated its

potential for evaluation of vascular structures in a series of

15 patients imaged with a single-slice spiral CT scanner and

rapid contrast medium injection optimized to visualize the

abdominal aorta and its main branches.2 This new technol-

ogy, based on slip-ring technology, used an x-ray source and

its opposing detector array rotating around the patient while

the scanner table was being translated through it in the z-

axis (third generation). All single slice scanners used a fan-

shaped x-ray beam with only one detector row in the z-axis

(Figure 23.1).

Although revolutionary for the time, such scanners 

still had relatively slow gantry rotation speed (in the range

of 1s/360dgr) that, coupled with the use of available single

row detector elements, limited the anatomic coverage 

possible per patient breath-hold. The trade-off between 

spatial resolution (section thickness) and volume coverage

often translated into asymmetric (anisotropic) voxels which

limited the utility of 3-dimensional reformations of the 

scan data. Still, volumetric acquisition using spiral scanning
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techniques laid the groundwork for the explosion in CT

angiography applications that was to come.

1.3 Multi-detector CT

Not until the development of 4-slice multidetector-row

computed tomography (MDCT) scanners in the late 1990s

and the availability of 8- and 16-slice MDCT scanners in the

early 2000s, did the speed of scanning and range of z-axis

coverage expand sufficiently to enable breath-hold image

acquisition in multiple phases of contrast enhancement and

single-phase imaging over extended anatomic regions. 

At the same time, improvements in gantry rotation speed

further increased the scan coverage area, making imaging of

the entire inflow and runoff vessels feasible during a single

acquisition.3

While single-detector CT comprised a single row with a

linear array of multiple detector elements, MDCT utilizes

multiple adjacent rows of parallel detector elements creat-

ing a 2-dimensional matrix of elements that allows the

acquisition of at least 4 sections per x-ray tube rotation

(Figure 23.2). It should be noted that the number of sections

or ‘slices’ acquired per gantry rotation is not determined by

the number of rows of detector elements, but rather by the

number of ‘channels’ of data reconstructed from exposure of

the detector array.

Three types of detector arrays are used for MDCT:

matrix array, adaptive array and hybrid array. Matrix detec-

tors consist of multiple rows identical in width (Figure 23.3).

When the CT acquisition is performed, various collimation

settings are available, based on the configuration of detector

elements used. For example, an 8-row CT scanner might

utilize an array of 16 rows of 1.25 mm detector elements. 

In such a system, selecting the eight innermost detector rows
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z-axis

Figure 23.1 Spiral scanning: The table is fed through the
bore of the CT as its gantry continuously rotates acquiring
a volume set in a helical/spiral fashion.

A

B

C

D

Figure 23.3 Matrix detector: Multiple rows of same-width
detectors are aligned and by using different collimations,
the slice thickness can be adjusted according to the clini-
cal need. In example A, only the inner 4 detectors are
being used, which results in 4 slices of 1.25 mm thickness
each. If the collimation is extended to include all 16 rows,
they can be combined into 4 slices of 5 mm thickness
each, as in example D.

single detector
z-axis

multiple detectors
z-axis

Figure 23.2 Detectors configuration: In the MDCT scan-
ner, the greater number of detector rows in the z-direction
helps to increment coverage and enhance scanning speed.
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would allow eight channels of data to be acquired at 

1.25 mm collimation. Signal from adjacent detector 

elements can also be combined to produce thicker channels.

For instance, selecting all 16 detector rows could produce

eight channels of data at 2.5 mm collimation. The advantage

of combining detector rows to produce wider slices is the

associated increase in z-axis coverage per gantry rotation.

The disadvantage of such a scheme is a compromise in 

z-axis resolution.

Adaptive array and hybrid array detectors utilize detector

rows that increment in size from the center to the periphery

(Figure 23.4). In each of these systems, the detector elements

in the center of the array are narrower, permitting higher

resolution images to be obtained over a smaller coverage

area. The detector elements at the periphery of the array are

wider, which allows a larger amount of x-rays to contact

them due to the decrease in the perpendicular septa separat-

ing the detectors. The difference between adaptive and

hybrid detector arrays is that adaptive arrays have multiple,

variable-thickness rows of detector elements, while hybrid

arrays have only two different thickness elements. As with a

matrix detector array, variable collimation widths can be

achieved by combining the information obtained with mul-

tiple contiguous rows of detectors. Depending on the man-

ufacturer and scanner model, there are multiple variations

to the organization and sizes of the matrix elements.

2 IMAGE ACQUISITION &
DISPLAY TECHNIQUES

As CT angiography and the equipment we use to perform

it have evolved, the techniques that we employ to take

advantage of these advances have also changed. Accurate

performance of CTA requires understanding of technical

factors, including contrast media kinetics, basic scan param-

eters, and various post-processing techniques.

2.1 Contrast administration

Strong opacification of the vasculature is critical for diag-

nostic-quality CT angiography. As CT technology has

evolved to allow scanning of extended coverage areas in

shorter time intervals, appropriate delivery of intravenous

contrast medium has become increasingly complicated and

contrast medium injection protocols are continually evolv-

ing. For example, imaging of both inflow and runoff vessels

in a single contrast medium injection requires careful plan-

ning to ensure optimal opacification of the vascular territory

of interest.

The goal contrast medium administration for 

CT angiography is to achieve adequate uniform arterial

enhancement throughout the vascular territory of interest

for the entire duration of the CT acquisition. Although

patient-dependent variables such as cardiac output and

patient body habitus have an effect on arterial enhancement

in CT angiography, many important variables that help

determine image quality are under the control of the 

operator.4 These operator controlled variables include: scan

timing, contrast volume and injection rate, contrast medium

concentration, and saline flush.

2.1.1 Timing Options

There are three main options for scan timing in relation to

contrast injection: fixed time delay, timing bolus or bolus

Computed Tomographic Angiography: Technical Considerations 299
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D

Figure 23.4 Adaptive array detector: In contrast to the
matrix detector, in this type, the rows increment in width
form the center to the periphery. The concept is similar as
they can be combined as the collimation is widened.
However, the lesser amount of septa in this detector allows
for more x-rays to contact them.
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tracking. Using a fixed time delay involves initiating the 

CT scan at a predefined interval after the contrast injection

is started. Although fixed time delay can be used success-

fully for many routine thoracic and abdominal CT protocols,

especially if the patient has no underlying cardiovascular

disorder, for cardiovascular CT studies the scan delay

should be individualized for every patient.5 We recommend

using an individualized scan delay, acquired either by

timing bolus or automated bolus tracking, for all CT

angiography studies to ensure optimal arterial opacification.

A test bolus is a straightforward method to determine the

time interval between the beginning of an injection and the

arrival of contrast medium in the arterial territory of inter-

est (contrast medium transit time, tCMT). A patient’s tCMT is

then used to determine the scan delay for CT angiography.

This method involves the injection of a small volume of con-

trast medium (usually 15–20 mL), followed by repetitive

low-dose CT scanning at a single table position, usually at

the anatomic region to be scanned. A region of interest

(ROI) is placed in an artery in the scan field (typically the

aorta) and the enhancement is recorded over time. A graph

of this relationship is used to calculate the time to peak

enhancement, which is used to determine the scan delay.6

The test bolus technique is the most robust method of deter-

mining the tCMT and subsequently the scan delay; however,

it has the drawback of increasing the amount of contrast

medium injected without adding to the enhancement of the

images used for diagnosis.

Automated bolus tracking (triggering technique) is a

slightly more sophisticated method for determining scan

delay. Bolus tracking uses multiple low-dose scans acquired

at a single table position, similar to the test bolus technique;

however, the entire bolus of contrast is administered and

scan initiation is triggered ‘real-time’ once arterial enhance-

ment at the anatomic region of interest reaches a certain

threshold.7 Depending on the manufacturer, the CT acqui-

sition can be manually triggered or automatically initiated

once the Hounsfield units in the ROI reach some predefined

threshold level. The bolus tracking technique is effective

and conserves contrast media; however, if the ROI is placed

incorrectly, if the patient moves, or if there are venous

inflow problems, the scan can fail to initiate correctly. There

is an important difference between automated bolus trigger-

ing and test-bolus techniques in the fact that automated bolus

triggering inherently increases the scanning delay relative to

the true tCMT. This is due to technical reasons, since moni-

toring of bolus arrival is not truly real time, and once the scan

initiation is triggered, additional time is needed for table

repositioning and for providing a breath-hold command.

While this slight increase of the scanning delay improves

initial arterial enhancement, it’s main limitation is that the

user is often unaware of this fact, and of its magnitude

(which may vary substantially between scanner models, and

scanning protocols). The inherent increase of the scanning

delay (relative to the true tCMT) caused by automated bolus

triggering is easily compensated for by slightly increasing

the injection duration accordingly.

2.1.2 Early arterial contrast medium dynamics

Arterial enhancement is directly proportional to the number

of iodine molecules present in the vascular territory to be

imaged. Since routine ‘first pass’ CT angiography is per-

formed using an intravenous injection, the arterial iodine

concentration can be controlled by varying the concentra-

tion, amount and rate of this intravenous iodine injection.

Before arriving in the arterial system, the contrast bolus

must pass through the venous system, the right side of the

heart, the pulmonary circulation and left side of the heart.

This results in a broadening on the bolus (with an asymmet-

ric ‘tail’) The iodinated contrast material used for CT

angiography has an extracellular bio-distribution and after

reaching the systemic circulation it rapidly redistributes or

‘re-circulates’ and re-enters the right heart via the systemic

veins. This redistribution occurs promptly enough through

certain organs, particularly the brain and kidneys, that the

re-circulated contrast has an additive effect on bolus broad-

ening and thus downstream arterial enhancement.4 Thus,

first pass (with it’s bolus broadening) and recirculation

effects combine to determine the contrast media kinetics of

CT angiography. While injection protocols have tradition-

ally been described using contrast medium volumes and

flow rates (due to the fact that these parameters are keyed

into the power injector), this is poorly suited for CTA.

Injection parameters for CTA are best described and under-

stood as injection rate (iodine administration rate or flux)

and injection duration, since these two parameters control

time-depending arterial enhancement. Contrast medium

volume is a derived parameter.

The effect of the injection rate of iodinated contrast

medium (for a given iodine concentration) on arterial

enhancement is straightforward: The iodine flux 

(mg iodine/s) is directly proportional to the arterial enhance-

ment. Thus, increasing the injection flow rate or increasing

the iodine concentration of the contrast agent both translate

into proportionally greater arterial opacification. The effect

of the injection duration is less intuitive and more difficult
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to understand. A bolus injection of contrast can be best

understood as a series of small ‘test’ injections administered

one after another (Figure 23.5). Due to bolus broadening

and recirculation effects, such a series of injections produces

an upward sloping plateau of enhancement with an overall

duration proportional to the duration of the intravenous

injection. Peak arterial enhancement is dependent not only

on the rate, but also on the duration of the contrast injection.

The key to effective CT angiography is to match the scan

acquisition to this ‘plateau’ phase of enhancement; however,

since the curve rises over time, enhancement during the 

CT acquisition can become non-uniform. Non-uniform

enhancement becomes more obvious in CTA studies with

comparably long scan and injection times (20–30s or more).

This non-uniformity can be addressed by the use of bipha-

sic injection protocols (Figure 23.6). Biphasic contrast injec-

tion protocols utilize an initial high injection rate (typically

6–8 mL/sec) to rapidly increase the arterial iodine concentra-

tion. This initial rapid bolus injection is followed by a longer,

slower injection (typically 3–5 mL/sec) to maintain the

plateau phase of arterial enhancement. Biphasic injections

are useful in long acquisitions, such as gated chest with non-

gated abdomen pelvis studies, or lower extremity CTA.8

Whether a monophasic or biphasic injection protocol is

used, the contrast injection duration is typically matched to

the duration of the CT scan acquisition to optimize arterial

enhancement without wasting contrast. Typically, an addi-

tional time factor is added to the injection duration to

account for the time it takes to initiate the CT scan (see bolus

triggering, above). Typical injection rates for CT angiogra-

phy are set between 4 to 6 mL/sec. Thus, for a twelve second

scan of the abdominal aorta, the amount of contrast might

be described as (5 mL/sec × 12 sec) + (5 mL/sec × 5 sec) for a

total of 85 mL of contrast.

Although the traditional ‘injection duration equals scan

duration’ approach works quite well for extended scan

ranges and long scan durations, the recent development of

faster CT scanners has caused acquisition times to become
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Figure 23.5 Simple ‘additive model’ shows the relation between the contrast injection and the cumulative arterial enhance-
ment. (a) The arterial enhancement curve after the intravenous injection of a 16 mL test-bolus. (b) The cumulative arterial
enhancement following the intravenous injection of a full 128 mL bolus. Due to the asymmetric shape of the test enhancement
curve and due to recirculation effects (the ‘tail’ in the test enhancement), arterial enhancement (the ‘time integral of 8 test
boluses’) increases continuously over time. There is no enhancement plateau. (Adapted from Reference 5 with permission.)
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shorter. For a given contrast injection rate, decreasing the

injection duration will also decrease the peak enhancement.

This becomes important because such a decrease in

enhancement can be a limiting factor for acquiring 

diagnostic quality arterial images. Usually, the goal is for

CT angiography to obtain enhancement of at least 200

Hounsfield units (HU) for the aorta, and approximately 300

HU for the pulmonary arteries or aortic side branches (arch

branch vessels, bronchial, renal, celiac and mesenteric arter-

ies) to be visualized.7

Several strategies can be employed to increase arterial

enhancement appropriate for modern MDCT systems. As

mentioned earlier, increasing the iodine flux directly trans-

lates into stronger arterial enhancement. For example, when

the iodine concentration is increased from 300 mg I/mL to

370 mg I/mL, and the injection flow rate is increased from 

4 mL/s to 6 mL/s, this results in almost double the iodine flux

(1.2 g I/s vs 2.2 g I/s). However, injection rates are limited by

cannula size and patient tolerance. For limited coverage

ranges and very short scan times, injection rates cannot be

raised high enough to produce adequate enhancement. An

alternative to increasing the injection rate is to again use a

contrast agent with a higher concentration of iodine and

using a longer injection duration (relative to the scan time).4

A proportionately longer scanning delay can be built into

the scan protocol such that scan initiation occurs at some

predetermined time after the contrast bolus arrives. This

type of protocol allows adequate opacification to build up

without using excessive injection flow rates.

Flushing the venous system with saline immediately

after the contrast injection serves a dual purpose as it can

reduce contrast volumes by conserving approximately 15 mL

of contrast which would otherwise remain in the arm veins,

and at the same time reduce perivenous streak artifacts in

the chest by removing dense contrast material from the bra-

chiocephalic veins, the superior vena cava, and right heart.

Although a saline flush can be performed manually or by

layering the saline solution in the same syringe as the con-

trast media, new dual barrel power injectors are the most

convenient and practical way to flush the veins.
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Figure 23.6 Bi-phasic model shows the relation between a biphasic contrast media injection and the cumulative
enhancement. (a) The arterial enhancement curve after the intravenous injection of a 6 mL test-bolus followed by a 3 mL
by second phase. (b) The cumulative arterial enhancement following the intravenous injection of a full 120 mL contrast dose
in 2 phases: 48 mL bolus injection followed by an additional 72 mL of contrast at 3 mL/s. Due to the asymmetric shape 
of the test enhancement curve and due to recirculation effects (the ‘tail’ in the test enhancement), arterial enhancement
(the ‘time integral of 8 test boluses’) increases continuously over time creating an enhancement plateau.
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2.2 Scan parameters

One of the most basic and at times confusing aspects of

multi-detector CT angiography is the terminology used to

describe the way a CT scan is acquired and reconstructed.

The purpose of this section is to define basic CT scan

parameters and to discuss the principles of their use. In

multi-detector CT, it is important to distinguish scan acqui-

sition parameters from scan reconstruction parameters.

Scan acquisition parameters determine the way a CT scan-

ner acquires the projection data, while scan reconstruction

parameters describe the way the CT scanner assembles the

projection data into transverse CT images (Table 23.1).

2.2.1 Scan acquisition

The two most important scan acquisition parameters are

slice collimation (SC) and table feed per rotation (TF), both of

which are expressed in millimeters. The relation between

these two parameters provides the common definition of

pitch (P), so that P = TF/(N × SC), where N is the number

of detector rows. Thus, for a 16-row MDCT system per-

forming a CT angiogram with slice collimation of 0.75 mm

and a pitch of 1.0, the table feed per rotation would equal 

12 mm. This number is important, because, along with the

gantry rotation speed and the scan coverage area, it determines

the time required to complete the CT acquisition (scan dura-

tion). As previously discussed, the scan duration is a major

determinant of contrast injection duration, as well as deter-

mining the length of time the patient needs to hold his

breath. So in the example above, if the gantry rotation speed

is 0.5 seconds and the coverage area is 280 mm (a reasonable

estimate for an abdominal CT angiogram), the CT acquisi-

tion will take 14 seconds to complete.

2.2.2 Scan reconstruction

Once the raw projection data is acquired, it is ‘re-organized’

and re-constructed into axial slices by mathematical tech-

nique. These axial images are described by their slice width

(SW) and reconstruction interval (RI) in millimeters. Slice

width describes the thickness of the reconstructed slices and

the reconstruction interval defines the distance between

axial slices. The RI is usually chosen smaller than the SW,

resulting in an overlap of the slices. For example, a dataset

used to evaluate the size of an abdominal aortic aneurysm

might be reconstructed with a width of 1.5 mm (SW) with-

out any overlap (RI also equals 1.5 mm), while an examina-

tion of smaller structures such as the renal arteries might

require thinner sections reconstructed with a slight overlap,

for instance, SW = 1.25 and RI = 0.8.

Reconstructions can be performed in any of a number of

widths and intervals, as long as the slice collimation used in

the CT acquisition is less than or equal to the reconstructed

slice width. For this reason, CT angiography typically is

performed with narrow collimation and reconstructed in

thin slices to form a secondary raw dataset. This dataset can

then be used to reconstruct images in various perspectives

without loss of image data. These reconstructions can be

performed in multiple different planes, can be overlapped,
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Table 23.1 Acquisition parameters for peripheral CTA, for a scanning range of 105–130 cm (Note that depending on
the detector configuration and table increment, acquisition times vary substantially)

Scanner gantry rotation
time in seconds Collimation (mm) TI (mm) STh (mm) RI (mm) Scanning time (s) Slices

4-detector
0.8-s scanner 4 × 2.5 15 2.5 1.5 56–70 <900
0.5-s scanner 4 × 2.5 15 3.0 1.5 35–43 <900
0.5-s scanner 4 × 1.7 7 1.5–2.0 1.0 75–93 <3100

8-detector
0.5-s scanner 8 × 1.25 16.75 1.25 0.8 31–39 <1625

16-detector
0.5-s scanner 16 × 1.5 33 2.0 0.75 16–20 <1700
0.5-s scanner 16 × 0.75 18 1.0 0.5 29–36 <2600

64-detector
0.5-s scanner* 64 × 0.6 15 2.0 1.2 15–18 <1800

TI, table increment per 360∞ gantry rotation; STh, section thickness; RI, reconstruction interval.
*Faster gantry rotation speeds can be acquired, such as 0.33 sec. However, these are exclusively used for cardiac imaging.
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projected as 3-dimensional images, or created at different

slice thicknesses, depending on the specific clinical question

to be answered.

The most obvious advantages of this type of acquisition

and reconstruction, other than the speed with which it can be

acquired, is the capacity to avoid misregistration from one

slice to the next associated with different breath-holds used

during conventional axial scanning. The ability to project

data in multiple planes without distortion of anatomic struc-

tures has obvious clinical benefits. The major disadvantage

of thin-section, volumetric CT acquisition and reconstruc-

tion of multiple datasets is the tremendous increase in data

that results and the associated strain placed on systems used

for image storage and retrieval. A typical CT angiogram of

the chest, abdomen, pelvis, and lower extremities can pro-

duce well over 1,000 axial images. Such an explosion of

imaging data has also created challenges for image display

and interpretation. These challenges require innovative solu-

tions, including new methods of image post-processing.

2.3 Post-processing techniques

Today’s state-of-the art workstations offer several postpro-

cessing techniques to evaluate and interpret CT angiogra-

phy. The type of technique chosen will depend on the

specific clinical question that needs to be answered.

However, reviewing the axial data set should still represent

the starting point of any examination, not only to assess the

vascular structures, but the extra-vascular ones as well.

2.3.1 Multiplanar reformations (MPR)

Cross-sectional views are extremely helpful to assess the

vessel lumen. Images in any of the standard planes (axial,

coronal, and sagittal) are easily obtained with most post-

processing software. The addition of oblique planes can

reveal information that would be extremely difficult to

obtain otherwise. A specific type of oblique MPR is the

curved planar reformation (CPR) which involves manual or

semi-automated extraction of a centerline of the vessel to be

examined and then viewing the vessel in longitudinal 

cross-section around this centerline. The advantage of this

technique is that the entire length of the defined vessel can

be evaluated without obscuration by overlying structures,

notably vessel wall calcifications or stents. The disadvantage

is the inherent reliance on an accurate centerline. Any 

deviation from the true center of the vessel of interest can

produce an apparent stenosis within a normal-caliber vessel.

Also, this technique can be time-consuming and in some

instances the lack of extravascular landmarks for localizing

findings precisely can become an issue. A potential solution

to this problem is the generation of so-called multi-path

CPRs. Multi-path CPRs simultaneously display longitudi-

nal cross sections through the entire peripheral arterial tree

at arbitrary viewing angles, thus restoring spatial percep-

tion9,10 (Figure 23.7).

2.3.2 Thick MPR

The same technique that allows us to obtain reconstructions

in different planes can be applied to specific volumes of the

data set. By varying the slice width and reconstruction inter-

val, data from multiple contiguous slices of imaging data

can be reconstructed in thick ‘slabs’ (Figure 23.7). This

image data can be then manipulated during interpretation

(windowing, changing the thickness of the slab of informa-

tion) to allow us to focus on a particular area of interest. The

advantage of this technique is that anatomic landmarks can

be better preserved and a wealth of data can be depicted

with very few images. The disadvantage is that overlapping

structures can obscure findings, making precise diagnosis of

abnormalities difficult.

304 Computed Tomography of the Cardiovascular System

Figure 23.7 MPR: Oblique MPR through the aorta, left
renal artery and left kidney shows narrow stenosis as the
origin of the artery.
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2.3.3 Maximum intensity projection (MIP)

Maximum intensity projection images display a volume of

image data, much like thick MPR images. The difference is

that the MIP technique preferentially displays the structure

within the image volume that has the maximum density

(Figure 23.8). MIP images provide the most ‘angiography-

like’ display of the vasculature and are ideal for communi-

cating findings to referring services. As with thick MPR, the

main disadvantage is the potential of obscuring the region of

interest by overlying structures, particularly hyperdense

structures such as the spine and the long bones of the

extremities, and obscuration of the vessel lumen by calcified

plaque and stents.

2.3.4 Volume rendering (VR)

Unlike other three-dimensional reconstruction techniques,

volume rendered images utilize the contributions of each

voxel within the image dataset to be reconstructed. When

examining these volumes of data, the anatomic region of

interest can be exposed using clip planes to cut away 

overlapping structures or by altering the overall image opac-

ity so that underlying structures become visible. The advan-

tage of VR images is that large volumes of image data can be

visualized simultaneously and anatomic landmarks are pre-

served (Figure 23.9). At their best, such images can produce

gorgeous examples of what can be achieved with the tech-

nology. Unfortunately, since every pixel in the dataset con-

tributes to the image, VR images require more computer

processing power than other techniques. Additionally, such

images are somewhat limited when attempting to evaluate

the vessel lumen, notably in the presence of vessel calcifica-

tions and stents.

3 CLINICAL PERSPECTIVES –
CURRENT & FUTURE
APPLICATIONS

3.1 Body/cardiac/neuro

Since being introduced, multidetector-row CT has been

rapidly spreading across the radiology departments and

taking over new roles while replacing older technologies

and different modalities. Routine examinations of the chest,

abdomen, and pelvis, as well as peripheral, intracranial, and

coronary vessels are commonly performed. Additionally, it

is now used in different phases of contrast administration

(un-enhanced, arterial, venous, etc.) and physiologic states

(systole, diastole) allowing for a much more comprehensive

examination.7,11,12
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Figure 23.9 VRT: Lateral VRT reconstruction of the left
thigh shows in detail the relation between the femur and
lower extremity arteries.

Figure 23.8 MIP: Para-sagittal MIP of a right lower
extremity post-trauma demonstrates in the same plane a
comminuted fracture of the tibia and its relation to the lower
extremity arteries. Two small pseudoaneurysms are in
close proximity to the fracture segments.
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Historically, the limitations provided by the trade-off

between scan length and spatial resolution along the z-axis

in the earlier scanners translated into very region specific

examinations, i.e. renal arteries CTA. Therefore the initia-

tion of CT angiography relied on separate areas of interest

with very specific scan parameters according to the size of

the imaged vessels and their span. Nowadays, the entire

body can be imaged in one acquisition, and protocols are

converging to only a few basic techniques.

3.2 Future perspectives

In patients for whom a low dose of iodinated contrast is

desired, intra-arterial injections of contrast via catheters

placed in the interventional suite before imaging could be an

option. Some attempts have already been performed with

good image quality. However, even though this is a feasible

technique utilizing low injection rates and low iodinated

contrast volumes, catheter modifications are probably going

to be required to obtain consistent and homogeneous opaci-

fication of the vessels, especially in their segments most

proximal to the catheter where mixing with non-opacified

blood will be suboptimal.

An exciting frontier in CT angiography lies with the

recently introduced dual-source computed tomography

(DSCT) system. This type of scanner is equipped with two

X-ray tubes and two corresponding detectors, mounted on a

rotating gantry with an angular offset of 90∞. This new tech-

nology allows both X-ray tubes to be operated at different

kV and mA settings, allowing the acquisition of dual-

energy data. A potential application of dual energy CT is the

separation of bones and iodine-filled vessels in CT angio-

graphic examinations by subtraction of voxels as determined

by their Hounsfield attenuation values.

The introduction of CT fluoroscopy made real-time 

CT imaging available for procedure guidance.13 This 

capability has evolved even further with new developments

in C-arm CT (Angiographic CT) that allow to obtain

images while a procedure is being performed in similar

fashion as an angio-suite would. This technology is 

designed to overcome the limited topographic orientation

associated with cross-sectional CT fluoroscopy. However, 

it is still somewhat limited by a much slower rotational

speed of the C-arm and the need for special ‘metal-free’ 

beds or carts that would obscure the images; however its

portability is opening new doors to the way we perform

interventions.
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24
Computed Tomographic Angiography of
the Thoracic Aorta

Brad Thompson and Edwin J.R. van Beek

1 INTRODUCTION

Diseases that affect the thoracic aorta are commonly associ-

ated with high rates of mortality, with many requiring some

form of immediate surgical intervention. Understandably,

there is a critical need for establishing an immediate and

accurate clinical diagnosis of suspected aortic disease at the

time of presentation. There are several modalities that can

be used in the radiographic evaluation of the thoracic aorta,

namely angiography, magnetic resonance imaging (MR),

and computed tomography (CT). Deciding which one to

use, however, largely depends on a host of factors dependent

upon the scenario and clinical suspicion as well as availabil-

ity, convenience, patient stability, and of course total exam

time. For example, angiography, long considered to be the

gold standard in aortic imaging, appears to be best suited in

the setting of trauma, but is invasive, potentially inconven-

ient, and lengthy, which may delay definitive treatment.

Being able to provide multiplanar images of the thoracic

aorta and do so without ionizing radiation, MR imaging is

probably best suited for surveillance exams of known and

stable aortic diseases. However, lengthy exam times, suscep-

tibility to undesirable artifacts and difficult patient monitor-

ing during the exam make MR less attractive in the acute

setting. In view of these shortcomings, computed tomogra-

phy, by virtue of its unique and distinct technical advan-

tages, has emerged as the ideal modality in the radiographic

assessment of the thoracic aorta, especially in emergent clin-

ical settings. With the development of expanded scanner

configurations, and shorter image acquisition speeds, 

multi-detector CT (MDCT) is a fast and convenient modal-

ity able to provide rapid and reproducible high spatial reso-

lution images of the entire aorta, usually within one breath

hold. Slice acquisitions as thin as 1–2 mm provide the abil-

ity to create 2D, 3D and angiographic reconstructions that

rival traditional angiography in representation and image

quality. EKG gating of images has improved image quality

by removing troublesome motion artifacts that have been

associated with slower scanners. Furthermore, additional

developments such as dose modulation and partial recon-

struction algorithms have respectively decreased radiation

exposures and scan times considerably. Finally, by provid-

ing a complete assessment of the cardiopulmonary and mus-

culoskeletal system, CT may identify either unsuspected

findings or alternative diseases that may explain the clinical

presentation. This chapter will briefly discuss multi-slice

CT protocols relating to aortic imaging and review disease

processes of the thoracic aorta that can be readily diagnosed

with multi-slice CT.

2 TECHNICAL
CONSIDERATIONS

The technical issues relating to imaging of the thoracic aorta

with MDCT primarily involve the speed of image acquisi-

tion, anatomical coverage, and slice thickness. With rapid

expansion of helical scanner platforms from four to 64 chan-

nel detector configurations, Z-axis coverage continues to

shorten, and coupled with progressively faster scanners, 
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the time required to cover the entire thoracic aorta with

MDCT can now be easily accomplished within one breath-

hold. This concomitantly has had beneficial repercussions

relating to contrast doses which are correspondingly

smaller. Table 24.1 lists a typical helical CT protocol for a

16-slice scanner for the thoracic aorta.

Usual imaging protocols for aortic disease should be tai-

lored to include the entire thorax and upper abdomen in

order to evaluate for unsuspected findings, as in cases of

trauma where there may be associated fractures, hemothorax

and/or pneumothorax, and solid organ injury. Radiographic

evaluation should also include assessment of branch vessels,

especially the great vessels to the head and neck in cases of

aortic dissection.

2.1 Intravenous contrast
considerations

In patients with suspected aortic disease, excellent contrast

enhancement of the entire aorta and branch vessels is requi-

site, requiring careful consideration to dose, infusion rates

and timing. Obviously without contrast, the sensitivity for

the determination of leak, dissection, and thrombosis is lim-

ited. Similarly, use of iodinated non-ionic contrast material

enables radiologists to create CT angiograms which may be

necessary as part of preoperative planning. Table 24.2 pro-

vides general guidelines for contrast administration. In order

to optimize the contrast enhancement of the thoracic aorta,

initiation of scanning has to be synchronized with the arte-

rial phase of the bolus of contrast material. With older 

CT scanners, technologists could generally be assured of an

arterial location of contrast after approximately one-half of

the total dose was injected. This protocol was predicated

upon doses of 150 ml of contrast and risked suboptimal aortic

enhancement, especially in patients with poor cardiac output,

left heart obstructive disease (aortic/mitral valve stenosis) 

or pulmonary hypertension. With multi-slice scanners, the

determination of optimal contrast enhancement is straight-

forward, and can be accomplished using bolus tracking soft-

ware included with most scanners, whereby time–density

curves can be generated that accurately depict time of peak

enhancement. Using this technique, a test bolus of 10 ml of

contrast material is injected and preliminary single level

scans centered at the aortic arch enable the technologist to

visually inspect the transit of contrast as it moves through the

thoracic aorta. Once the peak bolus is reached in the target

area, scanning can be initiated manually. Alternatively, plac-

ing a region of interest within the ascending aorta, a time-

density curve can be generated that graphically calculates the

time to peak enhancement of the thoracic aorta. Some scan-

ners are equipped with automatic start-scan functions that

initiate scanning once a prescribed CT density has been

achieved at the target region of interest. Injection of contrast

material in the right arm and use of a saline flush (chaser)

help to decrease undesirable streak artifacts originating from

high concentrations of IV contrast in the central venous cir-

culation. With further expansion of multi-slice scanner con-

figurations, which provide greater Z-axis coverage, total

contrast volume requirements for aortic imaging continue to

decrease. This phenomenon thereby reduces not only cost

but has expanded the applicability of CT in patients with

borderline renal function. Patients with normal renal func-

tion can tolerate 150 ml of contrast. Pediatric doses are usu-

ally limited to 2–3 ml of 300 mgI/kg. An important

consideration for total dose administration, however, relates

to the scan duration required to cover a prescribed anatomi-

cal area. In larger patients and in cases where scan coverage

may need to include the abdominal aorta (dissection) larger

total doses of contrast material may be required. The follow-

ing equation can be used to determine total dose:

Contrast volume (ml) = Flow rate (ml/s) × scan duration (s).

Optimal enhancement of the thoracic aorta and 

branch vessels generally require CT attenuation values of

300 Hounsfield Units (HU). In larger patients, achieving

308 Computed Tomography of the Cardiovascular System

Table 24.1 Routine 16-slice CT angiographic protocol
for thoracic aorta imaging

Thoracic aorta protocol 16 slice scanner

kV 120
mA 130
Kernal B30f
Slice thickness (mm) 1.5
Table feed (mm) 1.5
Collimation 0.75
Scan time (msec) 500

Table 24.2 Routine i.v. contrast injection protocol for
16-slice thoracic aortography

IV contrast protocol 16 slice helical scanner
Concentration 300 mg I/ml
Dose 100–120 cc
Rate of infusion 3–5 cc/sec (20 gauge IV)
Delay 20–30 sec
Saline flush Desirable
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this level of enhancement may require faster infusion rates

on the order of 5 ml/s.

3 CLINICAL APPLICATIONS

The widely accepted application of MDCT in the evalua-

tion of thoracic aortic disease primarily relates to its rapid

speed, and reproducible high-resolution images. As such,

thinner slice collimation scans which are readily performed

by MDCT enable superior multi-planar and angiographic

representations of the aorta and branch vessels which are

desirable as part of pre-operative planning. In acute chest

pain syndromes, especially in the setting of trauma, dissec-

tion, aneurysms, intramural hematoma, such thin slice heli-

cal acquisitions enable volumetric reconstructions to be

performed rapidly that can be invaluable in defining vascu-

lar anatomy, and extent of disease. Furthermore, the versa-

tility of CT in aortic imaging is further enhanced by its

ability to demonstrate incipient complications, such as aortic

rupture in cases of trauma, vascular occlusion with or with-

out solid organ infarction, and can provide alternative diag-

noses that may result in acute chest pain such as pericarditis

or pulmonary embolism.

4 NORMAL ANATOMY

The thoracic aorta is composed of three layers, the intima

(endothelial lining), the media (containing smooth muscle,

elastic and collagen fibers) and the adventitia (containing vasa

vasorum, nerves, lymphatics and elastic and collagen fibers).

The root of the aorta is surrounded by the four heart

chambers in the valve plane. The sinus of Valsalva just

above the valve level contains the origins for the left and

right coronary arteries. Immediately above the sinus is the

anatomic sinutubular ridge, which is important for surgical

planning. It subsequently follows an oblique course from

anterior coursing to the right initially, followed by an arch

from right anterior to left posterior, where it descends

anterolateral to the thoracic spine through the diaphrag-

matic hiatus into the retroperitoneal space. At the level of

the arch, in approximately 75% of subjects it gives off 

3 branches: the right innominate artery, the left common

carotid artery and the left subclavian artery. In approxi-

mately 20% of subjects, the innominate and the left common

carotid arteries have a common ostium, while the left verte-

bral artery arises separately in 6% of subjects.1 Just past 

the left subclavian artery, the ligamentum arteriosus (the

remmant of the ductus arteriosus) attaches medially into the

arch. Diameters of the thoracic aorta have been determined

using CT studies.2,3 Although there is a significant range,

the rule of thumb is that the mid ascending aorta should not

exceed 3.5 cm, while the descending aorta should not exceed

2.5 cm in diameter.

5 ADULT PRESENTATIONS OF
CONGENITAL DISEASES

In approximately 1% of the population, a host of variations

of the normal thoracic aortic branching pattern exist, and

these tend to be completely asymptomatic and of no clinical

significance. An aberrant right subclavian artery or an aber-

rant left subclavian artery with a right arch can produce dys-

phagia, while a double aortic arch can result in a tight

vascular right involving the esophagus as well as the trachea.

Although many of these variations will be detected early in

life, some tend to become symptomatic only in later life with

dilatation and elongation of arteries. Aberrant subclavian

arteries are more prone to developing aneurysms.

CT has proven extremely valuable in diagnosing these

variants. MRI has also been applied successfully, and in

many situations is the imaging method of choice. Invasive

catheter angiography has been completely replaced by these

two methods.

5.1 Coarctation

Coarctation is congenital narrowing in the region of the isth-

mus, which often goes undetected until adulthood. There is

a male:female ratio of 4:1, and it is commonly associated with

bicuspid aortic valve (up to 50%) and Turner syndrome.

The site of stenosis influences later development. If the

stenosis is proximal to the ductus arteriosus, symptoms will

develop early due to a lack of collateral formation in utero. 

If the stenosis is at the level of the duct or beyond, collateral

circulation will develop and patients will present in adult

life. Mortality is significant in patients who survive into adult

life, but remain undetected, and is predominantly related to

heart failure, aortic rupture, and secondary hypertension

complications in the upper body (cerebral aneurysms).

The main findings at chest radiography include left ven-

tricular hypertrophy, signs of heart failure and bilateral rib

notching of ribs 3–9 (if the coarctation is proximal to the left

subclavian artery, only right sided rib notching is present).

Computed tomography will demonstrate aortic caliber
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change (Figure 24.1), collateral circulation, flow abnormali-

ties into the left subclavian artery and hypertrophy of inter-

costals vessels with rib notching. Many patients with

coarctation will have surgery at a young age and will have

CT (or MRI) as part of follow-up,4 although newer methods

of treatment include interventional radiological techniques

such as stenting and angioplasty.5

5.2 Aortic stenosis

Aortic stenosis may arise at three levels (valvular, sub-

valvular and supra-valvular), but only the valvular stenosis is

likely to present in adults. This form of aortic stenosis occurs

in 1–2% of the population, mainly in relation to bicuspid

valves either in isolation or together with coarctation. The

bicuspid valve leads to changes in blood flow, with resultant

premature aging leading to fibrosis and calcification.6,7 Most

patients will present in the 4th–6th decades of life due to

signs of heart failure, angina pectoris, decreased exercise 

tolerance and even sudden death. The PA chest radiograph

may be normal or show premature dilatation (similar to

unfolding) of the ascending aorta (Figure 24.2a).

The CT findings (Figures 24.2b and 24.2c) include

calcification of the aortic annulus and aortic valve, post-

stenotic dilatation of the ascending aorta, left ventricular
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Figure 24.1 Electron beam CT angiogram, demonstrat-
ing acute caliber change inferior to the aortic arch.

Figure 24.2 A. CXR in 49-year old main with syncope.
Distended ascending aorta. B. CT at valvular level demon-
strating extensive leaflet calcifications in bicuspid valve.
C. CT at ascending aorta level demonstrating post-stenotic
aneurysm.

A

B

C
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hypertrophy and, later in the disease process, signs of heart

failure with dilatation of the left-sided heart chambers and

pulmonary venous congestion.8

6 AORTIC ANEURYSMS

Aneurysms may be divided in true aneurysms (which com-

prise all three layers of the aortic wall) and false aneurysms

(which are contained ruptures that are bound by peri-adventi-

tial tissues and sometimes a partially intact adventitital layer).

A classification of aortic aneurysms was proposed in

order to have more uniform reporting.9 A modification for

thoracic aortic aneurysms is summarized in Table 24.3.

6.1 Primary connective tissue
disorders

6.1.1 Marfan disease

Marfan’s disease was first described in 1896 by the French

physician Antoine Marfan (1858–1942), and was later 

identified as an autosomal dominant disorder, located on

chromosome 15, with a variable expression (70% are transmit-

ted, 30% consist of spontaneous mutations). The prevalence is

approximately 5 per 10,000, and results in inadequate

strength and metabolism of collagen fibers. The disease has

a number of presentations, including increased height,

pectus excavatum or carinatum, scoliosis, luxation of the

lens (leading to cataract) and spontaneous pneumothorax.10

Cardiovascular diseases caused by media degeneration with

wall weakening affect approximately 90% of patients; the

main associations are dilatation of the ascending aorta (with

resultant aortic valve insufficiency), dissection of the entire

aorta and aneurysms of the coronary arteries occurring at a

young age (Figure 24.3). Less common findings include

mitral valve prolaps, dilatation of the pulmonary artery,

mitral annulus calcification and dilatation or dissection of

the descending aorta, all occurring before the age of 

40 years. The diagnosis of Marfan’s disease is largely clinical

from the outset. However, management is heavily reliant on

imaging and screening for large vessel complications using

echocardiography, MR angiography and CT angiography.11

The early diagnosis of aortic dilatation has made a dramatic

impact on the survival of these patients, and early surgery is

commonplace. At a later age, the follow-up usually focuses on

detection of recurrent disease involving the descending aorta,

the coronary arteries and the heart valves; both echocardiog-

raphy and CT angiography are commonly employed.

6.1.2 Ehlers Danlos syndrome

Ehlers Danlos syndrome (EDS) comprises a group of more

than 10 genetic disorders with inability to synthesize mature

collagen and connective tissue, leading to loss of support and

resultant increased elasticity and fragility. The actual

genetic defects have been demonstrated in many (but not all)

of these disorders.12 The prevalence of EDS is approxi-

mately 1:400,000. The clinical features depend on the type,

but prematurity, joint hyper mobility, spontaneous pneu-

mothorax, heart valve disorders (mitral valve prolapse),

ocular fragility, skin bruising and in the most severe type,

EDS type IV, large artery dissection and rupture.13 This

complication is almost always unexpected and lethal, and

until until recently only three survivors have been

described.14 In all these cases, CT is capable of demonstrat-

ing the underlying thoracic abnormalities as well as the

complications of these syndromes.

6.1.3 Post-stenotic dilatation

Post-stenotic development of thoracic aortic aneurysm is

particularly prevalent in patients with valvular stenosis,
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Table 24.3 Classification of thoracic aortic aneurysm (modified from14)

Primary connective tissue disorders Marfan, Ehlers-Danlos
Mechanical Post-stenotic
Miscellaneous Tuberous sclerosis, Turner syndrome
Pseudo-aneurysm Trauma, dissection, anastomotic
Arteritis-related Takayasu, Behcet
Infectious (mycotic) Bacterial, fungal, spirochetal
Degenerative Non specific (arteriosclerosis), inflammatory
Graft failure
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which occurs with ageing (Figure 24.2). Factors including

elevated lateral wall pressures and shear stress with turbu-

lent flow result in progressive dilatation of the aorta.

6.1.4 Miscellaneous causes of thoracic 
aortic aneurysm

Tuberous sclerosis is an autosomal dominant disease, with

its major impact on the central nervous system. It has been

associated with both thoracic and abdominal aortic

aneurysm, partly explained by increased fragmentation of

elastic fibers and also related to hypertension.15

Turner syndrome, the result of karyotype 45 XO, can

exhibit extensive large artery abnormalities, including tho-

racic aortic aneurysm, due to increased wall stiffness.

Patients treated with high doses of growth hormone have

been shown to respond with improved distensibility and

decreased aneurysm development and growth.16

6.1.5 Traumatic aortic tears and 
pseudo-aneurysm

Rupture of the wall of the aorta may lead to a hematoma

that is contained by peri-adventitial tissues. This will result

in a growing mass-like lesion, representing the expanding

hematoma (Figure 24.4).

Multiple injuries are common in trauma, and multi-slice

CT, by virtue of its ability to provide a rapid global radi-

ographic assessment of the chest and cardiopulmonary

system, is now considered the modality of choice in the eval-

uation of trauma patients. The accessibility of scanners to

most trauma departments, coupled with faster scan times

and quick throughput, have made MDCT ideal in the eval-

uation of acute trauma patients.

Blunt chest trauma is associated with substantial mortal-

ity. Among the long list of potential chest injuries, aortic

injury accounts for 3%.17 Aortic tears (intimal disruption)

are most commonly encountered in injury relating from

rapid deceleration, as are experienced with high speed

motor vehicle collisions or long distance falls. Tears from

such mechanism can occur anywhere along the thoracic
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Figure 24.4 Elderly patient with penetrating aortic ulcer
and formation of pseudo-aneurysm.

A B

Figure 24.3 A. Patient with known Marfan’s disease, post aortic root repair. B. A large dissection is shown in the descend-
ing aorta, with concomitant aneurysm formation.
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aorta and the overall mortality rate of traumatic aortic

injury is 80–90%.18 Approximately 20–25% of all on-scene

fatalities occur from acute ascending aortic injury, resulting

in death from rapid exsanguinations.19 Tears in this location

account for 5–10% of all cases.18 The vast majority of aortic

tears (90%) occur at the aortic isthmus near the ligamentum

arteriosum (Figure 24.5). Anatomically this location corre-

sponds to the transition point where the aorta becomes fixed

in location, allowing the more mobile unfixed transverse

segment (arch) to flex during deceleration. Tears in this

location are most commonly encountered clinically since

these patients are most likely to reach a hospital.17,20

Immediate diagnosis is crucial, however, since with each

passing hour following the injury, the mortality rate

increases by 1%.18 Rapid recognition and management of

aortic tears is critical, since survival rates approach 60–70%

with surgical intervention.17

Recognition of acute aortic trauma by CT is generally

straightforward and relates to detection of direct or indirect

signs of injury. Key to the diagnosis is the presence of an

intimal flap, commonly in the region of the aortic isthmus,

that resembles a short segment dissection (Figure 24.5). 

The presence of a pseudoaneurysm in this same region is

additional evidence of acute aortic injury. The sensitivity of

CT compared with conventional aortography for the iden-

tification of aortic tears is 100%.21,22 Obvious extravasation

of contrast also serves as direct evidence of aortic injury. 

In many cases the presence of para-aortic or mediastinal

hematoma serves as indirect evidence of aortic injury.

Although the existence of blood in the mediastinum 

can originate from alternative sources such as venous 

hemorrhage or spinal fractures, this finding alone should

always raise the suspicion for aortic injury, particularly 

if the mechanism of rapid deceleration is known and the

majority of the mediastinal blood is centered around the

arch and descending aorta. The presence of mediastinal

blood has a specificity of 87% and a sensitivity of 99.3% for

predicting aortic injury.23 However some investigators have

reported that a normal thoracic aorta by MDCT alone is

sufficient evidence to exclude aortic injury even in the 

presence of mediastinal hematoma.24,25 Even if no intimal

irregularities suggest an intimal tear, the presence of medi-

astinal blood generally warrants further evaluation with

angiography as confirmatory proof of aortic integrity.

Conversely, the negative predictive value of a normal chest

CT (i.e. no direct or indirect signs) for aortic injury in the

setting of acute trauma is 100%.22,26,27,28,29 In circumstances

where there is an equivocal mediastinal widening on 

admission chest radiographs, or when the suspicion of aortic

injury is low, exclusion of mediastinal blood by MDCT

essentially obviates the need for further diagnostic imaging

with aortography.
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A B

Figure 24.5 Patient following motor vehicle accident at high speed. A. Just below the arch, anterior to the descending
aorta, a traumatic dissection has developed with fluid in the mediastinum. B. Below the level of the tear, fluid is seen sur-
rounding the descending aorta.
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Furthermore, screening of trauma patients with abnor-

mal chest films by CT may provide alternative reasons for

mediastinal widening such as mediastinal lipomatosis,

adenopathy, and paraspinal hematomas secondary to verte-

bral body fractures.

6.2 Arteritis of the aorta

6.2.1 Takayasu’s arteritis

Takayasu’s arteritis is a primary arteritis of the aorta, its

main branch arteries and the pulmonary artery, which

occurs ten-fold more common in women than in men.

Although the traditional association is with Asian women,

other races are also affected. The early findings are usually

subtle with mild wall thickening. As the disease progresses,

stenosis, post-stenotic dilatation, aneurysms and acute

thrombosis and/or occlusion will occur (hence the term

‘pulse-less disease’), which become evident at any angio-

graphic diagnostic imaging test (angiography, CT and MRI

are all employed in the management of this disorder).

Collateral circulation may become dominant, and rib notch-

ing has been described.30,31

6.3 Behçet disease

This systemic disorder, which is a vasculitis of unknown

origin, primarily affects young adults between 20 and 40 years

of age. Men are twice more affected than women, and it is

more common among Mediterranean, Middle-Eastern and

Japanese populations with a world-wide distribution.32,33

The main clinical presentations are urogenital ulcera-

tion, erythema nodosum, thrombophlebitis and ocular 

disease,34 but significantly, aneurysms (both of the aorta, the

coronary arteries and the pulmonary vessels) are common

and may have a fatal outcome due to major hemorrhage.

Both CT and MRI will demonstrate aneurysm of the

major thoracic vessels, thrombophlebitis (with resultant pul-

monary embolism), lymphadenopathy, pleural effusions

and evidence of hemorrhage anywhere in the chest.

6.4 Infective aneurysm

Although traditionally described as syphilitic aneurysm, the

most commonly found organisms today are Staphylococcus

aureus, although Salmonella, Chlamydia and less frequently

fungal infections (particularly in immunocompromised

patients) have also been described. Penetrating injuries and

endocarditis with systemic embolization are the most fre-

quent underlying etiologies for development of focal infec-

tious arteritis, leading to media necrosis and aneurysm

formation.35 Traditionally, these aneurysms were located in

the ascending aorta, but they may occur at any site in the

thoracic (and abdominal) aorta and can demonstrate air in

the aortic wall (Figure 24.6).

6.5 Degenerative aneurysm

This entity, traditionally described as ‘arteriosclerotic

aneurysm,’ is increasing in prevalence and occurs more fre-

quently with advancing age. Although most commonly

encountered in the abdominal aorta, the thoracic aorta is

also a recognized site and considered more difficult in man-

agement due to complex vascular supply and branches from

the thoracic aorta. Several risk factors have been described,

including ageing, smoking, abnormal cholesterol metabo-

lism and obesity.

Early in the disease process, the media and adventitia

layers of the aorta become infiltrated with lymphocytes,

plasma cells and macrophages, while the vaso vasorum may

show features of arteritis ultimately leading to media degen-

eration.36 Once the media layer starts to degenerate, there is
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Figure 24.6 Contrast-enhanced CT of the chest in a dia-
betic patient with low-grade fever and acute onset back
pain. There is a focal aneurysm with air in the aortic wall.
At surgery, this was found to be a mycotic aneurysm due
to Salmonella infection.
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progressive loss of elastic and collagen fibers, and an

aneurysm will develop (Figure 24.7).

6.6 Graft aneurysm

Once patients have undergone surgical repair (most com-

monly with Dacron and polytetrafluoroethylene grafts in

current practice, but previously with a host of other com-

pounds), the risk for recurrence of aneurysm is not negligi-

ble. There are two main mechanisms for graft aneurysm: 

(1) development of an aneurysm at the site of anastomosis

with the native vessel and (2) failure of the graft itself. More

recently, endovascular stent grafts have largely replaced the

surgical repair of thoracic aortic aneurysms and dissec-

tions.37–39 However, although the surgical complication rate

is significantly less using the endovascular approach,

endovascular grafts are not immune to development of

aneurysm development, and follow-up using imaging

remains an important component of patient management.

7 AORTIC DISSECTION

Pathologically, aortic dissection is characterized by an acute

process related to intimal disruption, resulting in the dissec-

tion of blood through the tunica or muscular layer of the

aortic wall. The prevalence of aortic dissection has been
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Figure 24.7 Patient presenting for routine investigation
for vague chest discomfort. A. Chest X-ray demonstrates
large aortic aneurysm. B. CT at level of the lower end of the
arch shows developing descending aorta aneurysm. C. CT
at level of the left atrium shows extensive mural thrombus
in aneurysm.
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reported to be 5–10 per million people by autopsy studies,

and 27 per million per year by population studies.20 Usually

a disease process of older adults, there are many disease

processes associated with acute aortic dissection (Table 24.4).

Patients with acute aortic dissection present with severe

chest or back pain often mimicking acute myocardial infarc-

tion. Approximately 70% of patients are hypertensive.18 Men

are affected three times more often than women.17 Disparate

or unequal pulses or blood pressures in the extremities may

also be identified, reflecting impaired branch vessel perfu-

sion due to impeded flow or frank vascular occlusion.

The diagnosis of aortic dissection relies upon the identi-

fication of an intraluminal flap which corresponds to the

inward displacement of the intima as blood insinuates itself

through the tunica media (Figure 24.3). The identification of

the intimal flap requires CT scans with IV contrast, though

occasionally the identification of inwardly displaced athero-

sclerotic intimal calcifications within the lumen on non-

contrast scans also suggests the diagnosis. The process of 

dissection creates two separate channels of blood flow, one

through the native lumen (true lumen) and a second (false)

lumen that reflects blood flow in the newly created channel

through the tunica media. In cases where flow is maintained

in the false lumen, both lumens show evidence of contrast

enhancement, although blood flow within the false lumen is

typically slower than that in the true lumen, and as such

demonstrates a lesser degree of enhancement. The reported

sensitivity and specificity for contrast-enhanced CT for dis-

section is 94–100% and 87–100% respectively.17,18

In the assessment of aortic dissection, the diagnostic

goals are several. First the entire extent of the dissection

needs to be determined and classified. This usually requires

that the entire aorta and iliac vessels be included on the CT

acquisition to document the distal extent. Identification of

the initiation point is critical as this determines therapy.

Second, complications such as aortic leak or frank rupture,

and pericardial effusion, should be quickly identified so as

to permit rapid surgical intervention. Thirdly, integrity of

all branch vessels needs to be determined. This requires

exams to be tailored with sufficient Z-axis coverage to cover

all major thoracic and intra-abdominal arteries. Similarly,

the field of view should be wide enough to permit visual

interrogation and documentation of perfusion defects of end

organs such as the liver, kidneys and bowel. Extension of the

dissection into carotid or vertebral arteries can result in dan-

gerous derangements in cerebral blood flow resulting in

stroke. End organ infarction may occur due to occlusion of

vessels such as the renal and mesenteric arteries. Identification

of branch vessel involvement may also dictate changes in the

surgical approach required to repair these vessels. Finally,

patency of the false lumen needs to be identified and docu-

mented. Since the thickness of the aortic wall is compro-

mised, aneurysm formation of the aorta is much more likely

in cases where the flow through the false lumen is main-

tained compared to those dissections where the false lumen

undergoes thrombosis.

The classification of aortic dissection is a key factor

determining whether management is medical or surgical.

Dissections that involve the ascending thoracic aorta

(Stanford type A; Debakey I and II) usually require imme-

diate surgical repair, as these types are linked with incipient

life threatening complications such as acute coronary arte-

rial occlusion, pericardial tamponade, and aortic valve

insufficiency (Figure 24.8). In 60% of all cases of dissection,
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Figure 24.8 Example of a type A dissection, which
extends into the ascending aorta.

Table 24.4 Diseases implicated in the development of
aortic dissection43

Cystic medical necrosis
Marfan’s Syndrome
Ehlers-Danlos Syndrome
Turner Syndrome
Trauma
Aortic coarctation
Bicuspid aortic valve
Intramural hematoma
Pregnancy
Cocaine use
Penetrating athersclerotic ulcer
Infection/aortitis
Spontaneous
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the site of the intimal tear is just above the aortic valve.20

The one-year survival rate for type A dissections is 30%.20

Dissections that involve only the aorta distal to the origin

of the left subclavian artery are classified as type B

(Stanford) or type III (DeBakey) (Figure 24.9). Since the

acute life threatening complications relating to sudden

death from pericardial tamponade and coronary artery

occlusion are not a consideration with dissections originat-

ing with the descending thoracic aorta, type B dissections

are generally managed medically with observation, anti-

hypertensive therapy and radiographic surveillance to eval-

uate for progression and aneurysm formation. Branch vessel

involvement, regardless of type, usually requires restorative

surgical repair. Similarly, surveillance scans depicting

aneurysm development may eventually necessitate surgery.

8 INTRAMURAL HEMATOMA

Intramural hematoma (IMH) represents a localized hemor-

rhage within the tunica media of the wall of the aorta 

(Figure 24.10). Constituting 10–20% of acute aortic syn-

dromes,29 the clinical presentation and demographics of 

IMH are similar to aortic dissection, occuring most frequently

in older adults (median age of 68 years). Approximately 53%

of patients with IMH are hypertensive at presentation.20

IMH are generally thought to arise from rupture of the

vasa vasorum, although IMH can also result from penetrat-

ing atherosclerotic ulcers (PAU), or fracture of the intima at

an atherosclerotic plaque.23 The incidence of IMH has been

reported to be 13–27% in clinical series.20,40 IMH also has

been cited as a precursor to eventual aortic dissection in

4–13% of cases20,41–43 (Figure 24.11).

The CT diagnosis of IMH is established by the identifi-

cation of a focally thickened hyperattenuated aortic wall

segment that reflects the hematoma within the media.

These features are best shown on unenhanced sequences,

which should be included routinely as part of standard pro-

tocols for patients with acute chest or back pain suspected to
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Figure 24.10 Patient with acute onset chest pain. The
aorta wall is thickened and there is increased attenuation
in the wall of the aorta indicating acute hemorrhage. This is
the hallmark of intramural hematoma.

A B

Figure 24.9 A. Example of a type B dissection, which only involves the descending aorta. B. The intimal flap is seen
extending into, but not beyond the aortic arch.
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be of aortic origin. The sensitivity for the detection of IMH

is often lowered by use of contrast material as the hyperat-

tentuation of the contrast can mask the mural hematoma,

rendering its identification more difficult. On contrast-

enhanced studies, the mural hematoma should not enhance

as might be expected with the false lumen of aortic dissec-

tion. The differentiation between IMH and the thrombosed

false lumen of aortic dissection is further facilitated by the

recognition of the typical spiraling course characteristic of

dissection, in contrast to the more eccentrically located

IMH, which tends to be shorter along the long axis of the

aorta. An identifiable intimal tear is also not characteristic 

of IMH. Luminal narrowing and inward displacement of

intimal calcification are encountered in both IMH and 

dissection, and while these findings are important visual

clues that aid in the diagnosis, neither can be used alone to

differentiate between these two entities.17,44

The classification of IMH is identical to aortic dissection:

Type A are located in the ascending aorta (48%) and type B

in the descending aorta (44%).23 Similarly, the location 

dictates treatment options: Type B is usually managed 

medically, but require routine radiographic surveillance to

exclude development of aortic dissection, rupture or even-

tual aneurysm formation that occurs in up to 30% of

patients.20,40,45,46 The threat of dissection appears to increase

in relation to the overall caliber of the aorta, with greatest

risk occurring with aortic diameters measuring 5 cm or

greater.43 Because of complications similar to dissection,
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Figure 24.11 A. Example of a patient being followed for
intramural hematoma. B. The hematoma progressed into a
dissection during follow-up. C. 3D reconstruction of com-
plex aortic disease with aneurysm and dissection.
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IMH in the ascending aorta requires surgical or endovascu-

lar repair. Surgery is likewise indicated when associated

complications such as rupture or branch vessel occlusion are

present regardless of the location. Partial or complete reso-

lution of IMH has been reported in 40–80%.47 The overall

mortality of IMH is reported to be 21%.20

9 PENETRATING
ATHEROSCLEROTIC ULCER

Penetrating atherosclerotic ulcers (PAU), like IMH and 

dissection, are typically found in older, hypertensive

patients, usually with known pre-existing peripheral vascu-

lar disease. Clinical symptoms likewise mimic these two

entities, specifically acute chest or back pain. Histologically,

PAU is characterized by mushroom or collar-button shaped

ulcerated lesions that transgress the intimal surface of 

the ortic wall, extending into the tunica media (Figure 24.4).

If the adventitia is disrupted, PAU can result in the forma-

tion of aneurysms, pseudoaneurysms, dissection or frank

aortic rupture. The ulcer is typically found in areas of ather-

osclerotic plaque. In some cases where there is associated 

hemorrhage within the media, radiographic changes within

the wall reflecting an IMH can also be identified.

Conversely, IMH may be an initiating event for PAU.20 The

typical locations of PAU are usually concentrated in areas of

the aorta where the most advanced atherosclerotic plaque

development occurs, namely the descending thoracic aorta

and abdominal aorta. Since minimal complicated atheroscle-

rotic plaque development occurs in the ascending aorta due

to higher blood flow velocities, lesions proximal to the aortic

arch are uncommon. Prognosis of PAU is variable; rupture

has been reported in 38% of patients following 

presentation.48 In most cases, surgical resection or endovas-

cular therapy is generally warranted, particularly in cases

with lesions in the ascending aorta. Lesions that demonstrate

growth or leak are likewise candidates for surgical interven-

tion. Surveillance studies of non-complicated lesions reveal

eventual growth in 30–50% of penetrating ulcers20 although

some PAU lesions may undergo spontaneous healing.49

10 CONCLUDING REMARKS

CT angiography of the thoracic aorta has almost completely

replaced traditional catheter-based techniques. The technique

is easily applicable, versatile and well-placed to demonstrate

the extent of disease processes. The introduction of more

advanced scanner technology has further enhanced its diag-

nostic power and potential.

The only drawbacks are the requirements for intra-

venous iodinated contrast agents (which may limit the use in

patients with pre-existing renal compromise) and the need

for ionizing radiation (which is a larger issue in young

patients requiring repeated follow-up examinations). These

drawbacks are to be considered in weighing up the choice

for CT angiography versus MR angiography, as described

elsewhere in this book.
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25
Computed Tomography for Pulmonary
Embolism

Philip A. Araoz

1 HISTORY

In the late 80s and early 90s two scanners became available

which were fast enough to allow reliable contrast opacifica-

tion of the great vessels. One was the electron beam 

CT (EBCT) scanner, which was expensive and not widely

available. The other was the single detector helical scanner.

As a result, in 1992, a European group published a prospec-

tive study in which single detector helical CT was compared

to pulmonary angiography as a reference standard for the

detection of pulmonary embolism (PE) in 42 patients.1

Shortly thereafter several groups began publishing small

prospective trials using single detector CT or EBCT.

While these early studies were promising, they showed

variable sensitivities for detection of PE, often in the low 70s.

In particular, single detector helical scanners were inconsistent

in detecting subsegmental pulmonary emboli. Thus, by the

mid to late 1990s there was debate in the literature as to

whether CT (meaning single detector helical CT) could be

used as a first line study for detection of pulmonary embolism.

Two things changed this perception. First, several

groups wrote papers in which patients with a CT negative

for PE were followed clinically (discussed further in the

next section). Second, scanner technology improved rapidly.

About 1998 the four-detector helical scanner was intro-

duced. Then the eight detector scanner in 2000, 16 detector

scanners in 2002, 64 detector scanners in 2004, and as of 

this writing in 2006 venders are introducing dual source and

256 detector scanners. Studies using catheterization as a gold

standard could not be performed fast enough, and in any

case practicing clinicians had already widely accepted four-

detector CT for PE strongly enough that most institutions

now consider it unethical to perform catheter pulmonary

angiography on a patient with a negative CT.2 Thus for PE,

as with aortic dissection, review papers will occasionally cite

papers from the early/mid 1990s and call into question the

sensitivity of CT for detection of PE,3 because studies using

catheter angiography as a reference standard have not been

performed on modern scanners and never will. The studies

of CT for PE which examined consecutive patients and used

pulmonary angiography as a reference standard are summa-

rized in Table 25.1.1,4–12

2 DIAGNOSTIC ACCURACY OF
CT FOR PULMONARY
EMBOLISM

If multi-detector CT (MDCT) scans can no longer be com-

pared to catheter pulmonary angiography, how can we

judge the accuracy of MDCT?

2.1 MDCT vs catheter 
pulmonary angiography

We can judge the accuracy of multidetector CT based on

the two studies in which multidetector CT was compared to

catheter angiography. Qanadli performed 2 detector 

CT with 5 mm collimation on 157 patients who underwent
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catheter pulmonary angiography.10 They studied vessels to

the subsegmental level (i.e. fifth order arteries) and found a

sensitivity of 90% and a specificity of 94%. Winer-Muran

performed 4 detector CT with 3.2 mm collimation in 

93 patients who underwent catheter pulmonary angiogra-

phy. They also studied vessels to the subsegmental level and

found a sensitivity of 100% and specificity of 89%.13 These

results are promising, especially the high sensitivity.

2.2 MDCT vs a combined
reference standard

We can also judge the accuracy of multidetector CT from

management studies which did not use catheter angiogra-

phy as a gold standard. The largest such study was the

recent Propsective Investigation of Pulmonary Embolism

Diagnosis II (PIOPED II) trial. In this study 824 patients

had multidetector CT prospectively compared to a compos-

ite reference standard in which a patient was considered to

have PE if they had one of the following: a high probability

ventilation-perfusion scan, a positive catheter pulmonary

angiogram, deep venous thrombosis (DVT) detected at lower

extremity venous ultrasound.2 They found that multidetector

CT still had a fair sensitivity (83%) and a very good specificity

(96%). While the 83% sensitivity was disappointing, the 

study had limitations. Most of the patients (84% of them) 

were scanned on 4 detector scanners, which as of this writ-

ing are at least 3 generations from being state of the art. 

The use of a composite reference, especially DVT, can be

criticized as there is no certainty that patients with DVT

necessarily have PE.

2.3 Clinical outcome of patients
with CT negative for PE

However, if the concern about CT, even multidetector CT,

is suboptimal sensitivity (i.e. possible false negative results)

then the strongest line of evidence in favor of using it as a

first line test is the large body of literature regarding the 

outcomes of patients with negative CT for PE. Quiroz

recently published a review of studies in which patients with

a single detector helical CT was negative for PE were fol-

lowed clinically.14 Articles from their review are summa-

rized in Table 25.2.15–27 Using subsequent PE or DVT as the

reference standard, they found negative likelihood ratio

(false negative divided by true negative rate) of single 

detector helical CT was 0.07, and the negative predictive

value was 99.1%. In a separate meta-analysis Moore esti-

mated that the 3 month rate of subsequent thromboem-

bolism in patients with a CT negative for PE who did not

receive thromboembolism was 1.4% and the rate of fatal 

PE was 0.51%.28 These rates of subsequent thrombembolic
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Table 25.1 Prospective studies of CT for pulmonary embolism using catheter pulmonary angiography as a 
reference standard

Slice thickness Smallest
Author Year N Scanner (mm) vessel Sens Spec PPV NPV

Remy-Jardin 1992 42 Single detector helical 5 Segment 100 96 95 100
Blum 1994 10 Single detector helical 5 Segment 100 100 100 100
Teigen 1995 60 EBCT 3 Segment 65 97 94 82
Goodman 1995 20 Single detector helical 5 Subsegmental 64 89 88 67
Remy-Jardin 1996 75 Single detector helical 5 Segmental 91 78 85 86
Christiansen 1997 70 Single detector helical 3 or 5 Segmental 89 96 89 96
Drucker 1998 47 Single detector helical NR Segmental 53 97 89 82
Qanadli 2000 157 2 detector helical 2.5 Subsegmental 90 94 90 94
Velmahos 2001 22 Single detector helical 3 Subsegmental 45 82 71 60
Ruiz* 2003 66 Single detector helical 3 Subsegmental 91/88 82/86 75/82 94/91
Winer-Muram 2004 93 4 detector helical 3.2 Subsegmental 100 89 69 90

N – number of patients.
Sens – sensitivity.
Spec – specificity.
PPV – positive predictive value.
NPV – negative predictive value.
* The study by Ruiz had two observers and the numbers in each cell are for observer 1 and 2.
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events are comparable to that of the general population,

indicating that if small PEs are going undetected by single

detector CT, they do not appear to be clinically significant.

It is unknown whether even lower rates of subsequent

events could be achieved with current generation multi-

detector CT scanners.

3 TECHNIQUE

The most important factors for a successful CT for PE are

minimal motion and good contrast opacification of the pul-

monary arteries.

3.1 Motion

Minimizing motion is the single most important part of the

CT scan. In a retrospective review of 237 technically inade-

quate CTs for PE, Jones found motion to be the most

common reason for an inadequate examination (74%).29

For an adequate study, patients must hold their breath for

the duration of the scan, which may be difficult in the 

population referred for suspicion of PE. On a single detec-

tor scanner, scanning in a single breath-hold typically

requires limiting the anatomic coverage, usually from the

aortic arch to the diaphragm. Scanners with four detectors

or greater can usually cover the entire chest in a single

breath-hold.

3.2 Contrast

The second most important part of the CT scan is to maxi-

mize contrast opacification of the pulmonary arteries. In the

same study of inadequate CTs for PE, Jones found poor

contrast bolus to be the second most common cause of inad-

equate examinations (40%).29

Achieving good contrast in the pulmonary arteries starts

with injection of a tight bolus of contrast. At our institution

we inject at a rate of 4 mL/sec with a power injector, prefer-

ably through an 18 g or larger antecubital IV.

The volume should be sufficient for continuous injection

before scanning (until the peak bolus arrives in the pul-

monary artery), and then throughout the scan. The delay

from start of injection to arrival of the bolus varies from

patient to patient, but is typically 10–15 seconds. Duration of

the scan varies greatly between generations of CT scanners,

from 20–30 seconds for single detector scanners to less than

8 seconds for dual-source or 256 detector scanners.

Thus for a 256 detector CT scanner, a PE study could, in

theory, be performed with as little as 5.75 mL of contrast. 

(15 second delay + 8 second scan = 23 seconds of contrast

injection required. Twenty-three seconds of contrast injec-

tion divided by 4 mL/sec injection rate equals 5.75 mL of

contrast required). However, in general using such low vol-

umes leaves little room for error and provides little opacifi-

cation to the aorta and other structures of interest.

At our institution PE studies are typically performed (as

of this writing) on 16 and 64 detector scanners. Regardless of
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Table 25.2 Number of false negative CTs for PE using clinical outcome as the reference standard

Author Year N Subsequent PE Subsequent DVT

Donato 2003 300 1 0
Feretti 1997 125 1 4
Garg 1999 82 0 0
Goodman 2000 285 0 0
Gottsater 2001 244 0 5
Kavanagh 2004 85 0 0
Krestan 2004 325 2 8
Lombard 2003 41 0 0
Lomis 1999 121 0 3
Nilsson 2002 449 0 3
Ost 2001 81 0 0
Remy-Jardin 2002 208 0 10
Swensen 2002 1010 0 11

N – number of patients treated with anticoagulation followed for clinical events.
PE – pulmonary embolism.
DVT – Deep venous thrombosis.
Table is modified from Table 1 from Quiroz.
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scanner type we use 120 mL of contrast, which provides a

much longer bolus than needed. To take advantage of this

long bolus, we frequently trigger our bolus off of the ascend-

ing aorta, so that the pulmonary arteries, heart, and aorta

are all well opacified.

Once the injection rate, the IV, and the contrast dose

have been selected, the next step is identifying the peak bolus

in the pulmonary artery. This is typically done with either

bolus timing or bolus tracking software. With bolus timing,

a region-of-interest (ROI) is placed over the main pul-

monary artery and a bolus of contrast (typically about 20 mL)

is then injected. The time to peak opacification is recorded

and this delay is used to determine when to start scanning.

With bolus triggering, an ROI is placed over the pulmonary

artery and the full contrast dose is injected. When a pre-set

density is detected within the ROI, scanning is automati-

cally triggered. The goal is to achieve a scan for which the

pulmonary arteries have opacification of at least 200 HU. 

At our institution the preset density for triggering the scan

is 150 HU, with the idea being that in the second or two it

takes for scanning to begin, and the duration of the scan

itself, the contrast in the pulmonary artery will increase to

the minimum 200 HU needed. This works well on 16 detec-

tor scanners or slower, but on 64 detector scanners or faster,

better results may be achieved by raising the bolus trigger-

ing threshold from 150 HU to 200 HU, though this has not

been studied.

3.3 Other parameters

The technique used at our institution for 16 and 64 detector

scanners are summarized in Table 25.3. The most impor-

tant variable listed is collimation (slice thickness). A review

of Table 25.1 shows that in most studies of CT for PE, slice

thickness was usually 3 mm or 5 mm. With 16 and 64 detec-

tor scanners, slice thicknesses of 1–1.5 mm are possible while

maintaining acceptable levels of noise. A few studies have

been performed in which the subjective visualization of 

subsegmental arteries with thinner collimation (down to

1.25 mm slice thickness) was compared to thicker (usually 

3 mm) collimation, and they have found that thinner colli-

mation leads to better visualization of subsegmental pul-

monary arterial branches.30-33 Direct comparison of thicker

(3–5 mm) and thinner (1–2 mm) collimation CT for detec-

tion of PE has not been performed. On a practical note, in

obese patients, collimation of 1.5 mm or less can lead to

enough noise as to degrade visualization of small (segmental

and smaller) vessels, in which case reconstruction at 2.5 mm

or 3 mm is often helpful.

4 ACUTE PE –
INTERPRETATION

4.1 Non-PE/incidental findings

When reviewing a CT for PE, like any CT, the entire scan

must be evaluated. In 11–70% of cases a cause other than 

PE will be identified as the source of symptoms.34

Unsuspected, asymptomatic disease will also be detected. 

In a retrospective study of 1106 CT PE studies, Kino found

unsuspected lung cancers in 5 patients.35 In a small study of

163 patients, Hasegawa found 16 patients with tracheomala-

cia detected at CT.36

Likewise, when reviewing CTs done for non-vascular

purposes, the scan should be reviewed for PE. Retrospective

studies of CTs done for indications other than PE have

shown PEs incidentally detected in 4% of all in-patients,37

2.6% to 4% of all oncology patients38–39 and an impressive

24% of trauma patients with moderately to severe injuries.40

Image review of non-contrast CTs should also include

inspection of the pulmonary arteries because there have

been case reports of PEs detected on non-contrast CTs.41
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Table 25.3 Sample PE protocols for 16 and 64 detector CT scanners

Scanner 16 detector 64 detector

Rotation time (sec) 0.5 0.5
Detector configuration 16 × 1.5 24 × 1.2
Pitch 1.0 0.5
Feed (mm/rot) 24 14
kVp 120 120
Slice thickness (mm) 1.0–1.5 1.0–1.5
Recon increment 1.0–1.5 1.0–1.5
FOV (mm) 300 200
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4.2 Image display/review

Though review of hard copy images is becoming increas-

ingly rare, it bares stating that images should be reviewed by

paging through images on a workstation and not reviewing

hard copy images. Workstation paging has been shown to

improve detection of PE42 and minimizes interpretive errors

that occur from not continuously following the pulmonary

arteries (such as mistaking a pulmonary vein for a pul-

monary artery or mistaking a lymph node for a PE).

Optimal window setting has not been established, but

the traditional mediastinal window setting (width 400, 

level 30) may be too narrow and low considering that opti-

mal opacification of the pulmonary arteries is greater than

200 and typically will be greater than 300. Bae has suggested

a window level of about half the mean pulmonary artery

attenuation (150–200) and a wide width (700).43

4.3 CT findings of acute PE

Studies of MDCT for PE have most often used the presence

of a low attenuation filling defect as the criteria for a PE.12,13

Qanadli also used complete occlusion by a thrombus in a

normal or enlarged vessel.10 Several articles have also

required that the clot be seen on 2 contiguous slices,44,45

which is our clinical practice and anecdotally appears to

reduce false positive findings. Examples of positive 

CT scans are shown in Figures 25.1–25.3. Indirect findings

for acute PE have been reported and include a wedge

shaped consolidation in the periphery (a pulmonary infarct)

or oligemia of an affected segment but these findings with-

out direct visualization of PE are not enough to interpret a

scan as positive for PE.

4.4 False positive findings

Early studies performed on single detector scanners with 

5 mm collimation and interpreted on hard copies have

reported a variety of false positive findings that should not be

confused with PE on modern, multi-detector scanners. For

example, in 1992 Remy-Jardin reported hilar lymph nodes as

their most frequent source of false positive CT for PE.1

With only two studies available comparing MDCT to

pulmonary angiography, it is difficult to make definitive

statements about the sources for false positive findings for

PE in the modern era. In a study of 93 patients scanned on a

4-detector scanner, Winer-Muram found 8 false positives,

mostly segmental and subsegmental levels, which appear to

have been caused by poor contrast opacification at CT

(Figure 25.4).13 Winer-Muram did not specify whether a

filling defect had to appear on two consecutive images. If

not, this could have contributed to their false positive rate.

In a study of 147 patients and using a very early 2-detector

scanner Qanadli found three false positives, also apparently

due to poor contrast opacification in small vessels.
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Figure 25.2 Segmental and lobar pulmonary emboli.
4 detector CT in a 42-year-old woman shows emboli in the
right middle lobe segmental pulmonary artery (thin arrow),
and in the right lower lobe (longer thick arrow) and left lower
lobe (shorter thick arrow) lobar pulmonary arteries.

Figure 25.1 Saddle pulmonary embolism. 4 detector CT
in a 68-year-old man shows a large PE (arrow) saddling
the bifurcation of the main pulmonary artery.
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4.5 False negative findings

In the two studies comparing MDCT to cath, only one false

negative CT was reported.10,13 That example (reported by

Qanadli)10 a single subsegmental embolus was missed at CT

(Figure 25.5). In a technically adequate study, the most

likely sources of false negative scans are likely to be from

isolated subsegmental PEs. However, experience with single

detector helical CT, summarized in Table 25.2, 

suggests that these patients have no increased likelihood of

future thromboembolic events and that lack of detection of

these small emboli are likely not clinically significant.

4.6 Suboptimal/uninterpretable
examinations

As mentioned in the discussion on technique, motion and

poor contrast opacification are the main causes of inade-

quate examinations. At our institution, the interpreting

physician checks CTs for PE before the patient leaves the

department, usually while the patient is still on the scanning

table. This check is for image quality and also to detect PEs

and refer the patient (especially an outpatient) for immedi-

ate treatment. For suboptimal examinations due to motion

or contrast we will typically re-inject the patient with con-

trast and repeat the examination.

There are also causes of suboptimal findings inherent to

the patient. The most common one (especially in inpatients) is

atelectasis or consolidation, typically in the lower lobes which

causes crowding of the peripheral pulmonary arteries. In our

institution we attempt to follow the vessels into the consolida-

tion, which is possible with thin collimation of modern scan-

ners. Likewise it may be difficult to follow the small

pulmonary arteries in patients with emphysema or otherwise

distorted lung architecture, but it is generally possible.

4.7 Rare mimic – pulmonary
artery sarcoma

Very rarely a neoplasm, typically a primary pulmonary

artery sarcoma, may mimic a pulmonary embolism. In these

cases patients may report gradual onset and long duration of

symptoms (perhaps months) and may have symptoms more

often associated with malignancy than with PE (such as

weight loss), though shortness of breath and chest pain are

still the most common presenting symptoms.46 At CT pul-

monary artery sarcomas are usually large, often occluding

the left or right main pulmonary artery (Figure 25.6).
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A B

Figure 25.3 Subsegmental pulmonary emboli confirmed with catheter angiography. (a) Subsegmental pulmonary emboli
are shown on 2-detector helical CT (arrowheads) in a 54-year-old woman. (b) Selective left anterior oblique catheter
angiogram in the right-lower-lobe artery shows subsegmental clots (arrowheads). Taken from Figure 2 of Qanadli.
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Enhancement or extension outside the vessel lumen, if seen,

can be used to suggest a malignancy.47 If not, lack of resolu-

tion (or growth) on follow up are suggestive. Magnetic res-

onance imaging,48 or positron emission tomography49 may

be used to characterize a mass in questionable cases.

5 CHRONIC PE

It is important to distinguish acute PE, which is treated with

anticoagulation, from chronic PE, which is not. It is not

known how many patients with acute PE go on to develop

Computed Tomography for Pulmonary Embolism 327

A

B

Figure 25.4 False positive CT for PE. (a) Four detector CT images from a 76-year-old woman shows a right lower lobe
segmental and subsegmental filling defect (arrow) (b) Catheter pulmonary angiogram oblique (left image) and posteroan-
terior (right image) are normal. Taken from Figure 2 of Winer-Muram.
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chronic PE, though a prospective study of 314 patients with

acute PE found that 1% went on to develop chronic pul-

monary hypertension.50 It is also not known how long PE

must be present to develop imaging features associated with

chronic PE, though one review paper has suggested that

more than 50% of patients with acute PE still have acute-

appearing PE visible after 6 months.51

Most of what is known about chronic PE is from

patients who present late in the disease with signs and symp-

toms related to pulmonary hypertension.52 Pathologic and
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A B

Figure 25.5 False negative CT for PE. (a) Selective right anterior oblique arteriogram in the left lower lobe artery 
performed in a 52-year-old man shows a pulmonary embolism (arrow) in the medial subsegmental branch of the anterior
basal pulmonary artery. (b) 4 detector CT finding has suboptimal contrast, but was considered negative. Taken from 
Figure 3 of Qanadli.

A B

Figure 25.6 Primary pulmonary artery sarcoma. (a) 16 detector CT performed in a 40-year-old woman with 3 month 
history of progressive dyspnea on exertion shows a lobulated filling defect in the left pulmonary artery (arrow). The filling
defect did not decrease in size with intrapulmonary arterial thrombolytic therapy, which raised the suspicion for a 
pulmonary artery sarcoma. The patient went to surgery for resection of the mass which was shown to be a high grade
spindle cell primary pulmonary artery sarcoma. (b) Gross photograph of the tumor.
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imaging studies in patients with this type of advanced dis-

ease show that chronic emboli persist through varying

degrees of adhering to the walls and recanalization, which

leads to several appearances. Chronic emboli that maintain

a large attachment to the wall appear as long, laminar struc-

tures along the wall of a pulmonary artery and may have

calcification (Figure 25.6).53 Chronic emboli that recanalize

centrally may appear as webs or bands (Figure 25.8). These

are findings that have well established correlation at

catheter angiography.54

Patients with chronic PE will often have mosaic 

perfusion in the lungs, findings seen more often with vascu-

lar causes than other causes of pulmonary hypertension

(Figure 25.9).55 Mosaic perfusion by itself, without visible
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A B

Figure 25.8 Chronic pulmonary emboli – webs and bands. 16 detector CT taken in a 26-year-old female. Consecutive
images (a) and (b) show a discrete web in the left lower lobe pulmonary artery (arrows).

A B

Figure 25.7 Chronic pulmonary emboli – laminar thrombus. 8 detector CT taken in a 54-year-old female at (a) the level
of the pulmonary artery bifurcation and (b) a more inferior level shows chronic pulmonary emboli with laminar clot adher-
ent to the walls of the pulmonary artery (arrows). The arterial walls are also calcified (arrowhead).
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emboli, should raise the possibility of small vessel disease,

including small chronic PE.

6 PROGNOSIS

In hemodynamically stable patients, acute PE is treated with

anticoagulation, but in patients with cardiogenic shock,

more aggressive treatment with thrombolytics has been

shown to decrease mortality.56 There has therefore been

interest in identifying which (if any) patients not in florid

cardiogenic shock might also benefit from thrombolytics,

that is hemodynamically stable patients with some other

finding that labels them high risk.

6.1 Echocardiography

Since the mid to late 1990s there has been interest in using

echocardiographically-detected right heart dysfunction as a

prognostic factor in acute PE. The studies examining an

association between echocardiography right heart variables

and mortality in acute PE are listed in Table 25.4. The evi-

dence is compelling for an association. Six of the ten studies

were prospective, and seven of the ten show a significant

association of right heart strain with death (either all-cause

or PE-specific).

However, there are limitations. The studies suffer from

variable inclusion criteria. Five of the ten included patients

without direct evidence for PE,57–61 including patients with

clinical suspicion only. In one of the ten, no inclusion criteria

were given at all.62 Only two of the studies were performed on

the population of interest (i.e. hemodynamically stable

patients).62,63 In the remaining studies, no multivariable analy-

sis was performed to show if echocardiographic findings add

to prognostic information above clinical variables. Also, none

of the studies address whether thrombolytics improve progno-

sis in the patients with echocardiographic right heart strain.

6.2 CT

In spite of the limitations of the echocardiographic studies,

their positive findings have sparked interest in finding 

CT variables with prognostic information in acute PE 

(Table 25.5). The CT literature has the advantage that all

patients have direct confirmation of their PEs (by CT of

course) and therefore have more uniform patient popula-

tions. These studies also have the advantage of being able to

directly evaluate the prognostic impact of the clot burden as

well as right heart function. The disadvantage is that most

of the studies are retrospective and, to date, none have used

ECG gating to allow for direct visualization of wall motion,

making the right heart evaluation limited compared to

echocardiography.

The results of the CT studies are mixed, particularly

regarding the prognostic impact of clot burden. Of the ten

studies listed in Table 25.5, only three show an association

between clot burden and death.64–66 These studies were

small, each with 120 patients or fewer. The largest study of

1,092 patients showed that for one of their two observers,

increased clot burden had a small but significant decreased

risk of death.67 The authors explained this by noting that

autopsy studies show that most patients who die from 

PE die within an hour of onset of symptoms68–72 and sug-

gested that patients with large PE who survive long enough

to undergo imaging may be healthier than average. Thus

there are definitely conflicting data about whether clot

burden is predictive of death in PE.

On the other hand, of the seven studies that examined

signs of right heart strain all but one showed some associa-

tion between right heart findings and mortality. ECG

gating was not used in any of these studies. Some authors

have suggested gating the CT to allow for wall motion

analysis and right and left ventricle ejection fraction meas-

urement to allow for additional prognostic information.73

In sum, early studies with echocardiography and 

CT suggest that signs of right heart strain are associated

with mortality in PE; however, to date there has been lim-

ited evidence that these findings add prognostic information
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Figure 25.9 Mosaic perfusion. Expiratory, high resolution
8 detector CT in a 54-year-old female. In the lungs there
are sharply demarcated areas of low attenuation (mosaic
perfusion) indicating small vessel disease.
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above clinical variables and no information that treating

patients with right heart strain decreases mortality.

7 COMBINING PE WITH
AORTA AND CORONARIES

There has been interest in combing CT for PE with CT for

aortic dissection and CT for the coronaries into one chest pain

examination. Preliminary studies investigating this have

shown that such an examination is feasible.74 The attraction

of this type of examination is the potential for very rapid

triage in an emergency department. The current limitation is

the coronary CT, as CT for the coronaries is much less estab-

lished than CT for PE or for dissection and to date still

requires controlled heart rates for optimal examinations. If a

combined PE/dissection/coronary CT were to become widely

available, the optimal patient population and the cost effec-

tiveness of such an examination would have to be carefully

studied. The introduction of CT for PE alone has resulted in

a increase in CT use in the ER and an overall decrease in the

rate of positive findings.75 A general CT for chest pain could

potentially be cost saving by shortening emergency depart-

ment stays, but could lead to an explosion of CT use in lower

risk populations than are currently being studied. This raises

the possibility of increased costs including the costs of workup

of false positive and incidental findings.

8 SUMMARY

CT is a well established technique for diagnosis of pulmonary

embolism. CT technology has advanced so rapidly and been

so widely accepted that it is no longer possible to perform

studies comparing CT to pulmonary angiography as a gold

standard. Based on studies using single detector helical scan-

ners there have been some lingering concerns that CT lacks

sensitivity for small emboli; however, studies showing good

outcome in patients with CT negative for PE suggest that any

emboli missed are not clinically significant. Physicians 

interpreting CT for PE should be aware of the high rate of

non-PE related findings, sources of false positive and false

negative findings, and should be familiar with the findings of

chronic pulmonary emboli. Studies using echocardiography

and CT suggest that right heart strain may impart a worse

prognosis in PE, but to date specific treatment recommenda-

tions cannot be made on imaging alone. In the future, CT for

PE, for aortic dissection, and for coronary artery disease may

be combined into a single examination.
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26
Computed Tomographic Angiography of
the Abdominal Aorta and Iliac Arteries

Eric M. Walser

1 CT ANGIOGRAPHY OF 
THE ABDOMINAL AORTA 
AND ILIAC ARTERIES

Technical developments in computed tomography allow fast

acquisition of vascular images since the scan time can now be

completed during the arterial transit time of a bolus intra-

venous administration of contrast. The newer, 16 and 64-slice

CT scanners have essentially replaced diagnostic angiography

for the large and medium sized vessels. This chapter reviews

imaging of the abdominal aorta and iliac arteries by multi-

detector CT (MDCT). This shift in imaging modalities is of

great interest to both the physician and the patient, as it allows

outpatient imaging of the heart and the vessels with much

decreased risk as compared to standard angiography.

Additionally, a single IV contrast injection permits three-

dimensional, multiplanar, and even endoluminal representa-

tion of the vessels and also allows evaluation of the

surrounding structures as well as the vessel lumen 

(Figures 26.1, 26.2). During standard catheter-based angiogra-

phy only 2-dimensional intraluminal anatomy is visible per

individual contrast injection, which is a significant limitation.

337

2 TECHNOLOGICAL 
ADVANCEMENTS IN 
COMPUTED TOMOGRAPHY

Spiral or, more accurately, multi-detector CT (MDCT) 

is the result of recent developments in CT image acquisition

and reconstruction which allow large scan volumes 

to be scanned quickly with very thin slices. This capability

allows for imaging vascular structures during their brief

opacification by intravenously-injected contrast material. 

The growth of CT for vascular indications is a testament to

the clinical utility of CT angiography, with a 235% increase in

vascular exams from 1991–2002.1 Simply stated, the technical

leap responsible for MDCT was the creation of a cone-shaped

x-ray beam striking multiple detector groups and creating

image data over a volume, rather than a fan-shaped beam cre-

ating image data for one thin axial section per rotation. The

larger x-ray beam in MDCT ‘spirals’ through the z-axis (the

length of a human body) in one motion, rather than moving

‘step-by-step’ or one slice at a time as in conventional CT. The

associated complex imaging algorithms involved in MDCT

allow the user to define the axial slice thickness after 
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acquisition and to display 3-dimensional vascular images as

well as images reconstructed in any plane imaginable, includ-

ing customized curved planes or planes along the center line of

vascular flow (useful for evaluating vascular disease morphology

and planning for endovascular procedures) (Figure 26.3). The

ability to view vessels in multiple projections and orientations is

extremely useful in evaluating the abdominal aorta and pelvic

arteries due to their complex 3-dimensional arrangements,

which is accentuated by tortuosity and dilation in the setting

of aneurysmal disease. The obvious advantages of MDCT

include rapid image acquisition and post-processing flexibil-

ity, better temporal resolution and less image noise. A signif-

icant drawback of MDCT is the increased radiation dose to

the patient as opposed to conventional CT. The latest MDCT

technology will produce high-detail CT angiography from

the neck to the feet in about 1 minute.2

3 CT ANGIOGRAPHY VERSUS 
MR ANGIOGRAPHY?

As MRA requires no iodinated contrast material and allows

imaging in multiple different planes of acquisition, it 

is a reasonable alternative or replacement imaging tech-

nique for the aorta and iliac arteries. MRA is also not

affected by calcification as severely as is CT. Heavily calci-

fied arteries may still induce artifact by MRA, but luminal

narrowings and irregularities are better seen by MRA when
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Figure 26.3 Curved coronal reconstruction of the aorta
and iliac artery along the center-line of intraluminal contrast.
This reconstruction allows measurement of luminal diame-
ters along the course of a vessel regardless of tortuosity.

Figure 26.2 Endoluminal (navigator) view of the inside of
the abdominal aorta, looking inferiorly at the distal abdom-
inal aortic bifurcation. This is created by a software pro-
gram using the cross sectional images from MDCT.

Figure 26.1 CT angiogram of the abdominal aorta shows
relationship of mesenteric and portal venous system with
the abdominal aorta and its branches. Notice the variant
anatomy of separate origins of the splenic artery (arrow)
and common hepatic artery (double arrow) from the aorta.
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atherosclerotic calcification is present. Due to the lack of radi-

ation and iodinated contrast, MRA is the default method for

patients unable to receive contrast or radiation due to renal

dysfunction, severe contrast allergy or pregnancy. Recent

reports of nephrogenic systemic fibrosis after gadolinium

administration in patients with renal dysfunction has tem-

pered use of MR contrast in patients with significant renal 

disease. Additional disadvantages of MR include less spatial 

resolution than CT. Also, MR is very sensitive to the presence

of metal, and clips or stents can severely distort MRA and lead

to false diagnoses. CT is less sensitive to these small metallic

objects but images may be degraded by streak artifact from

large metallic objects such as hip prostheses. CT angiography,

especially when done with the newer and faster scanners,

allows very high-resolution axial imaging. Complex vessel

morphology, as seen in dissections, irregular aneurysms and

vascular tortuosity, is better delineated by CT. This is because

of artifacts produced by MR imaging in areas where blood

flow is turbulent within an acquisition slab. While indications

for CT angiography often overlap those for MR angiography,

there is some bias for CT angiography in cases requiring a

higher degree of detail (Figure 26.4). In the event of iodinated

contrast allergy, CTA can also be done with the intravenous

injection of gadolinium (60–80 ccs). Although gadolinium

provides less intense enhancement, diagnostic images can usu-

ally be obtained (Figure 26.5). Additionally, if the surrounding

anatomy is important to evaluate, CT angiography provides

better resolution images of solid organs. Due to its high 

spatial resolution, CT angiography is well suited for the 

evaluation of aneurysms and dissecting hematomas involving

the abdominal aorta. The status of the branch arteries and the

exact morphology of the aneurysm or dissection itself are very

important to surgical or endovascular planning and CT pro-

vides the best imaging for this application. The reason for this

imaging preference is the improved resolution of the walls of

the artery and the thin dissection flap or ulceration. CT

angiography allows a very accurate assessment of the diame-

ters and lengths of blood vessels and the entry and re-entry

points of arterial dissection. CT imaging is particularly impor-

tant due to the ever increasing indications for endovascular

stent repair of aneurysms and dissection in both the thoracic

and abdominal aorta. Placement of these devices requires very

exact measurements of the vessel diameters, angulations, and

lengths in order to pick the appropriate device for aneurysm

or dissection exclusion. Patients with pacemakers or some

older cardiac valve prostheses are limited to CTA as these

remain contraindications for MR. MRA and CTA are both

useful for evaluating abdominal masses which may be vascu-

lar in nature such as mycotic aneurysms or traumatic pseudoa-

neurysms. For imaging neoplasia, CTA and MRA both allow

precise evaluation of tumor anatomy and vascular supply

although MR has some advantage in characterizing tissue

components (i.e. fat or hemorrhage).

4 TECHNIQUE OF CTA

Depending on the intensity of the exam, the CTA is tailored

appropriately. Standard principles of cross-sectional imaging
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Figure 26.4 CTA of the abdominal aorta after stent-graft
placement. The exact position of the endograft and the
status of the major branches are seen with clarity.

Figure 26.5 CTA of the renal arteries using intravenous
injection of 80 ccs gadolinium at 5 ccs/sec. The aorta and
branch arteries are well seen despite the reduced attenu-
ation provided by gadolinium.
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to facilitate reformatting images in three dimensions include

thin sections (2–5 mm) and rapid bolus administration 

of contrast at 4–5 cc/sec. Whereas solid organ imaging

during the peak of parenchymal enhancement is a function

of total iodine dose, vascular imaging is dependent on iodine

flux, which is, in turn, dependent on iodine concentration

and the flow rate of injection.3 Therefore, the best vascular

images result from rapid injections of concentrated iodine

contrast material (typically 150 ccs of 300 mg Iodine/ml 

contrast at 5 ml/sec). Large-bore venous access is required to

perform CTA (18-gauge at the least). 

Fortunately, new peripherally inserted central catheters

(PICC lines) and implanted venous access devices (ports) that

can withstand such rapid injections are now available and

manufactured and labeled specifically for this purpose.

Arterial phase imaging is performed using a test bolus of a

small amount of contrast to evaluate the time to start imag-

ing acquisition at that point when contrast is visible in the

aorta. Automatic software programs are also available that

begin image acquisition as soon as the contrast material starts

to arrive in the aorta.

If venous phase imaging is needed, a second series of

images are obtained after the arterial phase. The delayed

phase imaging is also useful to evaluate the solid organs for

mass lesions and for delayed endoleaks in patients who have

undergone stent-graft implantation. Standard software is

becoming increasingly user friendly and, after image acquisi-

tion, 3-D and multiplanar reconstructions of vascular

anatomy are easily done. However, one should be aware that

image processing introduces artifacts and errors of its own,

and source data images should always be reviewed in con-

junction with reformatted images. CTA tends to overesti-

mate calcified stenoses but underestimate luminal narrowing

by non-calcific plaque – an important point to keep in mind

when correlating a patient’s clinical presentation and their

imaging findings.4,5 Abnormal CTA should be followed with

angiography and possible intervention; however, rare cases

will invariably turn out to be false positive. This situation

usually involves obese or uncooperative patients or patients

with tortuous vessels, where increased noise, motion, or tur-

bulent flow, respectively, create image artifacts.

5 THE NORMAL ABDOMINAL 
AORTA AND ILIAC ARTERIES

CT angiography of the abdominal aorta and major 

pelvic arteries is rarely normal but normal arteries are occa-

sionally encountered in young patients undergoing a trauma

evaluation. The abdominal aorta is about 13 cm in length

and is typically 2 cm in diameter at the crura of the

diaphragm, tapering to a smaller caliber below the takeoffs

of the celiac, superior mesenteric and renal arteries.6 The

wall of the aorta is normally thin (2–3 mm) and smooth.

Fibrous atheromas typically become evident in the posterior

wall of the infrarenal aorta after the age of 40 and become

increasingly calcified with age. With advanced atherosclero-

sis, the internal surface of the aorta may become ‘shaggy’

with multiple large plaques, some of which have obvious

ulceration. A particular manifestation of progressive athero-

sclerosis is a large posterior plaque at the junction of the tho-

racic and abdominal aorta (‘coral-reef’ lesion). These lesions

rarely limit flow sufficiently to cause chronic lower extrem-

ity ischemia, but are prone to act as a nidus for clot formation

with distal embolization and acute ischemia (Figure 26.6).

The celiac axis and superior and inferior mesenteric arteries

are easily seen by CTA. It is quite common (in 50% of

patients) for the celiac axis to show significant narrowing and

downward displacement at its origin, due to compression

from the diaphragmatic crus.7 This is usually an asympto-

matic and incidental finding. Another finding with rare clin-

ical significance is stenosis or occlusion of the inferior

mesenteric artery, which is seen frequently in patients over

the age of 50 years. Multiple renal arteries are seen unilater-

ally in about 30% of patients and bilaterally in 12%.8 The

common iliac arteries vary widely in length although very

short common iliac arteries are rare.8 This length variability

is important when sizing patients for bifurcated stent grafts

in the aorta so that the internal iliac arteries are not inadver-

tently occluded by the device. Anatomic variants such as cir-

cumaortic or retroaortic left renal veins, multiple renal

arteries (common) and persistent sciatic arteries (very rare)

are well-imaged by CTA and are important when planning

open or endovascular repair of aortic pathology.

6 ABDOMINAL AORTIC 
ANEURYSMS AND 
DISSECTIONS

CTA is well-suited for the evaluation of patients with

abdominal aortic aneurysms (AAA) or dissecting aortic

hematomas (DAH) and is utilized most frequently for these

indications. In patients with aneurysms considered for stent-

graft repair, CTA is preferred due to its improved resolu-

tion. Although the anatomic requirements rendering a

patient eligible for abdominal aortic stent-grafting continue

to evolve, the critical areas remain the diameter of the 
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proximal and distal stent landing sites and of the arterial

access path (the external iliac and common femoral arteries).

Although stent grafts with suprarenal fixation allow for the

endovascular repair of AAA with a short proximal neck, 

a fairly straight infrarenal aortic segment with a length 

of at least 15 mm and diameter of less than about 28 mm 

is still required for adequate proximal fixation (Figure 26.7)

and common iliac artery diameters over 20 mm pose 

problems with creating an adequate seal at the distal attach-

ment sites for the bifurcated limbs. These diameter, 

angulation and length limitations vary somewhat between

available devices and may become more liberal as new 

stent graft designs come to market. Aneurysmal common

iliac arteries can usually be dealt with by extending the 

stent graft limb into the narrower external iliac artery 

after proximal coil embolization of the internal iliac artery to

prevent future endoleaks from retrograde internal iliac

artery flow. However, significant perirenal or suprarenal

aortic aneurysm extension remains an indication for open

AAA repair until fenestrated stent grafts become available

for general use (see Figure 26.7). The presence of significant

external iliac and/or common femoral arterial occlusive dis-

ease or severe tortuosity can make insertion of the stent-graft

delivery device impossible, or worse, lead to iliac perforation

or dissection during the attempted passage of an 18-26 french

device through an artery incapable of accommodating it

(Figure 26.8). Therefore, pre-procedure CTA is mandatory

to insure an external iliac artery diameter of at least 7–8 mm

with tortuosity not to exceed about 90–120 degree angula-

tions throughout its course. Although one can ‘cheat’ these
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Figure 26.6 CTA of the pelvis and lower extremities shows left internal iliac and popliteal arterial emboli (arrows in a, b).
CTA through the chest and abdomen showed atheroma (arrow in c) throughout which was likely responsible for the distal
embolization.
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guidelines for non-calcified iliac arteries, heavily calcified

vessels are less forgiving in this regard. In patients with unac-

ceptable access arteries in the pelvis, an alternative is to create

a ‘chimney’ of prosthetic material anastomosed to the

common iliac artery via a retroperitoneal incision. After

insertion of a stent-graft through this conduit, the distal end

is anastomosed to the femoral artery at the groin (Figure 26.9).

Severe but unilateral iliac aneurysmal or occlusive disease

can also be completely bypassed by the insertion of an 

aorto-uniiliac stent-graft on the opposite side with occlusion

of the proximal common iliac artery on the unsalvageable

side and placement of a crossed femoral artery bypass

(Figure 26.10). Further considerations in pre-stent-graft

CTA include the presence of supernumery renal arteries,

visceral artery stenoses and internal iliac artery patency.

Since many patients with aortic aneurysms are chronic

smokers, the solid organs and lung bases should be carefully

examined for the presence of mass lesions. We have 
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Figure 26.7 (a) Good infrarenal aortic neck for endograft placement. The diameter is less than 30 mm and there is no sig-
nificant tortuosity. (b,c) Transverse CTA images 3 mm apart show near immediate aortic dilation (c) just below the renal arter-
ies. Aneurysms involving the renal arteries or within 15 mm of the lowest renal artery cannot be repaired with available stent
grafts and require open aneurysmoraphy. (d) severely angulated infrarenal aortic aneurysmal neck (arrow) is also a con-
traindication to endovascular stent graft placement.
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discovered renal and bronchogenic carcinomas on several

occasions during the initial evaluation and follow up of

patients with AAA (Figure 26.11). The indication for repair

of AAA is a diameter over 5 cm with ultrasound or CT

follow up every 6 months to a year in those patients with

smaller aneurysms. However, some physicians advocate 

earlier repair in women (4 cm AAA diameter) and there are

ongoing trials evaluating the effects of early AAA repair

(4.5–5.0 cm) so that the 5 cm threshold has some excep-

tions.9–11 Some patients also undergo repair at smaller AAA

diameters due to inflammatory or painful aneurysms or

rapid enlargement (over 5 mm in 6 months) or, of course,

hemorrhage. After endovascular aneurysm exclusion, peri-

odic CTA is required to monitor aneurysm sac diameter and

evaluate for endoleaks which arise in a significant number of

patients (15–20%).12 Although MRA is acceptable follow up

in certain patients who cannot receive iodinated contrast, this

modality is hampered by artifacts caused by the metallic

composition of many current devices. CT angiography 

documents the contraction of the aneurysm sac indicating

successful treatment and monitors for endoleaks, which

appear as contrast pools filling the persistent or enlarging

aneurysm sac. On follow up CTA, it is important that early

and delayed (2–3 minute) scans are performed, as endoleaks

around the stent graft are frequently visible only late after

contrast injection. Additionally, a CT scan before IV contrast
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Figure 26.9 Severe iliac artery disease on the right
(arrow in a) necessitated placement of a stent graft device
through a PTFE ‘chimney’ sewn to the right common iliac
artery via a retroperitoneal incision. The distal part of this
graft was then anastomosed to the right common femoral
artery. Unfortunately, this PTFE graft ultimately occluded
(arrow in b).

Figure 26.8 Patient with AAA and severe iliac occlusive
disease, worse on the right, and severe narrowing in the left
external iliac and common femoral arteries (arrow). Such
severe atherosclerotic stenoses preclude passage of avail-
able stent graft delivery devices.
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administration is advisable to avoid interpreting calcifica-

tions or hyperdense thrombus as an endoleak on the

enhanced study. The most common type of endoleak is the

type II endoleak from retrograde flow in a lumbar artery or

the inferior mesenteric artery (Figure 26.12). Type I

endoleaks occur when arterial blood flows around the stent

attachment sites (1a from the proximal attachment site and

1b from the distal (limb) attachment sites), and are less

common than type 2 leaks due to the fact that most attach-

ment site leaks are recognized and treated at the time of

stent-graft placement. Type 3 endoleaks occur at the junc-

tion points of modular devices and type 4 endoleaks are 

usually transient phenomena after graft placement and are

visible as contrast ‘weeping’ through porous graft material.

The timing and location of contrast appearance in the sac

usually allows confident diagnosis of the type of endoleak.

Type 2 endoleaks typically appear on the delayed scan only

and can often be traced to the offending lumbar or other

artery, whereas type 1 leaks are visible originating from the

attachment sites immediately during the arterial phase of the

study (Figure 26.13). The routine CTA follow up schedule

for stent graft patients is one month post procedure and then

6–12 months thereafter, with more frequent CTAs obtained

in those patients with endoleaks or who show lack of

aneurysm sac shrinkage. The troubling theory of ‘endoten-

sion’ may explain why some patients (2%) have persistently

dilated or enlarging aneurysm sacs despite adequate stent

graft placement and no apparent endoleaks.13 This phenom-

enon may arise from endoleaks that are undetectable with

our current imaging techniques or may be a consequence of
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Figure 26.10 Severe iliac disease on the left (arrow) was
bypassed by placing an aorto-uniiliac device on the right.
The stent graft occluded the left iliac artery necessitating
placement of a crossed femoral bypass (double arrow) to
maintain flow to the left leg.

Figure 26.11 Bronchogenic cancer (arrow) in the right
upper lung seen during CTA for evaluation of a penetrating
ulcer in the lower thoracic aorta (double arrow).

Figure 26.12 Type 2 endoleak. Retrograde arterial flow
causes pooling of contrast in the anterior aneurysm sac.The
source of this endoleak is the inferior mesenteric artery
(arrow points to the ostium of the inferior mesenteric artery).
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continued arterial pressure propagation through intact stent-

graft material.14–16 Whatever the cause, these patients and

patients with enlarging sacs from documented endoleaks are

reliably diagnosed and followed by CTA with referral for

percutaneous endoleak embolization or conversion to open

AAA repair in those patients deemed at risk of rupture.

Patients with stable or shrinking sacs and a type II endoleak

are usually followed since a significant proportion (30–50%)

will regress spontaneously.17,18 Branch vessel or iliac artery

occlusions can rarely complicate endovascular stent grafts and

can be easily seen and characterized by CTA. Lower extrem-

ity or visceral ischemia less than 30 days after stent-graft

repair of AAA often indicates error during the initial proce-

dure, which can usually be explained with CT imaging if the

interpreting physician has familiarity with the construction

and implantation procedure for the stent graft device in 
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Figure 26.13 Type 1 endoleak. During early arterial
opacification of the aorta, contrast courses posteriorly
into the aneurysm sac from the proximal attachment site
(arrows in a and b). The aortogram during the stent graft
procedure shows the type 1 endoleak (arrow in c). This
was treated in the operating room but the endoleak per-
sisted on the follow up CTA (a,b).
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question (Figure 26.14). Groin complications after stent graft-

ing include seromas, pseudoaneurysm formation, or infection

and all are easily diagnosed during CTA surveillance.

After open AAA repair, CTA follow up is not routinely

performed and is limited to those patients with specific 

problems after surgery. Endoleaks after open AAA repair

are rare due to the fact that the lumbar arteries are oversewn

at the time of aortic prosthetic implantation. A few cases

exist, however (Figure 26.15). More commonly, CTA is used

to evaluate for aortoenteric fistula and gastrointestinal hem-

orrhage or for extension of aneurysmal disease to the iliac

arteries or suprarenal or thoracic aorta which occurs in

5–15% of patients19,20 (Figure 26.16). Ischemic complications

to the lower extremity occur in about 3% of cases and are also

easily detected with CTA.21

DAH is almost always a distal extension of a type B tho-

racic aortic dissection, arising from arterial mediolysis or

necrosis secondary to hypertensive vasculopathy or second-

ary to congenital causes such as Marfan’s disease. Although

isolated DAH in the abdominal aorta can occur, it is often

secondary to trauma or iatrogenic injury from retrograde

femoral artery catheterization. We have seen the occasional

occurrence of asymptomatic infrarenal aortic ‘webs’ in

patients with a remote history of trauma but more significant

lesions such as penetrating atherosclerotic ulcers or focal

abdominal aortic dissections can be diagnosed and character-

ized with CTA (Figures 26.17, 26.18). Stent graft or open

repair of such focal lesions is generally more straightforward

than that of a traditional AAA since the aorta is affected over

a short distance and treatment may involve the use of a

simple covered tube graft rather than a bifurcated one. In the

evaluation of the abdominal component of a thoracic DAH,

the crucial evaluation points are branch vessel involvement,

the distal extent of dissection and the maximum diameter of

the dissected aorta (Figure 26.19). Indications for treatment
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Figure 26.14 CTA post endograft placement in a patient
with left leg ischemia. The left limb of the graft (arrow) was
inadvertently placed outside of the limb extension of the
graft body, resulting in an endoleak and reduced perfusion
of the left leg.

A B

Figure 26.15 (a) Follow up CTA in a patient who had a remote history of open repair of AAA and now has back pain.There
is a faint blush of contrast posteriorly in the aneurysm sac on early images. Delayed CTA (b) shows more prominent con-
trast pooling (arrow) consistent with a slow, type 2 endoleak from unligated lumbar arteries.
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include significant ischemic effects due to branch vessel

involvement, enlarging aortic diameter or diameter over 

5 cm, or the coexistence of ascending thoracic aortic dissec-

tion requiring treatment. While stent grafts have been used

successfully to treat DAH, most have been placed in the tho-

racic aorta to exclude the entry site of the false lumen and

direct arterial flow into the true lumen. CTA of the pelvis is

helpful in such cases to identify the appropriate iliac artery

for catheter and device placement since the dissection may

spiral down one iliac artery and not the other.

7 ABDOMINAL AORTIC 
ATHEROSCLEROSIS

As mentioned earlier, atherosclerotic lesions are nearly uni-

versally apparent by CTA in patients at middle-age and

above. Symptomatic aortoiliac occlusive disease is initially

suspected by symptoms (hip, thigh, leg claudication), and

signs (diminished femoral pulse) and non-invasive vascular

exams pointing to significant arterial occlusion above the

groin. CTA can confirm this diagnosis and clarify the extent

and severity of aortoiliac arterial disease, although current

practice patterns favor MRA, due to speed, and lack of radi-

ation and iodinated contrast exposure. Percutaneous

endovascular treatment is applicable in many patients with

focal arterial occlusive disease but CTA or MRA is pivotal in

weeding out those patients best served by operative therapy,

such as those with extensive aortoiliac disease. Patients found

to be poor candidates for percutaneous therapy can then be

immediately referred for aortobifemoral or crossed femoral

bypass grafting without the need for further invasive studies,

such as diagnostic arteriography. If a patient has aortoiliac
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Figure 26.16 Huge iliac aneurysms developed in this
patient 5 years after open repair of AAA using a tube graft.

Figure 26.17 Aortic ‘cobwebs’ consist of intimal flaps with-
out significant flow obstruction in a young male patient with
a history of blunt abdominal trauma and splenectomy.These
arterial injuries may not require intervention but can act as a
nidus for clot formation and subsequent embolization.

Figure 26.18 Distal aortic focal dissection extending into
the right common iliac artery. A flap is visible as the dissec-
tion spirals inferiorly (arrow). This patient had remote blunt
abdominal trauma also.
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disease amenable to endovascular therapy, CTA is helpful in

pre-procedure planning for arterial access and for estimating

the size and length of stents or angioplasty balloons needed. In

this way, at the time of intervention, limited diagnostic arteri-

ography is required and fluoroscopy and contrast injections

are confined to the area of interest, limiting radiation dose to

the patient and risk of contrast-induced nephrotoxicity.

Hypoplastic aortoiliac syndrome (anatomic) and LeRiche syn-

drome (clinical) refer to the buttock, thigh and leg claudica-

tion and erectile dysfunction that goes with significant

occlusive disease centered on the distal abdominal aorta and

proximal iliac arteries although all types of aortoiliac occlusive

disease are evaluable with CTA (Figure 26.20).22

8 ABDOMINAL AORTIC
TRAUMA AND INFECTION

Trauma and infection are less frequent indications for CTA

but are easily imaged with minor modifications to the

348 Computed Tomography of the Cardiovascular System

A B

Figure 26.19 Type b aortic dissection involving the descending thoracic aorta and extending into the abdomen. Notice the
celiac axis and superior mesenteric artery arise from the true lumen (arrow) with the intimal flap lying posteriorly within the
aortic lumen.

aneurysm/dissection protocols. In general, aortic infection or

trauma manifest as mycotic or penetrating-injury pseudoa-

neurysms, respectively. These arterial lesions are best imaged

by CTA and delayed imaging is unnecessary unless one

requires evaluation of the abdominal and pelvic venous

structures (1–2 minute delay) or the renal collecting system

and bladder (5–10 minute delayed imaging). Mycotic aortic

pseudoaneurysms typically arise from staphylococcal or

pseudomonas infections and are almost always associated

with positive blood cultures (Figure 26.21). Associated

branch vessel involvement or occlusion are reliably visual-

ized during CTA as well as any associated perivascular

abscess formation. Patients with these infected pseudoa-

neurysms are poor candidates for stent graft insertion due to

the infected field and generally undergo aortic resection and

retroperitoneal drainage with extra-anatomic arterial bypass

creation (such as axillofemoral and crossed femoral bypass).

Patients with traumatic vascular injuries are more suitable

for endovascular repair if hemodynamically stable and if a

suitable device is available ‘off the shelf’ to implant in an
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expeditious manner. However, for the most part, CTA pre-

pares these injured patients for surgical repair by evaluating

the extent and branch vessel involvement of traumatic injuries

to the abdominal aorta. In severely injured trauma victims

with hypotension, CTA will often show a marked and diffuse

constriction of the aorta and its major branches secondary to

severe vasospasm. ‘Shock aorta,’ as this condition is called, is

associated with a poor prognosis and need for further fluid

resuscitation. Due to the nature of an emergency CTA,

hypotension, arterial spasm and frequent motion artifacts, the

image quality of these exams is often poor (Figure 26.22).

9 CONGENITAL AND 
IDIOPATHIC INFLAMMATORY 
CONDITIONS OF THE 
ABDOMINAL AORTA

Rarely, idiopathic and congenital aortic disease is manifest by

CTA. Usually these conditions are diagnosed in children or

young adults and affect the major branches off of the abdom-

inal aorta. Tubular or focal stenoses involving the aorta in
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Figure 26.21 Volume-rendered CTA of abdominal aorta
(a) shows a pseudoaneurysm (arrow) beginning below the
renal arteries. The blood cultures were positive for staphy-
lococcus. (b) Volume rendered image of focal pseudo-
aneurysm (arrow).

Figure 26.20 CTA in a patient evaluated for AAA repair.
Upper large arrow shows a calcific stenosis in the left
common iliac artery origin. The right internal iliac artery is
occluded (double arrows) and a prosthetic right femoral-
popliteal bypass graft is also occluded (lower smaller
arrow). The presence of such arterial occlusive disease
improves pre-procedure planning in patients who are can-
didates for endovascular therapy.
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young patients may indicate disorders such as neurofibro-

matosis and abdominal aortic coarctation or, rarely, inflam-

matory vasculitides such as Takayasu arteritis.23 CTA

findings are non specific and include segmental narrowings

or occlusions and focal aneurysms. Young patients with

DAH or AAA may suffer from a variety of rare conditions

with disordered or deficient collagen formation such as

progeria, pseudoxanthoma elasticum, Marfan’s disease,

Ehlers Danlos syndrome, Turner syndrome, or familial

aortic aneurysm syndrome (Figure 26.23). In adulthood,

retroperitoneal fibrosis (RPF) can present with wall-enhance-

ment or an encasing mass of the abdominal aorta. RPF is gen-

erally discernable from the alternative diagnosis of

lymphoma, although this occasionally requires percutaneous

biopsy (Figure 26.24). Non-specific aortic wall thickening can

be seen in inflammatory aortitis, such as from giant cell arteri-

tis, Cogan’s syndrome (young adults with vasculitis, intersti-

tial keratitis and vestibuloauditory dysfunction), or as a

350 Computed Tomography of the Cardiovascular System

Figure 26.24 Retroperitoneal fibrosis with soft tissue
encasing the aorta and narrowing the left renal vein (arrow).
There is also bilateral hydronephrosis.

A B

Figure 26.22 Jet ski accident with massive blunt abdominal injury. CTA is poor quality but shows a filling defect in the
aortic lumen extending to the renal arteries (arrows in a,b) with diminished perfusion of both kidneys. At surgery, the aorta
was completely transected above the renal arteries with an intimal flap herniating inferiorly.

Figure 26.23 Enormous AAA in a 20 year old male
patient with familial aneurysm disorder. He suffered a con-
genital collagen defect and had multiple arterial aneurysms
and bronchiectasis.
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precursor to penetrating aortic ulceration or dissecting

hematoma (Figure 26.25).

10 AORTIC NEOPLASTIC
DISEASE

Primary neoplasms of the abdominal aorta are exceedingly

rare and most leiyomyosarcomas arising from blood vessels

do so from the vena cava. Case reports of primary aortic can-

cers exist and present as intra and extraluminal masses

involving the abdominal aorta. Reported tumors include

angiosarcomas and leiyomyosarcomas.24,25 CTA of the

abdomen in the setting of neoplasm usually concerns the

evaluation of a very bulky abdominal mass, frequently a sar-

coma, in which surgery is contemplated. CTA is effective in

evaluating the extent of the mass and its encroachment,

encasement or invasion of the aorta or its major branches.

Additionally, CTA can assess the vascularity of these large

tumors and, if hypervascular, these tumors can undergo pre-

operative embolization for local control and reduction of

resectional bleeding (Figure 26.26).
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Figure 26.25 (a) Diffuse thickening of the descending
thoracic aorta in a patient with back pain could represent
early intramural hematoma or aortitis. (b) Later, CTA shows
the development of multiple penetrating aortic ulcers in the
thoracic and abdominal aorta (arrows) indicating a degen-
erative vascular disorder rather than inflammatory.

Figure 26.26 Large retroperitoneal sarcoma with dis-
placement but not invasion of the abdominal aorta (arrows).
This mass showed arterial enhancement peripherally and
transcatheter embolization was done prior to resection.
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1 INTRODUCTION

The last decade has witnessed an exciting and at times

breathtaking evolution in cross-sectional imaging. The

lightning pace of change in MRI and CT has completely

revolutionized the way we as practicing radiologists and our

referring clinician colleagues evaluate patients for a wide

array of pathologies. Multidetector CT has transformed CT

imaging from a two-dimensional into a powerful three-

dimensional imaging modality. This evolution has brought

to the mainstream single breath-hold imaging of the

abdomen and pelvis, with sub-millimeter isotropic acquisi-

tions. This change is particularly evident in the field of CT

angiography, where the advances in CT technology now

allow us to detect subtle changes in second and third order

segmental branches in the mesenteric and renal vasculature.

The recent advances allow CT angiography not only to rival,

but in many cases to replace, diagnostic digital subtraction

angiography in the evaluation of arterial and venous

pathologies. The vast array of image display tools, including

maximum intensity projection (MIP), multiplanar reforma-

tions (MPR), and volume-rendering (VR), allow analysis of

the huge data sets with relative ease. Further, these powerful

display tools allow us to communicate our findings to our

referring physicians with a clarity unimagined even a decade

ago. Clearly a picture is worth a thousand words!

The following passages lay out a brief synopsis of the many

varied applications of CT angiography in the mesenteric 

and renal circulations. Hopefully the summary of current

applications will inspire the reader to expand the breadth of

studies currently employed within their own practice or

institution.

1.1 ACQUISITION AND
RECONSTRUCTION
CONSIDERATIONS

Modern MDCT technology continues to evolve at lightning

speed. At the time of this writing, 16 and 64 channel units are

commonplace, and with the impending roll out of next gen-

eration 128, 256 and dual source 64 and 128 channel scanners.

Of course older 4 and 8 channel scanners remain in use, but

presumably will be phased out in favor of the faster scanners

in due course. The rapidly changing playing field makes a

discussion of acquisition techniques an undoubtedly dated

endeavor, far better covered in the referred literature.

However, certain guidelines will undoubtedly persist despite

the rapid advances. Faster scan speeds provide several

advantages. The newest technology makes single breath hold

acquisitions well tolerated even by the most uncooperative

patients. Second, the speed of acquisition now allows sub-

millimeter collimation, even across broad territories, such as

the mesentery or extremities. Isotropic imaging is key to

multiplanar reformations, and since the introduction of the

16 channel scanners, sub-millimeter z-axis collimation has

become commonplace. Lastly, precontrast imaging should be

considered when performing studies in the setting of sus-

pected acute bleeding, dissection, renal calculi or renal

353
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masses, as the precontrast images are the most sensitive to

hemorrhage and subtle calcification.

The new generation of scanners has brought a torrent of

information to the imaging specialist. It is imperative that

CTA studies be read with access to a 3D workstation, or

preferably on such a workstation. While review of the trans-

verse images often remains the basis for diagnosis, a great

deal of essential information is obtained by the creation and

review of the 3D reconstructions. At our institution, all CT

angiographic studies are evaluated with maximum intensity

projection (MIP) images, multiplanar reformatted (MPR)

images, and volume-rendered (VR) images. With practice,

the real-time interactive creation and review of these recon-

structions is rapid and will aid immensely in the accurate

diagnosis of mesenteric pathologies.

1.2 Contrast medium
administration

Contrast material delivery optimization is crucial to the

CTA examination. The newest generation scanners acquire

images with such speed that it has become possible to outrun

the contrast medium bolus. It therefore has become impera-

tive for each user to optimize scan techniques to match con-

trast bolus delivery and data acquisition for the specific

equipment used. In addition, as scan times shorten it

becomes an imperative to individualize scanning delays.

This can be accomplished either by test bolus injection, 

or preferably by bolus tracking protocols. With bolus 

tracking, scanning of the region of interest begins at a pre-

determined time following the arrival of contrast material

within a target vessel, which then triggers the CTA data

acquisition.

The scanning and contrast medium administration pro-

tocol will vary depending on the choice of vascular bed or

target organ parenchymal enhancement. In general if only

a CTA is performed, a short rapid bolus will suffice; how-

ever, if end organ parenchymal opacification is desired then

a longer contrast injection will be required. These parame-

ters will vary greatly from system to system, based 

mostly on the number of channels but also with vendor 

specific technical issues. It will therefore be incumbent

upon the individual user to tailor the CTA exams to each

scanner.

Special consideration should be given to patients with

renal failure and renal insufficiency. In the past, it was

common to recommend MRA or gadolinium enhanced CT

or angiography for these patients. However, with the

recognition that nephrogenic systemic fibrosis may be asso-

ciated with gadolinium administration in the setting of

renal impairment, this practice can no longer be recom-

mended.1,2 The current recommendation for evaluating the

renal arteries in patients with renal impairment is sono-

graphically, if possible, or by angiography with limited 

contrast administration or with carbon dioxide as a 

contrast agent. As our understanding of nephrogenic sys-

temic fibrosis advances, there may be new recommenda-

tions forthcoming.

2 MESENTERIC CTA

2.1 Clinical applications

2.1.1 Acute mesenteric ischemia

Antonio Beniviene first described acute mesenteric ischemia

(AMI) in the fifteenth century. In 1926, Cokkinis wrote:

‘occlusion of the mesenteric vessels is apt to be regarded as

one of those conditions of which the diagnosis is impossible,

the prognosis hopeless, and the treatment almost useless.’

Sadly the morbidity and mortality of this grave disease

remains little changed in the intervening period. The

reported average mortality of AMI still exceeds 60%, which

is little changed over the last 50 years.3,4

The diagnosis and treatment of AMI remains difficult in

large part from the nebulous constellation of presenting

signs and symptoms. The classic presentation is abdominal

pain out of proportion to the patient’s physical findings that

persists beyond 2 to 3 hours. Other common presenting

symptoms are given in Table 27.1. As the initial diagnosis is

often delayed, it is not uncommon for patients to present

with an acute abdomen, including distension, rigidity and

hypotension secondary to bowel infarction.5 Numerous eti-

ologies may cause AMI, and these are given in Table 27.2.
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Table 27.1 Presenting signs and symptoms of acute
mesenteric ischemia

Abdominal pain
Occult fecal blood (in up to 50% of cases)
Melena or hemachezia (in up to 15% of cases)
Leukocytosis (in up to 75% of cases)
Metabolic acidosis (in up to 50% of cases)
Fever
Nausea
Anorexia
Diarrhea
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As Table 27.2 illustrates, the grand majority of etiologies

can be diagnosed by CTA. The power of CT in the diagno-

sis of AMI emerges from the ability to evaluate both the

mesenteric vasculature and soft tissues simultaneously.6–8

In patients where AMI is suspected, administration of

500–750 mL of a low-attenuation oral contrast agent (e.g.,

water or methylcellulose) is recommended. This allows

evaluation of the bowel wall enhancement and does not

interfere with 3D reconstruction of the vascular anatomy.7

Imaging should be performed in the early arterial phase as

well as within the portal venous phase in order to ade-

quately evaluate both the arterial and venous mesenteric

structures. The portal venous phase is most often sufficient

for evaluating the parenchymal enhancement within the

abdominal organs.

There is a wide range of possible findings in AMI (Table

27.3).9 The most common etiology of AMI is acute embolic

occlusion of the SMA (40–50%) (Figure 27.1). SMA emboli

tend to lodge at the origin of the middle colic artery and 

produce an abrupt cut-off of the vessel on CTA.10 In the 

setting of acute embolic disease, few if any collateral vessels

are detected. In contradistinction, when acute mesenteric

thrombosis is the cause of AMI, the occlusion of the 

SMA tends to occur within the first 2 cm. In these cases,

there are often multiple collateral vessels present, which cor-

relate to the classically insidious onset of acute mesenteric

thrombosis. In the setting of mesenteric venous thrombosis,

the CT often shows associated bowel wall thickening or

dilatation.9,10

The findings of AMI in the setting of non-occlusive

mesenteric ischemia are less well defined. One report 

documents normal mesenteric vessels with bowel wall

thickening and pneumatosis.8 A second report detailed

abnormally small mesenteric arteries with marked

delayed venous filling (greater than 70 seconds following

contrast administration).10 Hopefully the newest genera-

tion of scanners coupled with properly attuned clinical

acumen will allow more specific and reproducible find-

ings to surface.

2.1.2 Chronic mesenteric ischemia

Chronic mesenteric ischemia (CMI) is almost exclusively

caused by severe atherosclerotic disease (>95% of cases)

which causes occlusion or severe stenoses of multiple

mesenteric vessels (Figure 27.2).11 Patients classically pres-

ent with postprandial abdominal pain, weight loss and sito-

phobia (i.e., food avoidance). It is believed that this clinical

triad arises because the diseased mesenteric vasculature is

unable to support the increased metabolic demands of

motility, secretion and absorption induced by digestion, but

remains adequate to support the resting gut. It is generally

held that CMI in the setting of atherosclerosis occurs as a

result of stenosis or occlusion of at least two of the three

main mesenteric vessels. However, there are documented

cases of single vessel occlusion, usually of the SMA, leading

to CMI.10
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Table 27.2 Etiologies of acute mesenteric ischemia

Arterial occlusion (50%)
Embolus – usually to the superior mesenteric

artery
Thrombotic occlusion
Aortic aneurysm
Vasculitis
Fibromuscular dysplasia
Trauma

Non-occlusive ischemia (25–30%)
Systemic hypotension
Cardiac failure
Septic shock
Mesenteric vasoconstriction

Venous occlusion (10–15%)
Portal hypertension
Hypercoagulation
Trauma
Intraabdominal inflammatory disease
Surgery

Extra-vascular etiologies (<5%)
Incarcerated hernia
Volvulus
Intussusception
Adhesive disease

Table 27.3 CT findings associated with acute 
mesenteric ischemia

Pneumatosis intestinalis
SMA occlusion
Combined celiac and IMA occlusion
Arterial embolism
SMA or portal venous gas
Focal lack of bowel wall enhancement
Free intraperitoneal gas
Superior mesenteric or portal venous thrombosis
Solid organ infarction
Bowel obstruction
Bowel dilatation
Mucosal enhancement
Bowel wall thickening
Mesenteric stranding
Ascites
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A B

Figure 27.1 SMA embolism: Coronal (A) and sagittal (B) MPR images of the superior mesenteric artery showing 
non-occlusive embolism of the mid-distal artery (arrow), beyond the origin of the iliocolic artery (arrowhead).

A B C

Figure 27.2 Celiac occlusion: Sagittal volume rendered (A) and ray-sum (B) images of a chronically occluded celiac axis
(arrow) due to atherosclerosis.The superior mesenteric artery is moderately stenotic at its origin. Coronal volume rendered
image (C) shows a prominent collateral vessel arising from the SMA (arrow) which reconstitutes the celiac artery territory.
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Non-atherosclerotic causes of CMI are exceedingly rare,

but include fibromuscular dysplasia, median arcuate 

ligament syndrome, vasculitides (e.g., Takayasu arteritis,

polyarteritis nodosa, segmental mediolytic arteriopathy)

and connective tissue disorders (e.g., Ehlers-Danlos). 

Even rarer etiologies include abdominal coarctation, neu-

rofibromatosis, post-irradiation arteritis and idiopathic

fibrosis.10

The CT appearance of fibromuscular dysplasia within

the mesenteric vessels mirrors that in the renal arteries

(Figure 27.3). Classically, the vessels display a beaded

appearance with marked narrowing of the affected vessel in

the setting of medial fibrosis, or cylindrical narrowing with

prominent aneurismal dilation in the setting of adventitial

disease.10

External compression of the celiac artery or neural plexus

by the crura of the diaphragm causes median arcuate liga-

ment syndrome.12 The classic angiographic finding is best

appreciated on the lateral aortogram as a smooth effacement

of the superior aspect of the proximal celiac artery (Figure

27.4). In rare cases, in addition to the celiac artery, this find-

ing may involve the SMA and even renal arteries. CTA not

only allows detection of the narrowed vessels but of the

offending ligamentous structure. Caution should be exer-

cised during interpretation of studies as this finding can be

seen in many asymptomatic patients, and therefore should be

correlated with the clinical presentation.

2.1.3 Visceral artery aneurysms

Visceral artery aneurysms were once thought to be rare

pathologic entities. However, the increased utilization 

of cross-sectional imaging has led to the identification of

these aneurysms with much greater frequency. Visceral

artery aneurysms may involve any of the major visceral ves-

sels and the frequency of this involvement is shown in

Table 27.4.13 Interestingly, the frequency of hepatic and

renal arteries aneurysms is increasing, which is believed to
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Figure 27.3 Mesenteric FMD: Coronal oblique volume
rendered image demonstrates characteristic ‘beaded’ steno-
sis and dilatation of the common hepatic artery and right
renal artery (arrowheads) as well as stenosis and focal
dilatation of the mid superior mesenteric artery (arrow).

Figure 27.4 Arcuate ligament compression: Lateral
oblique thick MPR images show characteristic external
compression of the proximal celiac axis by the diaphrag-
matic crus (arrow).This finding was incidentally noted in an
asymptomatic patient.

Table 27.4 Distribution of visceral artery aneurysms

Artery Percent of cases

Splenic 60–80%
Hepatic 20%
Gastroduodenal 6%
Superior mesenteric 5.5%
Celiac 4%
Gastric and gastroepiploic 4%
Jejunal and ileocolic 3%
Inferior mesenteric <1%
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be secondary to the increased utilization of endovascular

procedures.14

The role for CTA in the management of this disease

process is multifaceted. Obviously the high speed and non-

invasive nature of CT makes it an excellent diagnostic tool for

detection and surveillance of visceral aneurysms (Figure 27.5).

These studies also allow for pretreatment planning, and post-

treatment evaluation.

Visceral artery aneurysms are composed of both true

aneurysms and pseudoaneurysms, which lack a complete

arterial wall. Most visceral aneurysms are degenerative,

with loss or fragmentation of the arterial media. Other

causes of visceral aneurysms include atherosclerosis, fibro-

muscular dysplasia and collagen vascular disorders.15

Pseudoaneurysms often develop as a result of trauma,

inflammation, infection or vasculitis (Figure 27.6).

Pancreatitis can lead to pseudoaneurysm formation in the

splenic, hepatic, gastroduodenal, and pancreaticoduodenal

arteries secondary to leakage of pancreatic enzymes.16

Both surgical and endovascular options for visceral

artery aneurysm treatment are available. Choice of treat-

ment depends in large part on the location of the

aneurysm, associated co-morbidities, and local expertise.

However, from a treatment planning perspective, it is

imperative to exclude the aneurysm from the circulation

while maintaining adequate circulatory flow to distal

endorgans. The goal of pretreatment imaging is to 

evaluate the aneurysm size, interval growth, collateral

flow, signs of rupture, and location, with particular atten-

tion to the relation to branch vessels. Regardless of what

methods are employed to treat the aneurysm vigilant post-

procedural surveillance is mandatory to exclude reperfu-

sion of the aneurysm.17

Splenic artery aneurysms are by far the most common vis-

ceral aneurysm. They are four times more common in females

than in males. Splenic artery aneurysms also have a strong asso-

ciation with pregnancy, portal hypertension and pancreatitis

(Figure 27.7). Most of these aneurysms are small (2–4 cm),

asymptomatic, saccular and located in the mid to distal splenic

artery. Impending rupture can present with left upper quadrant

pain with radiation to the subscapular region. Rupture may be

catastrophic, presenting with severe pain, hypotension and

often ending in death. In 20–30% of patients, double rupture

occurs. The initial rupture is contained within the lesser sac, and

subsequently there is free rupture into the peritoneal cavity.13

Treatment of splenic aneurysms is required in symptomatic

patients, following rupture, during pregnancy and in women of

childbearing age, as these may rapidly enlarge during a future

pregnancy. Furthermore, patients with portal hypertension or

liver transplant recipients are candidates for treatment. Finally,

rapidly enlarging aneurysms should be considered for treat-

ment. Surgical treatment consists of either artery ligation or

aneurysm resection. Endovascular occlusion of the proximal

and distal splenic artery, or aneurysm ‘trapping’, is an excellent
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Figure 27.5 Visceral artery aneurysms: Sagittal oblique MPR (A) and coronal oblique MIP (B) images demonstrate
aneurysms of the celiac axis (arrowhead) and superior mesenteric artery (arrow) and multiple visceral branches in this
patient with Ehlers-Danlos syndrome.
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minimally invasive alternative for treatment. Post-treatment

splenic perfusion occurs via the short gastric and distal pan-

creatic collaterals.

Hepatic artery aneurysms represent the second to third

most common visceral aneurysm. These aneurysms

demonstrate a 2:1 male predominance, are most often 

solitary, and more often located outside the liver

parenchyma. Localization of the hepatic aneurysm suggests

the underlying etiology, as extrahepatic aneurysms are most

likely the result of degenerative or dysplastic processes.

Conversely, intrahepatic aneurysms are usually secondary to

trauma, iatrogenic, infection or vasculitis. While hepatic

aneurysms may be discovered incidentally, many are symp-

tomatic at presentation secondary to spontaneous rupture.
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Figure 27.6 Segmental arterial mediolysis: Axial oblique MPR (A) shows a dissection of the celiac axis extending into
the splenic vein (arrow), which is aneurysmally dilated. Sagittal oblique MPR (B) shows a dissection of the superior
mesenteric artery (arrow), which is mildly ectatic. Several other visceral dissections and aneurysm formation were also
seen in this patient with segmental arterial mediolysis.

A B C

Figure 27.7 Splenic artery aneurysm: Sagittal oblique MPR (A) and volume rendered (B) images demonstrate a saccu-
lar aneurysm projecting off the mid splenic artery. Coronal oblique MRP (C) shows how the parenchyma of the pancreas
surrounds this aneurysm, which is presumed to be a result of patient’s prior pancreatitis.
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Quincke’s Triad, epigastric pain, hemobilia and obstructive

jaundice is present in up to one-third of symptomatic

patients. The reported incidence of rupture varies greatly,

from 20–80%, and with mortality rates from 20–35%.

Treatment varies by location. Intrahepatic aneurysms,

once solely treated by surgical resection, can now be readily

treated by endovascular coil occlusion or embolization.

Likewise, common hepatic aneurysms can be ‘trapped’

between distal and proximal coil packs, with distal perfu-

sion supplied via gastroduodenal collateral circulation.

Proper hepatic aneurysms were previously treated by 

surgical ligation and bypass, but recently endovascular treat-

ment utilizing covered stents has gained favor.

2.1.4 Liver transplantation

CT angiography has become invaluable in the preoperative

evaluation and planning for liver transplantation. CTA pro-

vides valuable information about the hepatic arterial origins

and branch pattern, portal vein patency, biliary ductal

anatomy, parenchymal integrity, presence or absence of neo-

plastic lesions, and extrahepatic disease.

The utility of CTA to provide three-dimensional mapping

of the arterial and venous systems greatly facilitates preopera-

tive planning in the extremely challenging field of liver related

liver donation and identification of subjects with surgical con-

traindications for harvesting.18 Of particular importance are

the origin and course of the arterial supply to segment IV, the

distance of the segment IV artery to the origin of the right

hepatic artery, hepatic and portal vein anatomy, fatty infiltra-

tion of the liver parenchyma and potential for insufficient liver

volume for paired donor and recipient (Figure 27.8).19

In potential transplant recipients, CTA can be invalu-

able in detection of surgically relevant abnormalities. These

include celiac artery stenosis, hepatic artery inflow vessels

smaller than 3 mm, splenic artery aneurysms, complete

replacement of the hepatic arterial supply to the superior

mesenteric artery, and portal vein anomalies.19

Furthermore, following transplantation, CTA can be

used to evaluate complications including hepatic artery

stenosis, pseudoaneurysm or thrombosis, and portal vein

thrombosis or stenosis.18

2.1.5 Pre and post-oncologic intervention

Primary and metastatic hepatic neoplasms are amenable to

a variety of systemic and localized treatments. Multidetector

CT plays a vital role in the detection, pretreatment plan-

ning, and post-treatment surveillance of these lesions. CTA

allows detailed vascular maps for pre-operative planning.

Importantly, CTA can show the relationships of the hepatic

and portal veins, hepatic arteries and demonstrate tumor

invasion of vascular structures.18

Transcatheter embolization (TACE) has gained acceptance

as a treatment for non-resectable hepatic neoplasms. Triphasic

CTA, including non-contrast, late arterial and parenchymal
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Figure 27.8 Hepatic donor: Coronal (A) and sagittal oblique (B) volume rendered images of a normal liver for potential
donor procedure. Using three-dimensional reformations, liver anatomy can be evaluated and volumetric calculations can
be performed.
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phase imaging, is performed prior to treatment. This serves as a

baseline for treatment planning, and for evaluating treatment

success. Following treatment the triphasic CTA is repeated.

The non-contrast imaging allows visualization of radioopaque

embolic material within the tumor bed and within the hepatic

arteries. The arterial phase imaging demonstrates patency of

hepatic arterial branches and residual (non-embolized) hyper-

vascular lesions. Lastly, the parenchymal phase imaging allows

evaluation of the portal vein patency, and for post-treatment

complications such as abscess or necrosis.

3 RENAL CTA

3.1 Clinical applications

3.1.1 Renovascular hypertension

At many institutions, the most common indication for renal

CTA is in the evaluation of renovascular hypertension

(Figure 27.9). Only 5% of hypertensive patients have an

underlying renovascular etiology.20,21 In those patients with

renovascular disease, most are due to atherosclerosis 

(70%) while fibromuscular dysplasia accounts for another

25%. Given the low incidence of renovascular disease,

screening of all hypertensive patients is not practical or 

justified. Several clinical findings are suggestive of renovas-

cular hypertension, including rapid onset of hypertension,

hypertension in a young patient, and sudden deterioration

of previously well-controlled hypertension. When present,

atherosclerotic renal artery stenosis usually affects the prox-

imal renal artery, most often the ostium.

Conventional teaching is to assess renal artery stenosis by

measuring the percent stenosis, just as would be done

during catheter angiography (i.e. one minus the ratio of

stenotic to normal artery diameters). While this is a simple

extrapolation from the two-dimensional world of catheter

angiography it may not be the most reproducible or accurate

method of analysis. An interesting alternative is cross-sec-

tional area measurements across regions of stenosis. This has

been shown to dramatically improve inter-observer variabil-

ity when compared with simple diameter measurements.22

As previously mentioned, the second most common eti-

ology of renovascular disease is fibromuscular dysplasia.

Fibromuscular dysplasia (FMD) is a non-inflammatory,

non-atherosclerotic vascular disease which most frequently

affects women between the ages of 15 and 50 years of age.

When present, the distal two-thirds of the main renal artery

and its major branch vessels are affected. Fibromuscular

dysplasia is classified by the arterial layer, e.g. intima, media

or adventitia, which is most involved.23 The most common

form of FMD is medial fibroplasia, accounting for 65–70%
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Figure 27.9 Renal artery stenosis: Coronal oblique volume rendered (A) and MPR (B) images demonstrate osteal steno-
sis of an inferior accessory left renal artery (arrow).
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of cases. It is characterized by the classic ‘string of beads’

appearance, and may have associated aneurismal dilation

present (Figure 27.10). The subadventitial form, which

presents with aneurysm formation and by focal stenoses, is

the second most common and occurs in 15–20% of cases.24

Recent work by Sabharwal et al. strongly supports the use of

multidetector CTA in the non-invasive evaluation of

FMD.25 The authors used 3D coronal and sagittal MPR,

MIP and shaded-surface display reconstructions in the eval-

uation of the renal vasculature. They found no single recon-

struction method was ideal in all situations and report that

the three methods are best used in a complimentary

manner.25

3.1.2 Renal transplantation

End-stage renal disease is increasing at a rate of more than

8% per year. Furthermore, the waiting list for renal trans-

plantation has more than quadrupled in the last 20 years.26,27

The unrelenting demand for donor organs cannot be sated

by cadaveric organs only. Moreover, living donor organs

have better graft function and survival when compared to

cadaveric grafts.26 With the move towards living related

organ transplantation, and the acceptance of laparoscopic

donor nephrectomies, pre-operative imaging has undergone

a significant change as well. The current standard for pre-

operative imaging is multidetector CT, including CTA, CT

venography and CT urography.28,29

The left kidney is preferred for laparoscopic living

donor nephrectomy because the longer left venous pedicle

affords easier removal and implantation.30 A relative down-

side to left-sided donor organs is the high frequency of

venous variants.31 Many of these variants, most often lumbar

and gonadal veins, anastamose with the renal vein posteri-

orly, an area which is poorly visualized during laparoscopy.

Preoperative imaging that alerts the surgeon to the presence

of these variants may help reduce inadvertent ligation or

transection of these vessels. This is significant, as transection

can lead to significant hemorrhage, sometimes resulting in

conversion to an open procedure. Imaging may also detect

complex vascular anatomy, leading to the selection of the

right kidney for donation in an open procedure.

Preoperative imaging may also help detect the less normal

kidney, for example, one containing small stones, which is

often chosen for donation.29

When evaluating studies prior to laparoscopic donor

nephectomy, particular attention should be paid to the

venous anatomy. Important venous variants detected in 

a recent series are shown in Table 27.5.29 Other relevant

findings include the number of renal arteries and veins, and

the distance from the aorta of the first arterial branch

(Figure 27.11).

3.1.3 Renal artery aneurysms

Renal CTA is well suited for the evaluation of renal artery

aneurysms. These aneurysms are the second most common

visceral aneurysm, behind splenic artery aneurysms.32 Most

renal artery aneurysms are asymptomatic. Symptoms may

occur in the setting of rupture, embolization to the

parenchymal bed or arterial thrombosis. These aneurysms

362 Computed Tomography of the Cardiovascular System

Figure 27.10 Fibromuscular dysplasia: Coronal oblique
MIP image demonstrates characteristic ‘beaded’ narrow-
ing and dilatation of the mid-distal right main renal artery
(arrow), characteristic of fibrous dysplasia.

Table 27.5 Left renal venous anomalies

Major variants
Circumaortic left renal vein
Retroaortic left renal vein
Duplicated inferior vena cava
Minor variants
Prominent gonadal vein
Prominent lumbar vein
Large hemiazygous vein connecting to left renal vein
Splenorenal shunt
Multiple gonadal veins
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are associated with hypertension in up to 73% of cases.33

The pathophysiologic basis for hypertension in the setting 

of renal artery aneurysm is poorly understood, but may be

due to coexisting renal artery stenosis, microembolization

from the aneurysm, compression or kinking of the renal

artery (leading to functional arterial stenosis) or turbulent

flow. Interestingly, improvement in hypertension has 

been reported following treatment of renal aneurysms.33

Most renal aneurysms occur at the bifurcation of the main

renal artery, and most commonly fibromuscular dysplasia is

the underlying etiology. Vasculitides, trauma and degenera-

tive aneurysms are other causes.

Renal CTA plays a vital role in the detection, pretreat-

ment planning, and post-procedural surveillance of renal

artery aneurysms. Management is based on patient age,

gender, severity of hypertension, pregnancy or anticipation

of pregnancy, and anatomic considerations. Young women,

especially when anticipating pregnancy, are considered 

at greatest risk for future rupture. The mortality rate 

for rupture during pregnancy has been reported at 80%.34

The surgical literature also supports intervention for

aneurysms greater than 2 cm in size, or the setting of rapid

aneurysm expansion. Treatment options vary with

anatomic location. Branch vessel aneurysms are most easily

treated endovascularly by embolization.32 Main renal artery

aneurysms may be treated surgically by ligation and arterial

bypass or nephrectomy.35 Endovascular management would

involve covered stent placement with or without aneurysm

embolization.17

3.1.4 Renal oncology

Two of the most common renal neoplasms, renal cell carci-

noma and angiomyolipomas, are both well evaluated by

CTA. Of greatest concern with renal cell carcinoma (RCC)

is venous extension, into the renal vein, IVC or beyond.

Tumor thrombus is discovered in 4–10% of patients with

RCC, and up to half of these patients have extension of

thrombus into the intrahepatic IVC or right atrium.36 The

goal of CTA in pretreatment planning is to define the 

arterial and venous anatomy, extent of vascular involvement

by neoplasm, contralateral renal anatomy and disease 

status. This can usually be accomplished in most cases with

arterial phase imaging, followed by one or more delayed

phase to evaluate the venous anatomy and possibly the 
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Figure 27.11 Renal donor: Coronal oblique volume rendered images without (A) and with (B) the spine included, per-
formed for potential renal donor procedure, show three right and two left renal arteries.
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urologic anatomy if partial resection or local ablation is

being considered. Arterial phase imaging is crucial for renal

mass evaluation as this may detect markedly hypervascular

lesions or lesions with marked arterio-venous shunting.

These lesions may benefit from preprocedural embolization

to decrease bleeding during resection. Additionally, arterial

phase imaging will detect contralateral renal artery stenosis,

which may be amenable to treatment, thus decreasing the

risk of renal insuffiency following tumor resection or

nephrectomy.28 It is important to obtain delayed images

with adequate contrast opacification within the venous

system in order to assess extent of venous invasion.

Precontrast images are also important if the diagnosis of

RCC is unresolved prior to obtaining the study. The precon-

trast imaging allows detection of subtle calcification, and

allows accurate determination of tumoral enhancement.

Renal angiomyolipomas (AML) are hamartomatous

neoplasms composed of smooth muscle, fat and dysplastic

blood vessels in mixed proportions.37 These benign 

lesions account for 0.3–3% of renal masses, but have a high

propensity for hemorrhage due to the dysplastic vessels

within these lesions.38 Sporadic AMLs occur as solitary

lesions, more often in older patients, with a slight female

predilection, and account for 70–80% of all AMLs.

Conversely, AMLs can also be associated with tuberous scle-

rosis, and in this setting, tend to be multifocal, larger, bilat-

eral and present at a much earlier age.39 The risk factors for

hemorrhage include size (>4 cm), multifocality and the

presence of associated aneurysms. It is important when

imaging patients in the setting of renal hemorrhage, or

when renal neoplasms are suspected, to obtain precontrast

images. Further, in the setting of acute severe hemorrhage,

it may not be possible to detect the underlying renal lesion.

In these cases, if the patient is stable, repeat imaging after

resolution of the hematoma may allow diagnostic evaluation

of the lesion.
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28
Computed Tomographic Arteriography of
the Upper and Lower Extremities

Jeffrey C. Hellinger

1 INTRODUCTION

Following the introduction of computed tomographic (CT)

angiography in the early 1990s,1 applications were limited

for evaluating the upper and lower extremity vasculature.

This was directly related to the length of the complete upper

and lower extremity trees and the thin sections required 

to robustly display the proximal (8–12 mm diameter), mid 

(5–7 mm diameter), and distal (1.5–4 mm diameter) arteries

and veins. Slow scan speeds with single detector-row CT

scanners precluded thin section acquisitions in the entire 

Z-axis of the extremity vascular systems. While CT angiog-

raphy (CTA) was embraced for aortic, pulmonary, head and

neck, mesenteric, and renal peripheral vascular applications,

catheter angiography remained the diagnostic modality of

choice for the upper and lower extremity vasculature.

Today, however, after nearly two decades of technolog-

ical advancements, CTA is rapidly becoming a first line

angiographic modality for the upper and lower extremities.

The greatest influence on this practice change has been mul-

tidetector-row CT technology.2 Submillimeter section

thickness and subsecond rotations times are now routinely

possible, affording high and isotropic resolution acquisitions

with homogenous intravascular enhancement throughout

the required 700 to 1400 mm coverage.

Current applications of upper and lower extremity CTA

include arterial occlusive disease, vasculitis, trauma, venous

occlusive disease, vascular masses, vascular mapping, and

dysfunctional hemodialysis fistulas and grafts. Despite the

inherent radiation and contrast medium exposures, CTA

has important advantages for patients in these clinical set-

tings. CTA is non-invasive, has relatively low cost, is readily

available, and is acquired rapidly. Furthermore, CTA is a

three-dimensional (3D) acquisition, has excellent spatial

detail, and affords simultaneous evaluation of other cardio-

vascular territories as well as non-cardiovascular systems.

These advantages are essential when designing a diagnostic

or screening algorithm.

As with all CTA, clinical success of extremity CTA is

dependent on technical and interpretative success. From

technical and interpretative perspectives, upper and lower

extremity CT angiograms remain the most challenging.

Synchronizing a large scan acquisition and a single bolus of

contrast medium requires the precise selection of acquisition

and contrast medium delivery parameters. To minimize

radiation exposure and contrast medium dose and to avoid

multiple acquisitions, fundamental knowledge of strategies

which optimize vessel depiction is paramount. Equally

important is the ability to adeptly use various 3D worksta-

tion visualization techniques for efficient and effective

image display and interpretation. Developing a logical

methodology to evaluate the vascular segments and 

the array of imaged non-vascular anatomical structures is

essential.

The purpose of the first section of this chapter is to

address these technical considerations and discuss strategies

367
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which afford robust upper and lower extremity 

CTA. The second section of the chapter will discuss 

and illustrate clinical applications for upper and lower

extremity CTA.

2 EXTREMITY CTA TECHNIQUE

Upper and lower extremity CT angiography can be per-

formed on all currently available multidetector-row CT

scanners (4–64 channels). Depending on the clinical indica-

tions, three protocols are recommended for imaging the

upper (Table 28.1) or lower (Table 28.2) extremity vascular

tree: Aortic Arch (upper extremity) or Aortogram (lower

extremity) with Extremity Runoff; Extremity Runoff; and

Extremity Indirect CT Venography. Technical considera-

tions for each protocol include patient preparation, image

acquisition, contrast medium administration, and image

display.

3 PATIENT PREPARATION

Initial patient preparation entails removing all external

metallic objects from the anticipated field of view and placing

an 18–22 gauge intravenous catheter in an upper extremity

vein. For pediatric patients, only 24 gauge catheters may be

possible. With upper extremity exams, the catheter is placed

in the extremity opposite to the effected side. The final prepa-

ration is to position the patient on the CT gantry table with

368 Computed Tomography of the Cardiovascular System

Table 28.1 Upper extremity CT angiography protocols

Protocol Coverage Distance Application

Aortic arch with runoff Arterial inflow and outflow 700–1000 mm Arterial occlusive disease
Arterial bypass grafts and stents
Vasculitis
Trauma
Vascular masses
Vascular mapping
Hemodialysis access

Upper extremity runoff Targeted arterial outflow 300–600 mm Trauma
Vascular masses
Vascular mapping

Indirect venogram Peripheral and central veins Veno-occlusive disease
Targeted 400–700 mm Vascular mapping
Complete 700–1000 mm Venous stents

Table 28.2 Lower extremity CT angiography protocols

Protocol Coverage Distance Application

Abdominal aortogram with runoff Arterial inflow and outflow 900–1400 mm Arterial occlusive disease
Arterial bypass grafts and stents
Vasculitis
Trauma
Vascular masses
Vascular mapping
Hemodialysis access

Lower extremity runoff Arterial outflow 500–800 mm Trauma
Vascular masses
Vascular mapping

Indirect venogram Peripheral and central veins Veno-occlusive disease
Targeted 600–900 mm Vascular mapping
Complete 900–1400 mm Venous stents
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the extremity as close to isocenter as possible. Pillows, blan-

kets, or both can be utilized to support the patient’s body and

extremity, while tape can be used to secure positioning of the

extremity, including the hand or foot.

Upper extremity patients are positioned supine or prone

and head first into the scanner (Figure 28.1). With unilateral

upper extremity exams, isocenter positioning is achieved by

extending the upper extremity above the patient’s head. The

palm is placed ventral when supine and dorsal when prone.

The contralateral arm is placed at the patient’s side. To opti-

mize isocenter positioning, patients can be rotated into a 

modified swimmer’s position. If the affected extremity can not

Computed Tomographic Arteriography of the Upper and Lower Extremities 369
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Figure 28.1 Upper Extremity CTA Positioning Scout topograms demonstrate the two standard upper extremity positions
for performing upper extremity CT angiography. Depending upon the body habitus and upper extremity mobility, the posi-
tion of choice is to raise the affected upper extremity above the patient’s head (A). The patient’s body is placed in a supine,
prone, or oblique position and the contralateral upper extremity is placed at the patient’s side. Scan direction is caudad-
cranial, extending through to the fingers (yellow arrow). If the affected upper extremity can not be raised, it is placed at the
patient’s side and the contralateral upper extremity is either raised or also placed at the patient’s side (B). Scan direction
is cranial-caudad (yellow arrow).
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be raised above the patient’s head, the exam can be performed

with the extremity placed along side the patient’s body

(Figure 28.1). For these cases, the patient’s body should be

shifted away from the affected extremity. Bilateral upper

extremity exams are acquired by scanning each arm either

simultaneously (targeted runoff) or by scanning each arm

individually (16–64 channel scanners). Bilateral simultaneous

upper extremity CT angiograms are best achieved with

patients either prone with the arms extended or supine with

arms at the patient’s side.

Lower extremity patients are positioned supine and

feet first into the scanner (Figure 28.2). With unilateral

lower extremity exams, the affected lower extremity is

placed isocenter by shifting the patient’s torso and con-

tralateral lower extremity away from the affected extrem-

ity. Bilateral lower extremity CT angiograms are obtained

with both extremities placed symmetrically in the gantry

isocenter.

4 IMAGE ACQUISITION

4.1 Protocol series

Upper and lower extremity CT angiographic protocols

include at least five acquisition series. The first series is the

required low dose anterior-posterior scout topogram

through the entire regions of interest. For precise coverage

and field of view, a lateral view may be required. The

second series is an optional non-enhanced acquisition

(1.25–5.0 mm thick images). Coverage may be identical to

the planned contrast enhanced acquisition or may target a

selected region. The objective of the non-enhanced acquisi-

tion is to identify high density material. Such material may

degrade CTA image quality and interpretation or may itself

be obscured by the contrast medium. Vascular calcifications,

endovascular stents and stent-grafts, surgical clips, surgical

grafts, catheters, bone fragments (i.e. trauma), residual

intravenous contrast, active bleeding, and hematomas should

be addressed. The third series is a low dose timing acquisi-

tion, which is essential for precise synchronization of the

image acquisition with either arterial or venous enhance-

ment. Scan timing is determined either with a timing bolus

acquisition or bolus tracking software. The fourth series con-

sists of the contrast enhanced angiographic acquisition.

Depending on the patient’s weight, a tube voltage of 

80–120 kV is used along with an amperage of 80–350 mA,

unless automated tube current modulation software is uti-

lized. Breath-holding is required only for the portions of

exams which extend through the chest (upper extremity) or

abdomen and pelvis (lower extremity). Images are recon-

structed with a soft kernel. The fifth series is an optional

delayed post-contrast acquisition. The delayed acquisition 

is useful in assessment of vasculitis, vascular masses, 
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Figure 28.2 Lower Extremity CTA Positioning Scout
topogram for a lower extremity CT angiogram demonstrates
standard lower extremity positioning. Patients are placed
supine and feet first into the scanner. Scan direction is cranial-
caudad, extending through to the toes (yellow arrow). If
imaging is only required through one lower extremity, the
affected lower extremity is placed isocenter and the con-
tralateral lower extremity is placed at the periphery of the
field of view.
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and hemorrhage. It can also be used to acquire a venous

phase following an arterial acquisition. Additionally, if the

scan acquisition in the fourth series precedes the arrival of

contrast medium in the distal extremity, an immediate

delayed phase may be helpful to obtain adequately enhanced

images through to the hand or foot.

4.2 Extremity CT angiogram

4.2.1 Upper extremity coverage

In the Aortic Arch with Upper Extremity Runoff protocol,

when the arm is raised, coverage begins at the mid chest to

include the aortic arch, and extends in a caudadcranial

direction through the fingers, so that the complete inflow

and outflow upper extremity vascular tree is evaluated. For

an average adult patient, this scan distance may be 

700–1000 mm. If the arm is placed at the patient’s side, 

coverage begins at the thoracic inlet and extends through

the fingers in a cranialcaudad direction. In the Upper

Extremity Runoff protocol, outflow segments are targeted.

Coverage begins at the shoulder or elbow and extends

through to the fingers, in a caudadcranial or cranialcaudad

direction, depending on the position of the upper extremity.

The scan distance may range between 300 and 600 mm. For

both protocols, a delayed acquisition may be programmed

to cover the entire vascular tree or only the outflow. If the

series is utilized because contrast did not adequately opacify

the forearm and hand arteries on the first acquisition, the

acquisition begins at the elbow. For the Upper Extremity

Indirect CT Venogram protocol, central and peripheral veins

are evaluated. The arm may be raised or placed at the

patient’s side, with the acquisition in either a caudadcranial

or cranialcaudad direction, respectively. When the arm is

raised, coverage begins at the mid chest to include the cavoa-

trial junction. When the arm is at the patient’s side, coverage

begins at the thoracic inlet. Depending on the clinical indica-

tions, coverage may extend either to the elbow (400–700 mm

scan distance) or the hand (700–1000 mm scan distance).

4.2.2 Lower extremity coverage

In the Abdominal Aortogram with Lower Extremity Runoff

protocol, inflow and outflow arterial segments are imaged.

Coverage begins at the diaphragm and extends through to

the feet, in a cranialcaudad direction. For an adult patient,

the scan distance may be 900–1400 mm. In the Lower

Extremity Runoff protocol, outflow segments are targeted.

Coverage begins just above the hip or the knee and extends

through to the toes, in a cranialcaudad direction. The scan

distance may range between 500 and 800 mm. For both pro-

tocols, a delayed acquisition may be programmed to cover

the entire lower extremity vascular tree or only the outflow.

If the series is utilized because contrast did not adequately

opacify the calf and foot arteries on the first acquisition,

coverage begins at the knee and extends to the foot. For the

Lower Extremity Indirect CT Venogram protocol, peripheral

and central veins are evaluated. Targeted coverage

(600–900 mm) begins at the popliteal fossa and extends cau-

dadcranially to the suprarenal inferior vena cava. Imaging

of the calf veins is not routinely performed.

4.2.3 Acquisition parameters

Table 28.3 lists acquisition (detector configuration, pitch,

gantry speed) and reconstruction (slice thickness, recon-

struction interval) parameters for upper and lower extrem-

ity CT angiograms, using 4-, 8-, 16-, and 64-channel

multidetector-row CT scanners. These parameters reflect a

balance between the desired spatial resolution, the scan dis-

tance, and the scan duration. Parameters for 32- and 40-

channel scanners can be adapted from 64-channel scanners.

With 4-channel systems, to scan the complete upper or

lower extremity territory in a reasonable duration, a 4 ¥ 
2.5 mm detector configuration is required. 2.5 mm images

are reconstructed at 1.0–2.0 mm increments, resulting in an

effective slice thickness of 3.0 mm. These ‘standard resolu-

tion’ acquisitions are adequate to depict the vascular tree

through to the hand or foot. However, when visualization

of small palmar or pedal arteries is critical to diagnosis and

clinical management, such as in arterial occlusive disease

and vasculitis, high resolution imaging with a 4 ¥ 1 mm or

4 ¥ 1.25 mm configuration may be necessary. As the scan

duration would be twice as long, the coverage would need to

be reduced to minimize venous contamination.

With an 8-channel system, complete extremity vascular

trees are imaged with a high resolution technique (8 ¥
1.25 mm configuration) in a duration comparable to 4 ¥
2.5 mm acquisitions. Datasets are reconstructed every 

0.8 mm into images with a nominal section thickness of 

1.25 mm. Coverage can be extended beyond an upper or

lower extremity vascular tree by using the fastest gantry

speed and maximizing the pitch. To minimize venous 

contamination, increasing the detector width to 2.5 mm

(standard resolution) may be necessary.
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With 16-channel systems, isotropic resolution and high

resolution modes are utilized. Isotropic exams are acquired

with submillimeter collimations (16 ¥ 0.625 mm, 16 ¥ 0.75

mm configurations). These acquisitions further improve

visualization of small vessels, such as palmar and pedal

arteries. Datasets are generated in a duration similar to 4 ¥
2.5 mm and 8 ¥ 1.25 mm acquisitions. One of the challenges

using this mode is the potential for increased noise and the

subsequent need for increasing the amperage, if automated

tube current modulation is not utilized. Another challenge

is the number of images. Reconstructed at 0.4–0.8 mm

increments, up to 3500 images may be generated. A solution

to both of these problems is to reconstruct images thicker

into 1.0–1.5 mm thick images (high resolution).

For most upper and lower extremity CTA 16-channel

applications, the high resolution mode (16 ¥ 1.25 mm or 

16 ¥ 1.5 mm configurations) provides adequate detail.

However, the table speed is often too fast for contrast

medium transit in the upper or lower extremity vascular

tree. The result is that the scanner can potentially out-run

the bolus. One solution to avoid this pitfall is to slow the

acquisition speed by using a lower pitch, by decreasing the

gantry rotation speed, or both. A second solution is to slow

the scan by acquiring the study with submillimeter collima-

tion. In this instance, the dataset is then reconstructed

thicker into 1.0–1.5 mm thick images. A third solution is to

lengthen the delay prior to initiating the scan. With a 

16-channel system, the increased table speed can be utilized

to combine imaging of the extremity vascular trees and

other vascular territories in a single acquisition using a high

resolution technique.

With a 64-channel system, both isotropic (64 ¥ 0.625

mm, 64 ¥ 0.6 mm configurations) and high resolution (32 ¥
1.25 mm, 24 ¥ 1.2 mm configurations) modes can also be

selected. When using either mode, the table speed is sub-

stantially faster than with 16-channel systems. To optimize

vascular enhancement through to the digital vessels, it is

essential to slow the acquisition speed. Submillimeter 

collimation, a low pitch, and a slower gantry speed are all

options to achieve this goal. With the submillimeter 
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Table 28.3 Upper and lower extremity CTA acquisition and reconstruction parameters

Detector Gantry Table Scan Slice 
MDCT configuration rotation speed time thickness RI Number of
scanner Mode (channels ¥ mm) Pitch Time (sec) (mm/sec) (sec) (mm) (mm) images

4-Channel
GE SR 4 ¥ 2.5 1.5 0.5 30 30 2.5 1.5 600

Phillips SR 4 ¥ 2.5 1.5 0.5 30 30 2.5 1.5 600
Siemens SR 4 ¥ 2.5 1.5 0.5 30 30 2.5 1.5 600
Toshiba SR 4 ¥ 2.0 1.375 0.5 22 41 2 1.0 900

8-Channel
GE HR 8 ¥ 1.25 1.35 0.5 27 33 1.25 0.8 1125
GE SR 8 ¥ 2.5 1.35 0.5 54 17 2.5 1.5 600

16-Channel
GE IR 16 ¥ 0.625 1.375 0.5 28 33 0.625 0.5 1800

Phillips IR 16 ¥ 0.75 1.25 0.5 30 30 0.75 0.5 1800
Siemens IR 16 ¥ 0.75 1.2 0.5 29 31 0.75 0.5 1800
Toshiba IR 16 ¥ 0.5 1.438 0.5 23 39 0.5 0.4 2250

GE HR 16 ¥ 1.25 1.375 0.5 55 16 1.25 0.8 1125
Phillips HR 16 ¥ 1.5 1.25 0.5 60 15 1.5 0.8 1125

Siemens HR 16 ¥ 1.5 1.2 0.5 58 16 1.5 0.8 1125
Toshiba HR 16 ¥ 1.0 1.438 0.5 46 20 1.0 0.8 1125

64-Channel
GE IR 64 ¥ 0.625 0.563 0.7 32 28 0.625 0.5 1800

Siemens IR (2) ¥ 32 0.6 0.75 0.5 29 31 0.75 0.5 1800
GE HR 32 ¥ 1.25 0.938 0.6 63 14 1.25 0.8 1125

Siemens HR 24 ¥ 1.2 1.2 0.5 69 13 1.5 0.8 1125

Note: Scan times for a distance of 900 mm. SR = Standard resolution; HR = High Resolution; IR = Isotropic resolution; RI = reconstruc-
tion interval. Acquisition parameters: detector configuration, pitch, and gantry rotation speed. Reconstruction parameters: slice thick-
ness and reconstruction interval.
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acquisitions, raw data can be reconstructed into high resolu-

tion datasets (section thickness 1.0–1.5 mm, reconstruction

interval 0.7–0.8 mm), isotropic resolution datasets (section

thickness 0.6–0.9 mm, reconstruction interval 0.4–0.7 mm)

or both. Automated tube current modulation should be uti-

lized with all isotropic acquisitions to minimize noise and

amperage and voltage requirements. Based upon the scan

length and duration, an isotropic or a high resolution 

technique can be prescribed to image not only through the

extremity tree, but other vascular territories.

4.3 Exam transfer and storage

Depending on the volume coverage, slice thickness, and

reconstruction interval, upper and lower extremity CT

angiograms can generate large studies, with up to 2,500 to

3,000 images and 2–3 gigabytes of data. The exam is trans-

ferred to and viewed and stored either on a Picture

Archiving and Communication System (PACS), a worksta-

tion, or both. Solutions to reduce the archived file size

include reconstruction of thicker axial images (2.0–2.5 mm)

and generation of thin section coronal and sagittal reforma-

tions (100–200 images).

5 CONTRAST MEDIUM
ADMINISTRATION

Arterial enhancement in upper and lower extremity CT

arteriograms should reach at least a minimum of 250–300

Hounsfield Units (HU), while venous enhancement for

indirect extremity venograms should be in the range of

120–200 HU. Achieving this enhancement is dependent on

synchronizing the acquisition and the delivery of an appro-

priate amount of iodine. The recommended amount of

iodine (iodine dose) is 400–600 mg Iodine per kilogram

(1.3–2.0 ml/kg for 300 mg Iodine/ml concentration). For

patients who weigh between 60 and 90kg, the iodine should

be delivered at a rate (iodine flux) of 1.0–1.5g Iodine 

per second (3.3–5 ml/sec for 300 mg Iodine/ml concentra-

tion). Injection protocols for adult and pediatric upper and

lower extremity CT angiograms can achieve these require-

ments by adjusting the contrast medium concentration

(300–370 mg Iodine per milliliter), injection rate

(0.7–6ml/second), injection volume (6–150 ml), injection

duration, or a combination of these parameters based upon

a patient’s body weight, the scan distance, and the speed of

the scanner.3

6 STRATEGIES FOR CONTRAST
MEDIUM ADMINISTRATION

6.1 Synchronization

To account for the variable time for contrast medium to

travel from the site of intravenous injection to the upper or

lower extremity vascular tree, it is necessary to determine

the transit time using either a test-bolus injection or auto-

matic bolus triggering. For complete upper or lower extrem-

ity arterial coverage, the aortic arch (upper extremity) or

the mid abdominal aorta (lower extremity) serve as refer-

ence levels. For targeted extremity runoffs, a proximal out-

flow artery is used as the reference level. In this instance,

automated triggering should be used given the smaller

vessel size (3–5 mm).

An indirect extremity CT venogram is obtained after

determining the arrival time of contrast to the aortic arch

(upper extremity) or the abdominal aorta (lower extremity).

An upper extremity venogram is then acquired after an

additional 50 second diagnostic delay, while a lower extrem-

ity venogram is acquired after a 120–160 second delay.

6.2 Injection parameters

When scanning through complete inflow and outflow terri-

tories, an adult upper extremity CT angiogram may cover

700–1000 mm, while a lower extremity CT angiogram may

extend over 900 to 1,400 mm. Targeted runoff exams may

cover 300–600 mm and 500–800 mm for upper and lower

extremity exams, respectively. The key to successful vascu-

lar enhancement over these distances is not ‘out-running’

the contrast bolus. Maintaining optimized enhancement

throughout the scan acquisition is best achieved when the

CT table speed does not exceed 30 mm/sec.4 This translates

to scan durations of approximately 25–35 seconds and 30–

45 seconds for complete upper and lower extremity CT

angiograms, and approximately 10–20 seconds and 15–

25 seconds for targeted upper and lower extremity CT

angiograms, respectively. With this principle in mind,

upper and lower extremity injection protocols can be

designed based upon slow (£ 30mm/second table speed) and

fast (>30mm/second) acquisitions.

Slow acquisitions occur with 4 ¥ 2.5 mm, 8 ¥ 1.25 mm,

or 16 ¥ 0.625 mm configurations (Table 28.4). In addition, a

64 ¥ 0.6 mm or 64 ¥ 0.625 mm configuration with a low

pitch (£ 0.8) and slower gantry speed (≥0.5) produces a table

speed around 30 mm/sec. With these acquisitions, when the
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scan duration is ≥25 seconds, the injection duration is set to

equal the scan duration. A biphasic injection protocol is uti-

lized, rather than a uniphasic injection, as the biphasic injec-

tion achieves more uniform enhancement for long injection

durations (≥25 seconds). The injection rates and volumes for

both phases vary according to the body weight and the con-

trast medium concentration. In the first phase, 20% of the

total volume is administered at a higher rate (4–6 ml/s for

60–90 kg patients) over a short duration (i.e. 5 seconds). In the

second, the remaining volume is infused at a second, slower

injection rate (3–5 ml/s for 60–90 kg patients) for the duration

of the examination. If automated triggering is used, the 

injection duration is extended to account for the inherent

delay with this software (2–8 seconds).

When the coverage is targeted to the runoff segments

and the table speed £ 30 mm/sec, in most acquisitions the

injection duration is also set to equal the scan duration. 

A uniphasic injection is appropriate for the shorter injection

duration. An injection rate is derived by determining 

the patient’s appropriate contrast volume for the selected

contrast medium concentration and dividing this amount 

by the injection duration. If the injection rate exceeds the

tolerable limit for the accessed vein, the iodine concentra-

tion, the injection duration, or both should be increased. If

the injection duration is increased, the diagnostic delay

should be increased by the same amount.

Fast acquisitions occur with 8 ¥ 2.5 mm, 16 ¥ 1.25 mm,

and 16 ¥ 1.5 mm configurations (Table 28.5). With a 

64-channel system, a collimation greater than 1.0 (32 ¥
1.25 mm, 24 ¥ 1.2 mm configurations), a high pitch (>1.0),

and a fast gantry speed (<0.5) will routinely result in fast

acquisitions. These scan parameters translate into table

speeds of 45–70 mm/sec. For upper or lower extremity com-

plete coverage, if the injection duration is set to equal the scan

duration, an insufficient iodine dose may be delivered and the

scan acquisition may be too fast for the required transit time

through the extremity vascular tree. The solution is to use a

fixed biphasic injection and increase the scan delay such that

the scan and injection durations end simultaneously. For

a targeted extremity exam, a fixed uniphasic injection is
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Table 28.4 Injection protocols for extremity CTA with MDCT table speed £ 30mm/sec

300mg I / ml CM 350mg I / ml CM 370mg I / ml CM

Scan Iodine Biphasic Biphasic Biphasic
Weight delay dose‡ Iodine flux Volume injection Volume injection Volume injection

(Kg) (s) (grams) (g @ g/s) (ml) (ml @ ml/s) (ml) (ml @ ml/s) (ml) (ml @ ml/s)

51–60 tCMT+2–8* 27.5 5.5 @ 1.1 92 18 @ 3.7 79 16 @ 3.1 74 15 @ 3.0
22 @ 1.0 73 @ 3.2 63 @ 2.7 59 @ 2.6

61–70 tCMT+2–8* 32.5 6.5 @ 1.3 108 22 @ 4.3 93 19 @ 3.7 88 18 @ 3.5
26 @ 1.1 87 @ 3.8 74 @ 3.2 70 @ 3.1

71–80 tCMT+2–8* 37.5 7.5 @ 1.5 125 25 @ 5.0 107 21 @ 4.3 101 20 @ 4.1
30 @ 1.3 100 @ 4.3 86 @ 3.7 81 @ 3.5

81–90 tCMT+2–8* 42.5 8.5 @ 1.7 142 28 @ 5.7 121 24 @ 4.9 115 23 @ 4.6
34 @ 1.5 113 @ 4.9 97 @ 4.2 92 @ 4.0

91–100 tCMT+2–8* 47.5 9.5 @ 1.9 158 32 @ 6.3 136 27 @ 5.4 128 26 @ 5.1
38 @ 1.7 127 @ 5.5 109 @ 4.7 103 @ 4.5

101–110 tCMT+2–8* 52.5 11 @ 2.1 175 35 @ 7.0 150 30 @ 6.0 142 28 @ 5.7
42 @ 1.8 140 @ 6.1 120 @ 5.2 114 @ 4.9

111–120 tCMT+2–8* 57.5 12 @ 2.3 192 38 @ 7.7 164 33 @ 6.6 155 31 @ 6.2
46 @ 2.0 153 @ 6.7 131 @ 5.7 124 @ 5.4

Note: Injection protocols presented are for an average scan distance of 900 mm and a table speed of £30 mm/sec. The injection dura-
tion is programmed to equal the scan duration. The delay is established by automated triggering or a timing bolus. *When automated
triggering is used, the overall scan delay and injection duration are increased by a value equivalent to the inherent delay (i.e. 2–8 sec).
The iodine dose (500 mgI/kg) and flux are optimized by adjusting the injection rate and volume. Both vary according to the concentra-
tion of the contrast medium. A biphasic injection is utilized, with 20% of the contrast volume administered over the first 5 seconds and
80% administered over the remaining acquisition time. If the injection rate exceeds the tolerable limit for the venous access site, the
concentration and/or the injection duration along with the diagnostic delay can be increased. For patients £50kg or ≥121kg, the rate
and volume are further decreased or increased, respectively. Saline flush is always utilized.
tCMT = contrast medium transit time.
‡ = Average.
CM = Contrast medium.
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selected and the scan delay is similarly increased. To attain

the required iodine dose, the injection rate and concentration

are varied according to the body weight. If the delay is too

long (>15 seconds), unwarranted venous opacification in the

inflow and outflow regions may result. In this instance the

table speed should be slowed down.

6.3 Saline flush

Saline flush is administered with a dual-chamber injector

immediately following the contrast medium infusion. The

saline injection improves contrast utilization and reduces

perivenous streaks artifacts. Depending on the patient’s

body size, a small volume (10–50 milliliters) is injected at a

rate equal to the contrast medium injection rate. If a bipha-

sic contrast medium protocol is utilized, the saline injection

rate defaults to the second injection rate.

7 IMAGE DISPLAY

Interpretation and communication of an upper or lower

extremity CTA requires efficient and effective image 

display. Two (2D) and three dimensional visualization 

techniques are fundamental and necessitate the use of an

advanced 3D workstation. Each technique has advantages

and disadvantages, which impact whether a technique is used

for vessel overview or analysis. The quality of all post-rocessed

images is inherently dependent on acquisition technique and

the degree of contrast enhancement.

7.1 Visualization techniques

There are four principle visualization techniques for display-

ing upper and lower extremity vasculature (Table 28.6):

maximum intensity projection (MIP), volume rendering

(VR), multiplanar reformations (MPR), and curved 

planar reformations (CPR). Their interactive use forms 

the basis for real time interpretation. Generation of protocol-

driven static post-processed images aids review of the source

images and coronal, sagittal, and oblique reformations. With

all techniques, flexible angiographic window and level set-

tings are used. This includes a wide window setting for vas-

cular calcification, high contrast attenuation, or both.

7.1.1 Vessel tree overview

MIP and VR provide angiographic displays of the upper

and lower extremity vasculature (Figure 28.3). Either can 
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Table 28.5 Injection protocols for extremity CTA with MDCT table speed >30mm/sec

300 mg l / ml CM 350 mg l / ml CM 370 mg l / ml CM

Scan Scan Iodine Biphasic Biphasic Biphasic
time delay dose Iodine flux Volume injection Volume injection Volume injection
(s) (s) (grams) (g @ g/s) (ml) (ml @ ml/s) (ml) (ml @ ml/s) (ml) (ml @ ml/s)

30 tCMT 35 7 @ 1.4 117 23 @ 4.7 100 20 @ 4.0 95 19 @ 3.8
28 @ 1.1 93 @ 3.7 80 @ 3.2 76 @ 3.0

24 tCMT+6* 35 7 @ 1.4 117 23 @ 4.7 100 20 @ 4.0 95 19 @ 3.8
28 @ 1.1 93 @ 3.7 80 @ 3.2 76 @ 3.0

20 tCMT+10* 35 7 @ 1.4 117 23 @ 4.7 100 20 @ 4.0 95 19 @ 3.8
28 @ 1.1 93 @ 3.7 80 @ 3.2 76 @ 3.0

16 tCMT+14* 35 7 @ 1.4 117 23 @ 4.7 100 20 @ 4.0 95 19 @ 3.8
28 @ 1.1 93 @ 3.7 80 @ 3.2 76 @ 3.0

12 tCMT+16* 35 7 @ 1.4 117 23 @ 4.7 100 20 @ 4.0 95 19 @ 3.8
28 @ 1.1 93 @ 3.7 80 @ 3.2 76 @ 3.0

Note: Injection parameters are for an average scan distance of 900 mm and a table speed of >30 mm. A biphasic protocol with a total
injection duration of 30 seconds is required to achieve robust enhancement,. Contrast medium transit time is established with auto-
mated triggering or bolus timing. *A diagnostic delay is added to the beginning of the scan duration, so that the delivery of contrast
medium and the scan acquisition end together. If automated triggering is used, the diagnostic delay will be reduced by an amount
equal to the inherent delay (2–8 seconds). Higher concentration contrast medium affords reduced injection rates and volumes. Saline
flush is always used.
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be used to rapidly formulate a structural overview and

determine the location of vascular abnormalities. Compared

to MIP, VR offers a more comprehensive means to display

the upper or lower extremity vasculature and relationships

with extravascular structures. Both techniques are depend-

ent on pre-rendering editing to remove bone and other

anatomical structures which may obscure visualization of

the extremity vasculature. Alternatively, variable sliding

thin-slabs or cut-planes can be utilized with interactive rota-

tion, magnification, and window and level settings.

MPRs with coronal, sagittal, and oblique projections

provide limited overview of the upper or lower extremity

vascular segments. MPR requires stepping through each

image and since vessels curve in and out of the planes, stan-

dard MPRs can not display an entire vascular segment in

one image. The solution is to generate longitudinal cross-

sectional 2D CPR static or rotational displays by drawing a

center line through the vessel lumen on the axial, coronal, or

sagittal images (Figure 28.4). An alternative means to

improving the spatial perception of MPR is to apply a thick

slab (thick MPR) (Figure 28.4).

7.1.2 Vessel analysis

MPR and CPR technique are more suited for detailed 

evaluation of vascular segments. Analysis of transverse MPR

cross sections, CPR cross sections, or both is performed

through each suspected region of abnormality. These tech-

niques are fundamental for assessing calcified and non-calci-

fied atheromatous plaque, vessel wall thickening, lumen

patency, and stent patency. MIP and VR techniques are lim-

ited in this evaluation, particularly with diffuse vessel wall cal-

cification. Orthogonal (coronal and sagittal) CPR views are

necessary as eccentric lesions may not be accurately depicted in

one view alone.

7.2 Source images

Source image review is important for verifying image 

quality, confirming vascular findings, and assessing 

non-vascular anatomy. Review of the axial source images is

facilitated by generating 2.5–5 mm thick reconstructions.

Alternatively coronal and sagittal reformations (1.5–2.0 mm

thickness) can be used. The ability to evaluate non-vascular

anatomy allows an extremity CTA to be used as complete

‘one-stop shop’ modality. Relevant non-vascular structures

can be assessed with the same bolus of contrast medium.

This includes the kidneys and extremity soft tissues and 

muscles, for signs of ischemia. As the volume coverage

includes multiple organ systems, interpretation should 

also address pathology in unrelated, but, nonetheless

depicted organs.
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Table 28.6 Visualization techniques

Display Principle use Advantages Disadvantages

MIP 2D ∑ Angiographic ∑ ‘Slice’ through dataset in transverse, ∑ Vessel, bone, visceral overlap
overview coronal, sagittal, and oblique projections ∑ Limited stent lumen evaluation

∑ Depict small caliber vessels ∑ Limited by heavy calcium
∑ Depict poorly enhancing vessels
∑ Communicate findings

VR 3D ∑ Angiographic ∑ ‘Slice’ through dataset in transverse, ∑ Opacity-transfer function 
overview coronal, sagittal, and oblique projections dependent

∑ Structural overview
∑ Spatial perception
∑ Communicate findings

MPR 2D ∑ Vessel analysis ∑ ‘Slice’ through dataset in transverse, ∑ Limited spatial perception
∑ Structure coronal, sagittal, and oblique projections
∑ Flow lumen ∑ Accurate display of stenoses, 
∑ Vessel wall occlusions, calcification, stents

CPR 2D ∑ Vessel analysis ∑ Complete longitudinal vessel cross ∑ Operator dependent
sectional display

∑ Flow lumen ∑ Accurate display of stenoses, 
∑ Vessel wall occlusions, calcification, stents

2D = two dimensional, 3D = three dimensional.
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8 CLINICAL APPLICATIONS

8.1 Arterial occlusive disease

8.1.1 Chronic ischemia

The most common cause of chronic ischemia in the extrem-

ities is peripheral atherosclerotic disease (PAD). Other

causes include radiation arteritis, vasculitis, repetitive com-

pression (i.e. thoracic outlet syndrome), and recurrent

thromboembolism. PAD, however, will be the focus of dis-

cussion in this section.

Peripheral atherosclerotic disease (PAD) in the lower

extremities affects an estimated 12–20 million people.5,6

PAD occurs with much less frequency in the upper extremity,

but nevertheless can be equally debilitating. Functional

activity may be impaired from intermittent claudication.

Alternatively, chronic ischemia may lead to threatened

limbs with rest pain, non-healing ulcers, and tissue loss. Risk

factors for PAD include tobacco use, hypertension, diabetes

mellitus, hyperlipidemia, coronary atherosclerotic disease,

and carotid atherosclerotic disease.5,7,8

CT angiography has proven to be an accurate and reli-

able modality for PAD evaluation in upper9 and lower

extremity native arteries (Table 28.7)10–18 stents, and bypass

grafts.19 With regards to native extremity arteries, while

CTA is used commonly for assessment of symptomatic

patients, CTA can also be applied to screen asymptomatic

high risk patients, particularly those who may have an

A B C

Figure 28.3 Angiographic Displays 64-channel CT angiography was performed for surveillance in a patient with known
iliac aneurysms and peripheral atherosclerotic disease, s/p bilateral femoral – popliteal interposition bypass. Volume ren-
dering (A, VR) provides a robust display of the vascular tree, demonstrating bilateral common iliac aneurysms (large
arrows) and femoral – popliteal grafts (arrow heads). Note the bilateral proximal graft anastomotic ectasia and the mid right
graft aneurysmal formation (small arrow). Maximum intensity projections (MIP) can also be used for angiographic display.
MIPs offer the added benefit to localize the extent of vascular calcifications (B). With both VR and MIP, pre-processing edit-
ing is often required to remove overlapping structures (i.e. bone, devices). Alternatively, thin-slabs can be applied with VR
and MIP. As used in this case, thin-slab MIP through the proximal right lower extremity (B) is targeted to display the right
iliac system through the distal graft, again demonstrating the right common iliac aneurysm (large arrow) and the right
femoral – popliteal graft aneurysm.
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abnormal ankle-brachial index. Earlier diagnosis can guide

medical management and endovascular treatments prior to

limb ischemia, potentially changing the disease course and

improving patient outcome. Similarly, CTA can be used for

stent and graft surveillance, prior to patients becoming

symptomatic from stent and graft stenoses or occlusions.

CTA PAD evaluation primarily focuses on the arterial

lumen and wall (Figure 28.5). Similar information can only

be acquired with catheter angiography by obtaining acqui-

sitions from multiple angles and by using intravascular

ultrasound, both of which add procedural time and expose

the patient to potential increased risk. CTA interpretation

characterizes atherosclerotic lesions with regards to the

number, type (i.e. stenosis, occlusion), location, length, com-

position, and stenosis percentage. The degree of calcifica-

tion, the presence of plaque ulcerations and penetrating

ulcers, and the nature of eccentric lesions are also addressed.

Stents and grafts are evaluated for integrity, patency, neo-

intimal hyperplasia, and in-situ thrombus. In all exams,

characterizing and measuring the inflow and outflow distal

378 Computed Tomography of the Cardiovascular System

Figure 28.4 Vessel Analysis Multiplanar (MPR) and curved planar (CPR) reformations are the principle techniques to
analyze the vessel lumen and wall. While MPRs display limited segments of a vascular territory, CPRs are advantageous
in that they can display an entire vascular territory of interest in a single two-dimensional image. As illustrated in the same
patient from Figure 3, a CPR trace was generated from the distal infra-renal aorta through to the popliteal artery by plac-
ing points along the center lumen, confirming no flow limitation and no aneurysm thrombus (A, arrows). An alternative
means to improving MPR spatial perception, at the expense structural detail, is to apply a thick MPR (B).
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Table 28.7 Performance of lower extremity MDCTA

Author Collimation TH N Sensitivity (%) Specificity (%) Accuracy (%)

Ofer13 2003 4 ¥ 2.5 3.2
∑ >50% stenosis-occlusion 18 91 92 92

Martin12 2003 4 ¥ 2.5 5.0 41
∑ >75% stenosis 92 97 NA
∑ occlusion 89 98 NA

Ota14 2004 4 ¥ 2.0 2.0 24
∑ >50% stenosis 99 99 99
∑ occlusion 96 98 98

Portugaller15 2004 4 ¥ 2.5 2.5 50
∑ >70% stenosis-occlusion‡ 92 83 86

Catalano10 2004 4 ¥ 2.5 3.0 50
∑ >50% stenosis-occlusion 96 93 94

Romano16 2004 4 ¥ 2.5 3.2 42
∑ >50% stenosis-occlusion 93 95 94

Edwards11 2005 4 ¥ 2.5 3.2 44
∑ >50% stenosis 79/72 93/93
∑ occlusion 75/71 82/81

Willmann18 2005 16 ¥ 0.75 0.75 39
∑ >50% stenosis-occlusion 96/97 96/97 96/97

Schertler17 2005 16 ¥ 0.75 0.75 17
∑ >50% stenosis-occlusion 98 95 96

Collimation = No. channels x detector width (mm). TH = slice thickness. N = number of patients. ‡ Cross sectional area reduction

runoff arteries for lesions, stents, and grafts are equally

important. Secondary CTA PAD evaluation assesses end

organ sequelae which may include skin ulcers, local tissue

loss, and generalized muscle atrophy.

All of the CTA findings factor into endovascular and

surgical treatment planning, including endovascular access

and device selections; surgical approach and graft selections;

and technical considerations. With greater pre-procedural

knowledge, CTA has the potential to contribute to

decreased procedural complications.

8.1.2 Acute ischemia

Acute upper or lower limb ischemia results from arterial

occlusion without the development of collateral pathways.

Etiologies include: (1) primary thrombosis, (2) arterial

thromboembolism, and (3) trauma. Primary native artery

thrombosis may result from a ruptured plaque in the setting

of chronic PAD or from in-situ aneurysm thrombosis.

Extremity arterial emboli arise upstream to the occlusion,

either from the heart, atherosclerotic lesions, aneurysms, or

regions of intimal irregularity (i.e. chronic repetitive trauma).

Stents and grafts can occlude acutely as a result of in-situ

thrombosis, emboli, or inflow and outflow flow disturbances.

CTA is also useful for diagnosing acute ischemia and

planning the appropriate treatment strategies (Figure 28.6).

Typical findings for native arterial acute occlusion are a cen-

tral arterial filling defect, an abrupt arterial cutoff, or both.

Grafts and stents typically show occlusion with a ‘cast’ of

thrombus. Imaging should include the entire vascular tree

so that the upstream segments through to the digital arteries

are evaluated. Depending on the clinical suspicion for a car-

diogenic embolic source, diagnostic assessment can be sim-

plified by combining an ECG-gated cardiac CT angiogram

with an extremity CTA. Treatment strategies include

catheter directed thrombolysis and surgical thrombectomy.

8.2 Vasculitis

Vasculitis is defined as inflammation of the walls of 

large, medium, or small vessels. Any organ system may be

involved, and most commonly arteries are affected rather

than veins. With regards to the extremities, in distinction to

atherosclerotic disease, vasculitis occurs more frequently in

the upper extremity as opposed to the lower extremity.

Patients often present with constitutional symptoms (i.e.

fever myalgias, arthralgias, and malaise) and extremity

ischemia ranging from pain to ulcerations and gangrene.
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A

C D E

B

Figure 28.5 Chronic Ischemia Lower extremity CT angiography was performed on a 64-channel multidetector-row scan-
ner, for a patient with worsening left buttock and right thigh claudication. Multi-station runoff images show high grade prox-
imal right external iliac stenosis (A, small arrow), left common iliac occlusion (A, large arrow), and right superficial femoral
artery mid segment occlusion (C, arrows), with a three vessel runoff bilaterally (D-E). An oblique MPR (B) through the left
iliac system confirms thrombotic occlusion (arrow) as well mixed composition plaque in the imaged distal abdominal aorta
and right common iliac artery.
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A B

Medium and small vessel involvement can lead to secondary

Raynaud’s vasospastic phenomenon.

Upper extremity large vessel vasculitides include

Takayasu Arteritis and Giant Cell Arteritis. Both may 

also involve medium size proximal outflow arteries. In 

the upper and lower extremity, Thromboangiitis Obliterans

(Buerger’s Disease) and Behçet’s disease can involve medium

and small size arteries in addition to veins. Small vessel 

vasculitis is more typically seen in the upper extremity.

Etiologies include Rheumatoid arthritis, Sjögrens’s syndrome,

Wegener’s granulomatosis, polyarteritis nodosa, scleroderma,

systemic lupus erythematosus, polymyositis, dermatomyositis,

and mixed connective tissue disorders.

Following a detailed history and physical examination,

evaluation begins with laboratory analysis for elevated 

cellular inflammatory markers, including erythrocyte sedi-

mentation rate, C-reactive protein, antineutrophilic cyto-

plasmic antibodies.20,21 Duplex ultrasound with plesmography

is an effective non-invasive means to initially image the

extremity vascular morphology and characterize blood

flow. While these measures often lead to a working diagno-

sis of vasculitis, angiography may be required to confirm the

diagnosis, define the extent of vasculitis, and exclude 

concomitant proximal or alternative disease.

CT angiography readily achieves these advanced imag-

ing goals (Figure 28.7). The complete vascular tree is

scanned so that coverage affords assessment of the proximal

territories as well as the palmar, pedal, and digital vessels.

Vascular findings may include smooth short and long seg-

ment stenoses, focal stenoses, focal and tandem occlusions,

aneurysms, and pseudoaneurysms. Atherosclerotic plaque

and embolic sources are typically absent. In Thromboa-

ngiitis Obliterans, ‘corkscrew’ collateral arteries are often

present. Recognizing vessel wall thickening with or without

adjacent inflammatory changes on the source images is 

crucial to the specific diagnosis. If palmar, pedal, or digital

arteries show poor or absent enhancement during the first

pass, an immediate delayed acquisition should be acquired.

Venous enhancement on delayed phase with persistent, 

diffuse poorly enhanced arteries in the hand or foot is

indicative of small vessel disease.

8.3 Trauma

Traumatic vascular injuries to the upper and lower extrem-

ities can be divided into two groups: (1) exposure injuries

and (2) blunt and penetrating trauma. Exposure injuries can

Figure 28.6 Acute Ischemia A 2 year old presents with decreased left pedal pulses following left femoral catheteriza-
tion. Maximum intensity projection (A) and volume rendered (B) images show long segment occlusion of the left common
iliac and external iliac arteries, (long yellow arrow), with left common femoral artery reconstitution (short yellow arrow) via
the left internal iliac artery (yellow arrow head) and obturator to medial circumflex artery collateral flow (green arrowheads).
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A B

C D

Figure 28.7 Vasculitis 7 year old male with left 2nd and 3rd digit subacute ischemia. While vasculitis was suspected
clinically, upper extremity CT angiography was performed to exclude an alternative etiology. Figures A-C show no inflow
stenosis, thoracic compression, or proximal outflow vascular pathology which could cause arterial thromboembolism.
Volume rendered (C) and maximum intensity projection (D) images reveal diminutive, poorly enhancing arteries in the
distal forearm and hand, consistent with small vessel disease.
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be secondary to radiation (radiation arteritis), caustic agents,

polyvinylchloride (Acro-osteolysis), electrical current (elec-

trical injuries), and extreme temperatures (thermal injury).

Injuries from any of these exposures can result in vascular

inflammation and fibrosis. Blunt and penetrating trauma

can cause injury to arteries, veins, or both. Blunt extremity

vascular injuries are associated with musculoskeletal

trauma, repetitive vibration tool exposure, or repetitive

work (Hypothenar Hammer Syndrome) or athletic

(Thoracic Outlet–Inlet Syndromes) related motions.

Penetrating injuries are associated with gun shot wounds

and piercing objects – including iatrogenic catheter injuries.

While most arterial injuries require endovascular or 

surgical treatment, most venous injuries can be treated 

conservatively.

Patients with radiation exposure or repetitive vibration

tool, work, or athletic blunt trauma may present with either

subacute to chronic ischemia with or without secondary

Raynaud’s phenomenon. All other trauma patients typically

present emergently. In this setting, prompt recognition of

extremity arterial injury or uncontrolled venous injury is

important for limb survival. Physical examination and tar-

geted Doppler ultrasonography are the core means to ini-

tially evaluating these patients. Physical examination should

include determination of the ankle or wrist–brachial index.

Patients are triaged into three groups: those with definite

vascular injury, those with possible vascular injury, and

those with proximity injury only.

Signs of definite extremity vascular injury include active

hemorrhage, expanding pulsatile hematoma, hemodynamic

instability, and limb ischemia. These patients are brought

emergently to either the endovascular suite or the operating

room for control and repair of the vascular injury. Imaging

may be required to provide a vascular map and aid vascular

and soft tissue reconstructions.

Patients with possible vascular injury are hemodynami-

cally stable with non-threatened limbs, but may have

decreased or absent distal pulses, a bruit, a decreased ankle

or wrist brachial index, or a non-pulsatile expanding

hematoma. These patients proceed to imaging for evalua-

tion of suspected vascular injury. It is in this group of

patients that CT angiography may have the greatest impact,

since imaging is used not only for diagnosis, but also for

planning of definitive therapy (Figure 28.8).

Proximity injury is defined as a traumatic wound near a

vascular structure. Patients are hemodynamically stable,

with intact vascular supply and without expanding

hematomas. The ankle or wrist brachial index is normal and

extremities are viable. These patients are observed for

delayed signs of vascular injury. Imaging is not initially

required.

CT angiography is a useful and effective non-invasive

alternative to conventional angiography. In most medical

centers, CT scanners are in close proximity to the emergency

room, are readily available, and are conducive to managing

critical trauma patients. CT also provides a practical complete

trauma evaluation in that multiple organ systems are evalu-

ated with one modality.

When the extremity is the only area of injury, targeted

Extremity Runoff protocols are sufficient. Imaging begins

one vascular territory above the injury and continues to the

digits. When extremity imaging is combined with other

regions of the body, scan coverage is extended. In both situ-

ations, a delayed acquisition may be required to further

define the vascular injury.

As with conventional angiography, CT angiography 

readily depicts vascular compression, vasospasm, intimal tears,

lacerations, occlusions, pseudoaneurysms, and arterio-venous

A B

Figure 28.8 Trauma A: An eight year old male sus-
tained a GSW to the left knee. The patient was hemody-
namically stable, however distal pulses were diminished.
CT angiography demonstrates popliteal artery occlusion
(long arrow), with vasospasm present in the reconstituted
infrageniculate popliteal artery segment (short arrow).
B: A 35 year old female sustained a GSW to the right calf.
The patient was hemodynamically stable with a large, non-
expanding hematoma. CT angiography demonstrates a
focal peroneal artery pseudoaneurysm (large arrow) with
focal peroneal occlusion versus vasospasm (short arrow).
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fistulas. In distinction to catheter angiography, CTA can

more reliably define vascular injuries in relation 

to skeletal fractures and soft tissue injuries, particularly

hematomas. Pitfalls include metallic streak artifacts 

(i.e. hardware, bullets), non-enhancement segments, and

early asymmetric venous enhancement. With non-enhanced

segments, it is difficult to distinguish vasospasm from trau-

matic occlusion. With early asymmetric venous enhance-

ment, it is important to distinguish hyperemia from a

traumatic arteriovenous fistula.

8.4 Venous occlusive disease

Venous occlusive disease occurs more commonly in the

lower extremities as compared to the upper extremities. In

both, deep veins are most often involved. Etiologies may be

primary or secondary. Primary thrombosis occurs sponta-

neously or in the setting of intrinsic thrombophilia, extrinsic

compression, or both. Causes of thrombophilia include

mutations of factor V Leiden and prothrombin and defi-

ciencies of antithrombin, protein C, and protein S.22

Secondary thrombosis occurs as a result of extrinsic factors

which increase the inherent thrombotic state. Common fac-

tors include intravenous devices, malignancy, oral contra-

ceptives, surgery, pregnancy, puerperium, and prolonged

immobilization.

Patients with venous occlusive disease may present with

extremity enlargement, pain, heaviness, and skin discol-

oration. Physical findings include edema, erythema, and

prominent ipsilateral veins with or without a palpable cord.

With complete venous outflow obstruction, arterial inflow

may be compromised, leading to arterial ischemia with or

without gangrene.

Prompt recognition of upper and lower extremity

venous thrombosis is critical. Undiagnosed deep venous

thrombosis can lead to fatal pulmonary embolism.

Diagnostic evaluation focuses on up to four tasks: (1) con-

firming the presence of thrombus and estimating its burden;

(2) determining whether thrombus is occlusive or nonocclu-

sive; (3) assessing the end-organ sequelae, including extrem-

ity edema and pulmonary embolism; and (4) identifying

primary and secondary risk factors.

Although Duplex ultrasonography is the first line

modality to evaluate suspected extremity venous thrombo-

sis, indirect upper and lower extremity CT venography

(CTV) provides a comprehensive evaluation of the venous

system (Figure 28.9). Key strategies to achieving robust

CTV image quality and 3D displays include dosing contrast

medium according to the patient’s body weight, timing the

acquisition to either the late arterial or equilibrium phase,

and using a section thickness not greater than 2.0 mm.

Acute venous thrombosis manifests on CTV as a central

venous filling defect, associated with expanded vein caliber,

soft tissue stranding, and edema. Chronic venous thrombo-

sis may appear as mural thickening, webs, or attenuated cal-

iber from recanalization and negative remodeling.

8.5 Vascular masses

Vascular masses in the upper and lower extremity include

aneurysms, congenital lesions (i.e. vascular malformations),

benign and malignant tumors, and tumor-like conditions.

Evaluation begins with an intake of the clinical history,

presentation, and physical findings. Imaging options range

from conventional radiography and ultrasound to Tc-99m

RBC scintigraphy, CT, and MRI.

With CTA, the exam protocol is tailored to the location

and the type of suspected or known vascular mass. The pri-

mary imaging objectives are to: (1) characterize the location,

size, extent, and composition of the mass and (2) map out the

vascular supply to the mass (Figure 28.10). Local and distant

non-cardiovascular structures are also evaluated, as in the

case of vascular tumors. In this instance, local invasion and

distant metastasis need to be excluded. Following surgical or

endovascular treatment of vascular masses, CTA can also be

used to assess for residual and recurrent disease, and assess

for post-operative complications.

Targeted Extremity Runoff protocols are sufficient for the

majority of upper and lower extremity CTA evaluations of

vascular masses. Imaging should begin one vascular territory

above the mass and continue to the digits. A delayed phase

may be required to further define the mass, particularly if the

mass is a venous or veno-lymphatic malformation.

8.6 Reconstruction surgery

Options for surgical reconstructions of extremity wounds

include direct wound closure, skin grafting, local tissue

transfer, and free tissue transfer (‘free flap’).23 Depending on

the complexity of the wound, the planned surgical recon-

struction, and the presence of underlying vascular disease,

imaging may be required to map out the arteries and veins.

Imaging is most commonly utilized prior to vascular-

ized tissue transfer reconstructions, whether the extremity is

to be the donor or recipient site. Clinically, upper and lower
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A

B C

Figure 28.9 Indirect CT Venography Upper extremity CT venography on a 16-channel scanner was performed in a
patient with recurrent SVC syndrome. The patient has previously undergone right brachiocephalic vein (BCV) stent place-
ment. VR (A) and targeted MPR (B) images through the right central veins show high grade stenosis of the native right
subclavian vein, just proximal to the stent (long arrow) with patent deep veins in the upper arm (A, short arrows). A selec-
tive MPR view through the left BCV (C) reveals that the right BCV stent crosses the left BCV origin, obstructing antegrade
flow (asterix).
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A

C

B

Figure 28.10 Vascular Mass 16 year old male with a slow flow
venous malformation centered at the distal right dorsal forearm. The
malformation causes radial erosion and bony overgrowth (A, B; arrows).
Primary arterial supply is from the dorsal interosseous artery (C; yellow
arrow). A second slow flow venous malformation is present between the
2nd and 3rd metacarpals (short yellow arrow), while a focal phlebolith is
present between the first and second metacarpals.
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extremity CTA has proven useful to plan surgical proce-

dures, ensure flap viability, and prevent ischemia.24,25

Objectives are to: (1) assess the patency and caliber of the

target arteries and veins; (2) assess the patency of and com-

munication between potential collateral pathways; and (3)

screen for normal variant origins, atherosclerotic disease,

perivascular fibrosis, radiation arteritis, and other vascular

abnormalities (Figure 28.11).

When the upper extremity is considered to be a harvest

site, the radius or ulna may be used as composite free flaps.

Imaging begins at the subclavian artery level as the radial or

ulnar artery may arise aberrantly from as high as the axillary

artery. In the lower extremity, the fibula is utilized as a

donor free flap. Imaging may begin at the groin or mid

thigh, depending on index of suspicion for arterial occlusive

disease. For both upper and lower extremities, imaging

extends to the digits with assessment of palmar and pedal

arches, respectively.

Regarding recipient extremity reconstructions, pedicle

or free flaps may be used. CTA coverage is applied in a

more targeted fashion such that imaging often begins at one

vascular territory above the wound. In most instances, cov-

erage extends through to the digital arteries.

8.7 Hemodialysis access

End-stage renal disease (ESRD) is the non-reversible deteri-

oration of renal function. In the majority of patients,

hemodialysis is ultimately necessary. Successful hemodialysis

depends upon the performance of the hemodialysis vascular

access. Options for vascular access include inserting a tempo-

rary or permanent central venous catheter or surgically cre-

ating an arteriovenous fistula (AVF) or graft (AVG).

Dialysis Outcome Quality Initiative (K-DOQI) and Good

Nephrological Practice guidelines recommend autogenous

arteriovenous fistula (AVF) as the first choice as AVF have

better long term patency rates, fewer complications, and

reduced costs.26 While the majority of access is placed in the

upper extremity, lower extremity vasculature can also be

used for central lines, AVF, and AVG.

Achieving and maintaining patent vascular access begins

with patient history and physical examination. Imaging,

however, is an important adjunct and, in this regard, CT

angiography is a useful modality. CTA can be performed to

map out upper or lower extremity vasculature prior to 

placing a hemodialysis central line or creating an AVF or

AVG. The primary goal of vascular mapping is to define the

A B

Figure 28.11 Vascular Mapping Left upper extremity CT angiography was performed on a 16-channel scanner to
assess candidacy for TRAM (transverse rectus abdominis myocutaneous) flap reconstruction. A select VR image demon-
strates diffuse atherosclerotic disease in the left subclavian, axillary, and brachial arteries, with short segment brachial
artery occlusion and a well developed collateral artery reconstituting the brachial artery. Given the extent of proximal arte-
rial occlusive disease, the left internal mammary artery and vein (not shown) were used for recipient vascular targets,
rather than thoracodorsal targets.
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caliber and patency of inflow and outflow arteries and veins

specific to the access site. Recognition of small luminal

diameter or arterial and venous stenoses and occlusions

guides the decision process for selecting the appropriate vas-

cular access and location. Recognition of venous side

branches is also essential, as flow through side branches can

contribute to AVF non-maturation.

CTA can also be applied to assess dysfunctional AVF

and AVG (Figure 28.12). Inflow and outflow arteries and

veins require complete evaluation to exclude flow-limiting

stenoses, occlusions, or both. Hemodynamically significant

lesions may be found anywhere along the extremity vascular

tree, but in most instances are localized in proximity to the

access site. AVF should also be assessed for venous outflow

side branches. Rarely, AVG and AVF puncture site

pseudoaneurysms may be seen. The degree of arterial and

venous lesions and in the case of AVF, the presence of side

branches will influence decisions for endovascular or surgical

treatment.

As iodinated contrast medium is utilized, CTA in

ESRD patients should be coordinated with the patient’s

scheduled hemodialysis. Injection protocols reflect the

patient’s body weight and the caliber of the accessed vein.

For evaluation of dysfunctional AVG or AVF, targeted

non-contrast images are useful to define the location of

grafts and surgical clips. Unenhanced images are not rou-

tinely required for vascular mapping.

9 CONCLUSION

CT angiography is a comprehensive, robust modality for

evaluation of the upper and lower extremity peripheral vas-

cular systems. Its emergence has revolutionized diagnostic

algorithms for a wide spectrum of upper and lower extrem-

ity vascular disease and continues to facilitate treatment

planning while minimizing patient risk. Understanding the

core technical principles is essential for clinical success and

will help modify current protocols as new technology is

developed.
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Computed Tomographic Angiography 
of the Cervical Neurovasculature

Felix E. Diehn and E. Paul Lindell

1 INTRODUCTION

Computed tomographic angiography (CTA) is a non-inva-

sive tool for the evaluation of the cervical and cerebral vas-

culature. The development and application of this

technique has occurred later than the competing modalities

of digital subtraction angiography (DSA) and magnetic res-

onance angiography (MRA). While CTA is the relative

newcomer, recent advances in CT technology have made it

progressively more competitive with these other modalities.

The current use of CTA, MRA and DSA in the evaluation

of the cervical and cerebral vasculature is in flux, and is

driven by the rapid advance in scanner technology. As such

CTA needs to be considered in the context of these other

examinations. While there is variation in the relative utiliza-

tion of these modalities among large medical centers, several

trends are apparent.

DSA remains the gold standard in vascular imaging of

the head and neck. Its spatial resolution remains unrivaled.

The dynamic temporal information that can be obtained

about collateral flow patterns has not found a sufficient 

substitute in cross sectional imaging. Furthermore, it suffers

from few if any artifacts, which can be problematic for 

both CTA and MRA. Despite advances including safer 

contrast material, smaller catheters, and hydrophilic guide

wires, DSA remains associated with a small risk of neuro-

logic complications. In a recent prospective study of 2,899

consecutive cerebral DSAs, the incidence of neurological
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complications was low (1.3% [0.5% permanent, 0.2%

reversible, and 0.7% transient]).1 Similarly, a study of 19,826

consecutive patients undergoing diagnostic cerebral 

angiography at our institution demonstrated a very low neu-

rological complication rate of 2.63% (2.09% TIA, 0.36%

reversible, 0.14% permanent, and 0.05% death related to a

neurological condition) (Kaufmann et al, Radiology, in

press).125 However, this finite risk, the relative expense, and

the time- and resource-intensiveness of DSA has fostered the

development and improvement of noninvasive, cross-sec-

tional imaging methods, including ultrasound (US), MRA,

and CTA.

MRA of the neurovasculature has proven to be an excel-

lent test. Anecdotally, MRA of the neurovasculature is 

currently the test of choice for confirming and measuring sig-

nificant vascular stenosis suggested by screening US or clini-

cal exam. However, MRA can be limited by the spatial

resolution inherent to the commonly used screening exami-

nations and the tendency for interpretation to be performed

using approximations of the projectional appearance of DSA.

With the development of helical and multi-detector row

CT (MDCT) scanner technology and powerful postprocess-

ing software in the recent years, CT has become more

prevalent in clinical practice. These technical advances have

resulted in vastly improved spatial and temporal resolution

and fostered the development of CTA. Numerous authors

have shown CTA to be a cost-effective and minimally inva-

sive alternative to DSA for various neurovascular imaging
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applications. These applications include evaluation of the

cervical neurovasculature, which is the focus of this chapter.

Although beyond the scope of the present discussion, CTA

has also proved useful for the evaluation of intracranial

aneurysms, vascular malformations, cerebral venous pathol-

ogy, and stroke.

2 TECHNIQUE

CTA is a noninvasive imaging technique capable of produc-

ing high quality images of the extracranial and intracranial

neurovasculature. Today’s helical MDCT scanners allow

for rapid, extremely high resolution cross-sectional imaging,

with z-axis (craniocaudal) resolutions on the best scanners

approximating 0.5 mm. Images are acquired volumetrically

with continuous gantry rotation and patient table transla-

tion. Commercially available postprocessing software

enables the creation of multiplanar 2D and 3D images from

the axial source images.

CTA for neuroradiology applications demands high

quality image acquisition. In principle, a 3D volume con-

taining the vessels of interest is imaged during their peak

enhancement phase. Today’s helical MDCT scanners allow

imaging of relatively large areas of anatomic coverage with

sub-millimeter resolution. Optimal results are dependent on

the interplay of multiple factors, which include acquisition

parameters, contrast administration and timing, image

reconstruction methods, and image postprocessing tech-

niques. A brief discussion of CTA technique and postpro-

cessing as it relates to the cervical neurovasculature follows;

the interested reader is referred to several excellent recent

reviews.2–5

2.1 Image acquisition

Multiple technical parameters must be optimized for suc-

cessful neurovascular CTA. At present, we perform carotid

CTA using 64-slice CT scanners (Sensation 64 system,

Siemens, Erlangen, Germany). This MDCT scanner system

enables the use of isotropic voxels to the level of 0.4 mm.

Such extremely high spatial resolution allows data recon-

struction in any plane with minimal partial volume effects.

At our institution, a standard neck CTA protocol con-

sists of the following parameters: caudocranial spiral scan,

0.5 sec rotation, 64 × 0.6 collimation, pitch 0.75, feed 

16.3 mm/rotation, 120 kVp, 350 mAs, and 500 mm FOV.

Using these parameters, images of the carotid arteries from

the aortic arch to the skull base can be obtained in approxi-

mately 8 seconds. The fast scan speed allows for exclusive

arterial phase acquisitions and results in limited patient

motion artifacts, which is particularly helpful in those with

decreased mental status.

2.2 Intravenous contrast

A reproducible contrast injection and timing protocol is a

prerequisite for high quality neck CTA. In general, high

injection rates of highly concentrated contrast material are

optimal. MDCT scanners enable faster imaging than single-

detector row scanners, with faster injections and lower total

volumes of contrast. Using the 64-slice CT scanner systems,

we typically inject 100 cc of 350 mg/ml iodinated contrast at

4 cc/sec using a power injector. The right antecubital vein is

preferable in order to avoid streak artifact from contrast in

the left brachiocephalic vein and superior vena cava. A 30 cc

saline bolus ‘flush’ is administered immediately following

the contrast injection to maximize the use of the contrast

material and decrease venous streak artifact. We have used

volumes as low as 50 cc of contrast and obtained diagnostic

studies; however this is only typically performed in light of

other limitations, such as renal disease.

When using MDCT, there are two general options for

timing the delay between the injection of contrast material

and the initiation of the acquisition. Rather than using an

empiric delay, both of these methods allow individual-

ization of timing in each patient, thereby minimizing the

volume of contrast material and maximizing contrast 

opacification of the chosen vessels. First, automatic bolus

tracking techniques enable real-time detection of the arrival

of contrast material. These require only a single injection of

contrast material. At our institution, triggering at the level

of the aortic arch with a threshold of 50 Hounsfield Units

has yielded excellent arterial contrast with little if any con-

founding venous opacification (see Figure 29.4). In our

experience, triggering at the level of the carotid arteries has

proved less reliable. Test bolus injections are a second

option. These require an additional injection of approxi-

mately 15 cc of contrast material to measure the transit time

to the internal carotid arteries.

2.3 Image reconstruction

Although we generally acquire images at a collimation of 

64 × 0.6 mm, we reconstruct the data to slightly thicker 
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thicknesses of 0.75 mm in order to decrease image noise.

Reconstructions are performed with at least 50% overlap to

minimize partial volume artifacts and improve 3D postpro-

cessing. In order to maximize precision of stenosis measure-

ments by minimizing blooming artifact associated with

calcifications, sharper kernels may yield better edge detection.

2.4 Image postprocessing

There are multiple useful postprocessing techniques com-

monly employed in CTA which can provide additional

information: multiplanar reformation (MPR), maximum

intensity projection (MIP), shaded-surface display (SSD),

and volume rendering (VR). These can help to increase

specificity for detecting pathology and to better display find-

ings to referring physicians. However, the more visually

pleasing and easily interpretable techniques are not always

as useful or accurate diagnostically. All of these techniques

permute the raw image data and frequently both resolution

and image information density will suffer. The axial source

images are essential to the interpretation of any CTA exam-

ination of the neurovasculature. Importantly, these repre-

sent the rawest data. They should be reviewed primarily

and considered the principal image set for diagnosis. Any

finding seen using other postprocessing techniques should

be validated using the axial source images.

MPR of the axial source images is the primary diagnostic

tool for interpretation of neurovascular CTA, as it has the

highest fidelity with the axial source images. MPR is an

interactive, technically simple technique that is highly accu-

rate and allows for the creation of views in any plane. MPR

images enable precise vessel diameter measurements (see

Figure 29.1A, B, and D, and Figure 29.2C). Care should be

taken to employ image planes that are perpendicular to the

vessel lumen. A useful plane is an oblique sagittal one in the

plane of carotid bifurcation. This can readily display a steno-

sis as well as the normal internal carotid artery beyond the

lesion. Since the minimal luminal diameter may be in the

right-left direction, oblique coronal MPR can also be helpful.

MPR can also be performed as curved planar reformation,

which is useful to display tortuous structures. MPRs are gen-

erally advantageous compared to MIPs and volume-ren-

dered techniques for luminal and intraluminal information.

MIP images are technically simple and result in a 2D

projection of only the highest attenuation of a given scan

ray. While MIP images are often more visually pleasing

than thin section MPR data, they come at the cost of lost

luminal information (see Figure 29.1C and 29.2B). As only

the highest attenuation is projected for each pixel, low den-

sity luminal thrombus, vessel irregularity from dissection

and even stenosis in calcified vessels can be masked. The

problem is compounded as MIP images increase in thick-

ness. Despite these limitations MIP images are used as stan-

dard views in neurovascular CTA. At our institution, we

create 6.5 mm MIP images every 2.5 mm in three orthogo-

nal planes relative to the course of the proximal internal

carotid artery. These images are intended more for general

overview and not for primary diagnostic interpretation.

SSD is a technique that can provide a 3D surface render-

ing of a structure of interest. Similar to MIP, this method

also results in loss of information (see Figure 29.2A).

Thresholds are applied to separate the surface of the object

in question. SSD images typically include the contrast-

enhanced vessels, calcified plaque, and bone. Manual or

automated bone elimination techniques can be applied.

Gray-scale shading procedures simulate surface reflections

and shadowing from an artificial light source, thereby

enhancing depth perception. SSD can provide information

about the outer vessel wall and surface characteristics.

Unfortunately, using SSD it can be difficult if not impossi-

ble to differentiate between intraluminal contrast and calci-

fications, due to their similar attenuations.

A final type of postprocessing technique is VR.

Although this is also a threshold dependent technique, it is

generally considered a superior 3D method compared to

SSD. This method incorporates all of the raw CTA data.

Transfer functions map measured intensities to colors and

opacities. User-adjusted display parameters enable separa-

tion of different tissue types. Caution is needed as manual

adjustment of these parameters can alter vascular lumen

measurements. In addition, as a volume technique, VR does

not allow for cross sectional evaluation of the lumen.

Therefore, we generally do not use VR for measurement of

luminal diameters.

3 CAROTID ARTERY 
ATHEROSCLEROTIC DISEASE

3.1 Rationale

Carotid artery atherosclerotic disease is an important cause of

thromboembolic stroke. Several large randomized clinical

trials have shown that patients with severe (70–99%) carotid

stenoses may benefit from carotid endarterectomy (CEA) by

significant reduction in the risk of stroke.6–10 Moreover, it has

been shown that some patients with a moderate (50–69%)
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stenosis may also benefit from surgery.7,11,12 Because of the 

correlation between the amount of carotid artery narrowing

and the risk of ipsilateral thromboembolic stroke, the 

measurement of carotid stenosis is crucial to clinical 

management.

The major randomized CEA clinical trials have deter-

mined the percent carotid stenosis using conventional

catheter-based angiography, which remains the gold 

standard.6,10,13 However, due to the aforementioned rela-

tively increased time, expense and risk of DSA, noninvasive

394 Computed Tomography of the Cardiovascular System
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Figure 29.1 This set of reformatted images from the same patient demonstrates the value of multiplanar evaluation in
characterizing a complex lesion. In the thicker MIP image (C) it is difficult to identify the true lumen. This highlights the loss
of luminal information that results from the inclusion of adjacent calcified plaque in MIP images. Thinner MPR images in
multiple planes (A, B, and D) better demonstrate the true lumen and complexity of the lesion. (A) Thin MPR demonstrates
a complex right internal carotid artery (ICA) plaque. A contrast-filled ulcer is seen posterior to the narrowed ICA lumen
(arrow). (B) Thin MPR at the level of the right ICA bulb demonstrating maximal luminal stenosis with soft plaque posteri-
orly. (C) Thicker section MIP does not accurately demonstrate the maximal luminal stenosis. The connection to the ulcer
is not well seen. (D) Thin section sagittal MPR in the same plane as image C demonstrates the degree of stenosis and
overall lesion characteristics with greater fidelity than the MIP image (C).
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imaging of the carotid arteries is playing an increasingly

important role.

3.2 Imaging of carotid 
artery stenosis

At our and many other institutions, US is typically the ini-

tial imaging method of choice for screening of the carotid

arteries due to its easy availability, noninvasive nature, cost

effectiveness, and speed. However, there is no clear consen-

sus about Doppler criteria for stenosis. A recent review of 13

previously published sets of criteria showed that, although

US is excellent at excluding a >70% stenosis (with a sensitiv-

ity of up to 98%), it tends to overestimate carotid stenosis.14

When surgical intervention is considered or when the

degree of stenosis by US is equivocal, an additional imaging

test is required in many centers to minimize the chance of
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Figure 29.2 Calcified plaque. This set of reformatted
images from the same patient highlights the relative value
of different postprocessing techniques. (A) The visually
pleasing SSD provides surface information but relatively
poor luminal information. (B) MIP reconstruction of the
same data gives slightly more luminal information but is
limited by the prominently calcified plaque. (C) Axial MPR
shows the peripheral nature of the calcium and accurate
luminal information.
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performing an unnecessary surgery. In patients with renal

insufficiency, prior iodinated contrast reaction, or those

undergoing a brain MR imaging (MRI) exam, MRA tends

to be the preferred choice. However, MDCTA offers advan-

tages of its own compared to MRA. These include generally

higher spatial resolution, excellent contrast resolution, lack

of flow-related artifacts, comparative ease of acquisition, the

possibility of being performed in critically ill patients, speed,

3D capabilities, and a generally increased availability.

The preoperative imaging workup of a patient with

carotid stenosis has been and remains controversial. The

optimal approach likely takes into account a number of fac-

tors, including the clinical question and whether or not the

patient is symptomatic. While some are proponents of either

MRA, CTA or US for carotid imaging, either generally or

in certain clinical situations, others suggest a combination of

two of these noninvasive imaging modalities. Meanwhile,

even the concept of using noninvasive imaging alone to

assess carotid stenosis is not universally accepted, particu-

larly in certain situations – for example, when there is dis-

cordance between the results on noninvasive modalities or

for moderate stenosis. Some authors emphasize that each

individual center should determine its own accuracies for

the noninvasive imaging modalities compared with DSA, as

well as its own risks of angiography and CEA.15,16

At our institution, MRA, CTA and DSA are used for

confirmation of US findings. The choice of modality is gov-

erned by individual patient situation and need. Typically if

intracranial imaging is desired, MRA is performed. When

US and MRA/CTA are discordant and when endovascular

intervention is contemplated as primary therapy, DSA is

utilized.

3.3 Validation studies of CTA

Although the exact role of CTA in carotid imaging has yet

to be defined, CTA is a valid imaging alternative to MRA.

Both, however, are less accurate than DSA. Since some of

the initial reports demonstrating that the carotid artery

could be visualized with contrast-enhanced CT in the early

1980s,17–19 multiple studies have demonstrated high accu-

racy of CTA for the detection of carotid artery atheroscle-

rotic disease (see Figure 29.2). This has been confirmed in

several recent systematic reviews.20–22 One of these pooled

the results of 28 studies limited by the use of only single-slice

CT scanners; the pooled sensitivity and specificity for detec-

tion of a severe (70–99%) stenosis were 85% and 93%,

respectively.21 As suggested in this review, one problem

with almost all of the included studies is that the analyses

often included the asymptomatic contralateral carotid

artery, which is likely to cause overestimation of speci-

ficity.21,23,24 A similar review included primarily studies that

used single detector row CT scanners, with only 2 of the 43

studies considered employing early dual-detector row tech-

nology.22 This showed a sensitivity of 95% and specificity of

98% for detecting severe stenosis.

A recent comparison of 4-channel MDCTA in 35 sympto-

matic carotid arteries showed high sensitivity (95%) and 

specificity (93%) of CTA in the detection of carotid stenosis

(>50%) when compared to DSA.25 All 5 occlusions were

detected. In an even more recent comparison between 8-chan-

nel MDCTA and DSA in 37 patients,26 the sensitivity and

specificity for severe stenosis when source/MIP images were

used were 75% and 96%; for moderate (50–69%) stenosis, the

sensitivity and specificity were 88% and 82%, respectively. All

four occlusions were detected. It is generally expected that the

advent of more advanced MDCT, with the concomitant

decrease in section thickness, will further improve upon these

results, although data to support this are lacking to date.

In a recent meta-analysis comparing noninvasive imag-

ing with DSA, contrast-enhanced MRA outperformed its

counterparts: sensitivities/specificities for a 70–99% carotid

stenosis were 94% and 93% for contrast-enhanced MRA,

88% and 84% for MRA, 89% and 84% for US, and 77% and

95% for CTA.20 Similar to the aforementioned meta-analy-

ses, this review did not include any studies using MDCT.

Another recent review of three prospective, blinded studies

using contrast-enhanced MRA and three such studies using

CTA showed the sensitivity and specificity of MRA for

carotid stenosis to be 93–94% and 85–100%, respectively;

sensitivity and specificity of CTA were 73–100% and

92–98%, respectively.27 Some comparative studies suggest

that CTA may tend to underestimate carotid stenosis com-

pared to DSA, time of flight (TOF) MRA, or contrast-

enhanced MRA (CEMRA),28–32 while others suggest that

CTA may comparatively overestimate stenoses.33–35

Meanwhile, MRA may also overestimate.32,36–47

Despite the better results of MRA in some studies, the

inherent advantages of CTA should be considered when

deciding on a confirmatory imaging study in any given

patient. Berg et al. reported that CTA provided better

image quality than 3D TOF MRA.48 CTA is generally more

available, faster, easier, and less expensive to perform. Like

MRA, CTA enables imaging from the aortic arch to circle

of Willis and offers the capability of detecting tandem

stenoses, for which US is limited. Unlike MRA, CTA does

not suffer from flow related artifacts, but rather relies on
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visualization of contrast within the lumen. Claustrophobic

patients tend to do better in CT than MR scanners because

of the generally larger and shorter bore.

3.4 Factors affecting accuracy 
of CTA

Despite the encouraging results of CTA in carotid disease,

the results of comparison studies can be confounded by sev-

eral factors. It must be emphasized that the relative accura-

cies and true sensitivities and specificities of all of the

commonly used noninvasive modalities for carotid stenosis

remain unknown. In fact, DSA has an intrinsic standard

deviation estimated at 8%, suggesting that even this gold

standard likely misclassifies a small percentage of carotid

stenoses.49 The North American Symptomatic Carotid

Endarterectomy Trial (NASCET) method of measuring

percent stenosis, which uses the ratio of luminal diameter at

the maximal point of carotid stenosis to the normal distal

internal carotid diameter, is the standard for measuring

stenoses on DSA. Meticulous attention to detail when

making NASCET measurements is critical, but even expe-

rienced neuroradiologists have an inherent degree of inter-

observer disagreement, estimated at roughly ±7% in one

carefully conducted study using conventional angiographic

images.50 In addition, DSA has been shown to generally

underestimate carotid stenosis compared to rotational

angiography or histopathology,51–55 due to the limited

number of imaging planes and the asymmetric nature of a

large proportion of carotid stenoses. Rotational angiography

appears to increase the accuracy of conventional angiogra-

phy in detecting the true, smallest diameter of a stenosis.52,53

One must also consider that, as technology continues to

advance, particularly in CT and MR, results of previously

published studies may become outdated relatively rapidly.

While scanner technology impacts diagnostic accuracy,

the postprocessing technique used has also been shown to

influence the grading of carotid stenoses, both for CT and

MR. There is disagreement in the literature regarding the

accuracy and relative superiority of the different postpro-

cessing methods. Using a 16-section CT scanner to study 50

patients with symptomatic internal carotid artery stenoses,

Lell et al. showed that time-of flight MRA (evaluated with

MPR) and CTA had the highest concordance for stenosis

grading.30 In a study of 89 analyzable carotid arteries using

a 16-channel MDCT, Hacklaender et al. evaluated multiple

CTA postprocessing techniques (axial source images, sagit-

tal MIP, and sagittal MPR) and their correlation with MRA

using different standard measurement methods, including

NASCET.34 The CTA axial source images using the

NASCET method of measuring stenosis agreed most

closely to MRA. MIP images tended to be more imprecise.

Silvennoinen et al. also found axial source images to be the

most reliable in comparison of CTA and DSA, as have

other investigators,56–58 with MIP images proving helpful in

certain cases, such as when the vessel had a horizontal or

tortuous course or the segment of stenosis was very short.26

The accuracy of CTA was not improved by the use of semi-

automated vessel analysis software in both of these recent

studies.26,34 3D SSD images have also been shown to be

useful when viewed in conjunction with axial source

images.59 Some authors prefer MIPs over MPRs in addition

to axial source images; specifically, two groups recently

advocated the use of sliding-thin-slab MIPs which preserve

the cross-sectional nature of the data.60,61 In a study using

vessel phantoms, Addis et al. showed that axial, MIP, MPR,

SSD, and VR display techniques all accurately display 

vessels and stenoses greater than 4 mm, while VR was more

accurate than the others for very small diameters.62

CTA window and level settings have also been shown to

affect measurement accuracy of carotid stenosis in several

studies. One recent study used phantoms of variable levels of

stenoses. The authors found an inherent mathematical rela-

tionship between the contrast material attenuation coeffi-

cient and the optimal window and level settings for both

axial and MIP images, with resultant reduction in measure-

ment variability.63

Intrinsic characteristics of the patients’ vessels can also

affect the accuracy of CTA for grading carotid stenosis. For

instance, calcified plaque can make stenosis grading diffi-

cult, if not impossible, on MIP images, underscoring the

importance of viewing the axial source images as well as the

utility of MPR images. Heavily calcified plaque, particularly

when on both sides of the vessel lumen, can cause a ‘bloom-

ing’ artifact and thereby result in overestimation of a steno-

sis. However, this artifact is often mitigated with the newer

MDCT scanners.64 Calcifications, ulcerations, and adjacent

vessels all can be problematic, particularly for automated

analysis methods.65 A severe stenosis can be associated with

poststenotic collapse (see Figure 29.3B), which can render

percent stenosis calculations inaccurate.26,66

3.5 Carotid artery occlusions

The evaluation of carotid artery atherosclerotic disease by

CTA is not limited to measuring stenosis. With regard to
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total carotid artery occlusions, the accuracy of CTA has 

also been reported to be very high in multiple studies, 

often at or near 100% sensitivity and specificity 

(see Figure 29.4). In fact, the pooled sensitivity and speci-

ficity for detection of a carotid occlusion by CTA in a recent

meta-analysis was 97% and 99%, respectively.21 Meanwhile,

US is not able to distinguish between near-total and 

total occlusion, particularly in cases of heavy plaque 

calcification.

Near-occlusion stenoses (a.k.a. pseudo-occlusion, hair-

line residual lumen, string sign) of the carotid artery can also

be diagnosed using CTA with a high degree of accuracy (see

Figure 29.3A).67–70 The differentiation between total occlu-

sion and near occlusion has been considered clinically

important because the former are usually treated medically,

while the latter may benefit from surgery. Initial results

from the NASCET, European Carotid Surgery Trial

(ECST) and Veterans Affairs trial were conflicting with

regard to the benefit of CEA in patients with near-occlusion

stenoses.7,11,12,71,72 Follow-up analysis of patients in the

NASCET and ECST, however, suggests that patients with

near occlusion may benefit from CEA, although the benefit

is muted compared to patients who have severe stenosis

without near occlusion.66

3.6 Plaque morphology

The rate of stroke ipsilateral to severe carotid stenosis is 

relatively low. Plaque morphology is increasingly being 

recognized as an independent risk factor for stroke, with

considerable effort being made to identify and image 

‘vulnerable’ plaque features. Plaques which are at 

increased risk of disruption appear to be associated with 

a higher risk of ischemic events due to increased 

embolization and/or occlusion. Typically, such features of

vulnerability include, but are not limited to, a large necrotic

core, an intraplaque hemorrhage, a lipid-rich core, and an

unstable fibrous cap. There is no consensus on the optimal

imaging strategy of carotid plaque morphology.73 Various

authors have proposed CTA as a tool for analyzing plaque

morphology. Both CT and MRI appear to be capable of cor-

relating plaque component appearance to lipoid, fibroid, cal-

cified or hemorrhagic components (see Figure 29.3).74–78 The

results of more recent studies suggest that single-detector

row CTA does not appear to be able to reliably predict

plaque histology based on attenuation.73,79 However, a retro-

spective study in which primarily MDCT was performed

showed that CTA can evaluate for low plaque soft tissue

attenuation, which may be a potential marker for ischemic
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Figure 29.3 Two thin MPR images from the same patient with a high grade right ICA stenosis. (A) The lumen (arrow) is
markedly narrowed by a heterogeneous plaque. Posterior to the lumen is a small ~2 mm area of intermediate attenuation
compatible with thrombus. This is surrounded by a lower attenuation tissue suggestive of lipid-laden plaque, which is cal-
cified peripherally. (B) An image more cephalad demonstrates that this near occlusion is associated with poststenotic col-
lapse (‘distal slimming’).
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stroke.80 Prospective confirmation of this finding has not

been published to date.

While DSA and MRA are relatively insensitive with

respect to assessing arterial calcification, plaque calcification

can be detected and quantitatively estimated by CTA.

MDCT-derived calcium measurement has been shown to

represent a precise, reproducible equivalent of histological

mineral content of vascular calcifications in ex vivo CEA

specimens.81,82 Preliminary work has shown that carotid

bifurcation calcium volume, as measured by CT in vivo, may

correlate strongly with the degree of carotid stenosis.83,84 In

addition, the presence of plaque calcification,85 as well as

higher absolute amount of86 or higher relative proportion

of87 calcium in a plaque in patients with carotid stenosis as

assessed by CTA, appear to be associated with plaque stabil-

ity, based on decreased rates of ischemic symptoms.

NASCET data showed that in patients with severe

stenosis treated medically, plaque ulceration was associated

with an increased risk of stroke.88 Although earlier studies,

including one using NASCET data,89 have documented 

the relative inability of DSA to detect ulceration, at least in

part due to the limited number of views available, a more

recent study suggests strong associations between plaque

histology and angiographic plaque surface morphology.90

While some earlier reports suggested the superiority 

of DSA, more recent studies indicate CTA (and MRA) may

be more sensitive for plaque ulceration.91 MRA may be

more reliable than CTA in this regard.73,74,92 Ideally, CTA

and/or MRA will eventually routinely provide clinically

useful information about plaque vulnerability, although

other modalities, such as molecular imaging, are also likely

to play a role.93
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Figure 29.4 Carotid artery occlusion. The arrows indicate the common carotid arteries. No contrast enhancement is
seen in the left common carotid artery, compatible with a complete occlusion. This image was acquired on a 64-slice scan-
ner and the rapid scan acquisition combined with automated bolus tracking technique allow for a nearly exclusive arterial
phase. Only reflux from the power injection is seen in the venous system. There is no antegrade venous opacification.
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3.7 Additional applications

CTA capabilities in carotid atherosclerotic disease are not

limited to assessing stenoses. Preliminary work has shown

the ability of CTA to evaluate the intrastent luminal diam-

eter in patients with carotid artery stents.94,95 Stent assess-

ment can be limited on US by overlying bone, postoperative

hematoma and soft tissue emphysema, and on MRI by sus-

ceptibility artifact of the stent. Postoperative assessment for

complications or residual disease is also possible.96–98

4 CAROTID AND VERTEBRAL 
ARTERY DISSECTIONS

Although relatively rare, extracranial arterial dissections are

an established and important cause of ischemic stroke, par-

ticularly in young adults. These can be traumatic and non-

traumatic in etiology. DSA is considered the gold standard

for imaging of both carotid and vertebral artery dissections.

However, DSA is not only associated with inherent risks, as

described above, but it may also provide false negative

results when there is lack of contrast opacification of the

false lumen. DSA can be nonspecific and does not directly

visualize intramural hematoma. Therefore, some authors

recommend DSA only for an adjunct to endovascular ther-

apy or for the uncommon cases in which noninvasive imag-

ing techniques are equivocal.99

MRI/MRA has demonstrated high sensitivity and speci-

ficity for diagnosing cervical arterial dissections in prospec-

tive comparisons with DSA, particularly for the carotid

arteries.100 It is regarded as the method of choice for exclud-

ing this condition by many authors. This is largely because

of its ability to see a positive finding, intramural hematoma,

which is diagnostic of dissection. DSA and CTA rely more

on vessel morphology and as such small dissections may be

indistinguishable from vasospasm. Yet MRI/MRA is con-

traindicated in some patients and is not always available.

Meanwhile, CTA has also demonstrated good results (see

Figures 29.5 and 29.6), although the studies performed to

date have all been relatively small. It is suspected that CTA

is less sensitive in seeing dissection, as one relies less on iden-

tification of intramural hematoma and more on indirect

signs of dissection, such as luminal narrowing and irregular-

ity. In addition, CT is superior to MR in terms of visualiz-

ing the relationship of the dissection to bone and/or foreign

bodies.

Initial reports of the CT appearance of carotid artery dis-

sections were published in the 1980s.101,102 Subsequent 

studies demonstrated sensitivities and specificities of up to

100%.103,104 In a recent retrospective review of 7 patients with

cervical internal carotid artery dissections, MDCTA identi-

fied the dissection in all 7 patients, while the combination of

MRI and MRA identified dissection in 5 of the 7 patients,

although the CT examination in one of these patients was

performed 72 hours after the MR.105 A recent retrospective

review comparing MDCTA with DSA in 17 patients with

vertebral artery dissections and 17 control patients demon-

strated a sensitivity and specificity of MDCTA of 100% and

98%, respectively.106 Like MRI/MRA, CTA has also been

shown to be useful in the follow-up of patients with cervical

carotid artery dissections.107

Based on a study of 18 angiographically confirmed

extracranial carotid artery dissections, the most sensitive and

specific finding of acute carotid artery dissections using

single-detector row helical CTA is a narrowed eccentric

lumen in association with an enlarged overall vessel diame-

ter.103 Increased external diameter has also been shown to be

an accurate finding in vertebral artery dissections.106

Additional less accurate findings of dissection include 

intimal flap, stenosis, mural thickening, occlusion, pseudoa-

neurysm formation, and thin annular contrast enhancement.

5 CAROTID AND VERTEBRAL 
ARTERY TRAUMA

Vascular injuries in the neck are associated with high mor-

bidity and mortality. In fact, they are the leading cause of

death in penetrating neck trauma. DSA is considered the

imaging gold standard. However, its inherent risks, rela-

tively high cost and the fact that the majority of angio-

graphic evaluations in neck trauma are negative have led to

the increased use of noninvasive imaging modalities for this

indication. CTA is more readily available, faster and more

conducive to the trauma setting than MRI/MRA.

Meanwhile, US is operator dependent, relatively limited in

accuracy for vessels near the skull base, and posttraumatic

hematomas and soft tissue emphysema also decrease its sen-

sitivity. In some centers CTA is used as the initial test for

screening of suspected cervical arterial injury.108–112 CTA

has been shown to be able to detect a variety of cervical vas-

cular injuries, including occlusion, pseudoaneurysm,

extravasation, intimal flap, dissection and arteriovenous fis-

tula. An additional advantage of CTA is that it can simulta-

neously provide information on the vertebral column, spinal

canal, airway, other soft tissues, and location/trajectory of

missiles or bone fragments.113
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Initial reports of the accuracy of CTA for blunt cervical

vascular injuries were disappointing.114,115 However, in sev-

eral prospective series comparing helical CTA and DSA for

diagnosing blunt110,116–119 or penetrating120,121 arterial

injuries to the neck, the sensitivity and specificity of CTA

have been reported to be as high as 90% to 100%. Recent

studies performed using MDCTA have shown particularly

promising results.109–111,116–119,122 For instance, Eastman et al.

prospectively compared 16-channel MDCTA to DSA in 146

patients at risk for blunt cervical vascular injury. In the 43

patients with confirmed blunt cervical vascular injury, the

sensitivity and specificity of MDCTA were 97.7% and

100%, respectively.116 Several groups have also recently

reported that the use of CTA as a guide to clinical decision-

making for patients with penetrating neck trauma led to a

significant decrease in the number of neck explorations, and

essentially eliminated negative neck explorations at their

institutions.123,124
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Figure 29.5 Four images from the same patient with an ICA dissection with associated intraluminal thrombus. (A) A MIP
image from a matched-masked subtraction CTA demonstrates apparent stenosis of the proximal left cavernous ICA
(arrow). (B–D) Three contiguous axial thin MPR images at this level demonstrate that the apparent stenosis actually 
represents a dissection with more distal intraluminal thrombus.
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Cardiovascular Computed Tomography: 
A Research Perspective

Yue Dong and Erik L. Ritman

1 INTRODUCTION

Continued developments in CT imaging are in part driven

by the quest for increased accuracy, sensitivity and speci-

ficity of the measurements made from those CT images.

These can be achieved by ‘brute force’ improvement of

the current CT scanner capabilities by technological

advances applied to the systems. This approach is usually

limited by the cost and technological possibilities. However,

some plausible capabilities (which often cannot be fully eval-

uated as to their value until a system is made available),

which are suggested from new insights obtained from

research or clinical experience may only be achievable by use

of aspects of x-ray interaction with matter different from the

current use of attenuation of x-rays. All these potential

developments must keep in mind the radiation exposure

associated with a CT scan that has to be balanced against the

possible harm done to a subject if the CT scan is not 

performed. Thus, for a person aged 65, repeated CT scans

for monitoring of progression of coronary artery disease

may be more readily justified than CT-based screening of

20-years-old.

A dilemma is that engineers and physicists may know

what is technically possible, but have no reason to think 

of implementing those methods unless there is a clinical

need for it. However, as clinicians may not know what is

technically possible they have no reason to encourage the

implementation of such new capabilities because they may

not realize what new insights might be gained with them.

The engineers and physicists also may not be aware as to

which extensions of current technology would be useful.

Consequently, this exploration of possible future develop-

ments in the CT imaging field and clinical needs (that might

be susceptible to imaging advances) is broken down into

possible expansion of existing CT technology and into 

technological implications of cardiological questions that

can perhaps be better addressed with novel CT imaging

methods.

2 EXTENSION OF CURRENT 
APPLICATIONS

With the introduction of helical scanning multi-slice CT we

have seen, and continue to see, increased spatial and tempo-

ral resolution as well as increase in the cephalo-caudal extent

of the body imaged. This evolution may possibly be further

extended by the introduction of large flat panel detector

arrays. These methods share certain challenges such as the

need to suppress x-ray scatter contamination of the trans-

mission measurements, the need for overcoming the cone-

beam reconstruction problem and reducing the radiation

consequences. Current knowledge can put some bounds on

the upper limits of image resolution that may be needed,
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and tolerated to take full advantage of CT imaging in car-

diovascular applications.

2.1 The upper limit of spatial 
resolution

Spatial resolution is determined by a number of technologi-

cal factors and biomedical requirements. Generally speak-

ing, the higher the resolution, the smaller the CT image

voxel volume, and the higher the radiation exposure needed

to maintain an adequate signal-to-noise ratio. Factors to be

considered include:

2.1.1 Partial volume effect, reconstruction 
algorithm characteristics, etc.

Several technological and mathematical factors determine

CT image resolution. The voxel size is a critical determinant

of image resolution in that resolution can be no better than

double the size of the voxel. However, voxel size does not

guarantee that resolution because the scanner detector size,

the reconstruction geometry, and reconstruction algorithm

also impact on the information content of the voxel. Even if

we assume that these technological factors provide a mean-

ingful relationship between the voxel size and spatial resolu-

tion, the voxel can still affect spatial resolution via the partial

volume effect. This effect is due to the ‘misalignment’

between the voxel and the anatomic structure such that a

voxel that straddles an anisotropic region of roentgen opac-

ity. This effect is reduced by having smaller detector pixels

and CT image voxels, but even so there will always be a par-

tial volume effect at interfaces where there is rapid change of

radiopacity, such as occurs at the endothelial surface of a

blood vessel during passage of a bolus of contrast agent

through its lumen. This results in uncertainty in the meas-

ured location of the endothelial surface and in the CT value

in the subendothelial tissues of the arterial wall. Removal of

those voxels at the interface will reduce the contrast artifact

but will impact on the dimensional measurement.1

2.1.2 Microvessel diameter

Intramyocardial microvessels greater than approximately

200 µm in diameter have different patho-physiological

implications than vessels less than that diameter. It is 

unrealistic to expect to resolve these small vessels with 

clinical CT, so models have to be developed to provide at

least an index of the population characteristics of these two

vessel types.

2.1.3 Basic Functional Unit diameter

The terminal arteriole (approximately 10 µm in lumen diam-

eter) branches into a number of capillaries. These capillaries

perfuse a number of myocytes (on average one capillary per

cell). This ensemble is the myocardial basic functional unit

and is approximately 200 µm in diameter.2,3 Current multi-

slice CT scanners almost achieve voxel sized of this magni-

tude, but it is unlikely that these units can be truly resolved in

a routine clinical CT scanner. However, CT image analysis

techniques may be able to extract information about the pop-

ulation behavior of these units from the CT images. Such per-

fusion territories are expected to not be perfused in certain

condition such as microembolization resulting from intravas-

cular interventions4 or from pathological causes.5

2.1.4 Arterial wall thickness

The arterial wall of proximal coronary arteries is of great

interest because any thickening (before encroachment into

the lumen) is an early sign of atherosclerosis6 and any

change in CT number within the arterial wall can be an

early sign of plaque development.7 As the average normal

wall thickness of a 4 mm diameter coronary artery is

approximately 1 mm, this requires a spatial resolution of at

least 0.25 mm, i.e., voxels less than 0.125 mm.

2.2 The upper limit of 
contrast resolution

2.2.1 Due to partial volume effect

As indicated above, there will always be voxels that straddle a

region of changing radiopacity. Consequently, the measured

CT number is open to question in regions such as the arterial

wall where luminal contents ‘mixes’ with the subendothelial

wall, and similarly opacities within the wall (e.g., calcium)

may be smaller (but more opaque) than conveyed by the 

CT image. This effect can be partially overcome and the 

true volume of the contrasting materials estimated, if the true

CT contrast value of the contrast accumulation is known (e.g.,

calcium plaque material or iodine concentration in lumen).8
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2.2.2 Atherosclerotic plaque’s fatty and fibrous
components

Atherosclerotic plaque can consist of increased soft tissue

(e.g., smooth muscle and/or collagen) which do not greatly

affect local CT number, fatty infiltrates which have lower

CT number or calcification which has a much increased CT

number. Accurate measurement of the CT number is there-

fore critically important. The competing technological con-

sequences of partial volume effect and adequate

signal-to-noise ratio of the CT number here is a difficulty.

Because of the inevitably limited contrast resolution at these

high spatial resolutions needed, it is often impossible to sep-

arately delineate the calcium deposit from the contrast-

enhanced lumen using combined CT imaging.

2.2.3 Iron accumulation following 
an intramural hemorrhage

Hemorrhage into an atherosclerotic plaque can have fatal

consequences if it ruptures through the endothelium. If the

hemorrhage remains constrained to the wall it could be a

harbinger of a subsequent plaque rupture. Hence, detection

of iron (from the hemoglobin) within the wall could be

important clinical information. However, it is unlikely that

it could be distinguished from calcification (which has much

more benign implications at that site in the artery) by virtue

of the CT number or any differences in their local spatial

distribution pattern within the wall.

2.2.4 Transient opacification of myocardium and
arterial wall following an IV contrast injection

The degree of transient opacification at these sites reflects

local microvascular blood volume and blood flow. In the

myocardium, reduction in these values can be expected

when there is local ischemia due to narrowing of the epicar-

dial or microvascular arteries or due to microembolism. In

the arterial wall these values can change due to reduction or

increase in the density of vasa vasorum in response to ather-

osclerosis or hypertension. Unlike the thick-walled

myocardium (in which 10–15% of the normal myocardium

is intravascular blood volume) where relatively large voxels

(indeed ROIs) can provide useful information, the relatively

thin arterial wall demands high contrast resolution at high

spatial resolution because the vasa vasorum blood volume is

normally only 2% of the wall (Figure 30.1).9

2.3 The upper limit of temporal 
resolution

Temporal resolution depends on a number of factors. The

ultimate limit is set by the x-ray flux generated by the x-ray
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source as this governs the duration needed to obtain an ade-

quate signal-to-noise ratio for any one angle-of-view. This

limit can be ameliorated by having multiple x-ray sources

which reduces the scan time roughly in inverse proportional

to the number of sources. Dual-sources at 90° can reduce

scan time by almost half for a 180° plus half fan-angle scan,

but three sources at 120° can generate a 360° scan in 1/3 of

the scanner rotation time. The 360° scan is preferable to the

180° plus half-angle scan because this eliminates the

inevitable rotating scan artifact resulting from angle-

dependent beam hardening.

2.3.1 Scan ‘aperture time’

Scan ‘aperture time’ is the time required to obtain CT scan

data over at least 180° plus the x-ray fan beam half-angle,

although ideally 360° is scanned in that time. This duration

is determined by the rate of movement of the structure 

of interest. Thus, as the normal heart wall thickens maxi-

mally during systole at about 50 mm/second (i.e., 1 mm in 

20 msec),10 an aperture time of 10 msec would be required if

a spatial resolution of 1 mm is desired. However, in the slow

filling phase of diastole this rate is more like 5 mm/second,

so that an aperture time of 100 msec is adequate. This latter

aperture time is now available in the latest ‘fast’ helical scan-

ning multi-slice CT scanners.11 While ECG-gated scanning

can be used to obtain an effective aperture time less than the

‘single shot’ scan aperture time, this works only when the

heart rate is steady and the level of blood opacification is suf-

ficiently constant during the entire scan acquisition time

(generally a single breath-hold). Thus, any events that are

transient, such as the passage of a bolus of contrast agent

through the myocardium or arterial wall, ECG-gated 

scanning cannot be used. A ‘single shot’ scan is needed for

such application.

2.3.2 Scan “frame rate”

If the information of interest is a time series (e.g., to show

the maximum rate of ventricular wall thickening or thin-

ning during the cardiac cycle), then the number of scans per

second needed to adequately convey that dynamic process is

governed by the maximal rate of motion during that

process. Thus, even though the heart rate may be 60 beats

per minute, the number of images needed to adequately

capture the systolic phase is at least 15 frames per second.12

At higher heart rates this will need to be more frequent.

2.3.3 Reproducibility of CT gray-scale 
values – role of calibration, beam 
hardening, partial volume effects

In current CT scanners the use of a contrast calibration to 

convert the CT number to mg/cm3 of the desired material

(e.g., calcium or iodine) increases the reproducibility of con-

trast values considerably. This has to be performed for each

individual because the differences in beam hardening and

scatter depends on body size and composition (as well as

machine-related variations). Although algorithmic ‘correc-

tion’ of beam hardening is somewhat effective, the only way

to overcome its pervasive effect is to use monochromatic

radiation (Figure 30.2).13 This has been achieved with a

radioactive source (e.g., Am) but the x-ray flux is suitable

only for small regions-of-interest such as the forearm, wrist

or ankle regions.14,15
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2.4 ‘Tricks’ for obtaining 
increased value from a scan

2.4.1 Use of a priori information

This is already done when prospective ECG-gated scanning

is performed. Similarly, because the progression of an intra-

venous injected bolus of contrast agent through the vascular

tree is well understood, the use of a monitoring image to

determine the arrival of the bolus can be used to reduce the

duration of the scan and hence radiation exposure. The

frame rate of a sequence of scans can also be modulated on

the basis of the known temporal ‘shape’ of an intravascular

bolus of contrast agent. Thus, the initial frame rate might be

every heart cycle whereas the latter half of the curve would

require only once every second over third heart cycle.

2.4.2 Use of subject-specific scan 
characteristics – angle-dependent mA, 
local and PI-line reconstruction, etc.

Because the tissue pathlength differs in the lateral and the

anteroposterior directions, the x-ray current can be adjusted

so that the transmitted x-ray is always about the same inten-

sity regardless of the angle-of-view. This has been imple-

mented in a research setting.16 Another approach that can be

used involves restricting the x-ray exposure to the region-of-

interest (in this case the heart). This can result in gross

image artifacts, although some ‘tricks’ such as profile exten-

sion17 (need information about the transverse extent of the

not-imaged regions) can be used to mitigate these artifacts.

Another approach is to use either local reconstruction18 or

PI-line reconstructions,19 etc.

3 NEW QUESTIONS THAT
REQUIRE NEW DEVELOPMENTS
IN CT ALGORITHMS AND
IMAGING APPROACH

3.1 Potential medical needs

3.1.1 Image conducting tissue within 
the heart wall

If the conducting tissue bundles of the heart could be imaged,

then local damage might be detectable. Unfortunately, the

conducting tissue has essentially the same CT number as the

surrounding myocardium so that it is not feasible with cur-

rent scanners.

3.1.2 Image the onset of a local 
myocardial contraction

Arrhythmias initiate in abnormal locations within the 

heart wall. If an image sequence could capture the initial

local movement of the heart wall that would accompany 

the aberrant activation, then the localization could direct 

an intervention aimed at local destruction of the 

arrhythmia site. This would require a frame rate of at 

least 15 per second if the localization is to be accurate 

to within 1 mm.

3.1.3 Image hemorrhage within 
an arterial wall

Total hemoglobin in blood contains approximately 5 ng

Fe/mm3. Hence, a 1 mm3 hemorrhage into an arterial wall

should increase its radiopacity by 10 Hounsfield units.

Histological information suggests that the volume of an

hemorrhage into a non ruptured plaque can be up to 

100 mm.3,20 Hence, the contrast resolution at that spatial res-

olution has to be better than 10 HU (Figure 30.3).

3.1.4 Quantitate the surface area 
of infarcted region(s) within 
myocardium

The usual myocardial infarct consists of a relatively large

continuous region of myocardium. The impact of those

infarcts on LV function is reasonably proportional to the

fraction of ventricular myocardium that has infarcted.21

However, the impact of multiple discrete micro-infarcts (of

the same total volume as a ‘conventional’ infarct) is much

greater than that of a regular infarct.22 This is because the

surface area of the infarct becomes a dominant factor.

Hence, the CT image should ideally resolve those micro-

infarcts, but that is probably unrealistic in most instances as

the micro-infarcts can be less than 1 mm3.
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3.2 Candidate x-ray imaging 
approaches to achieve the 
above proposed applications

3.2.1 Monochromatic x-ray, energy-selective
photon detection and counting

Use of monochromatic x-ray provides a basis for discrimi-

nating most x-ray scatter from the transmitted x-ray by

virtue of the generally reduced photon energy of the scat-

tered photons. This capability could considerably increase

the efficiency of photon detection because it could elimi-

nate the use of a mechanical collimation. Counting of indi-

vidual photons could help reduce noise by eliminating the

noise introduced by the usual analog output before that is

digitized.23 If very short duration x-ray pulses are used,

such as can be generated by field emission x-ray sources,

use of a sub-nanosecond time-gate in the x-ray detector,

such as is used in time-of-flight PET,24,25 can discriminate

the transmitted (ballistic) from the scattered photons. This

could also be a means to improve the sensitivity of x-ray

detection.

3.2.2 ‘Fractal’ analysis

Nested multi-ROI image analysis (Figure 30.4) of CT

images of the myocardium obtained during the passage of

contrast agent through the coronary circulation can be used

to provide information about the size of sub-resolution per-

fusion defects (e.g., micro-infarcts).26

3.2.3 Iterative voxel sizing

If small voxels are reconstructed, even though the signal-to-

noise ratio of those voxels is inadequate for clinical analysis,

larger voxels can be generated retrospectively from those

small voxels, thereby increasing the signal-to-noise ratio of

each new, large voxel. The important aspect of this

approach is that the location of each of those large voxels can

be positioned with the precision of the small voxels. Thus,

the large voxel can be positioned more appropriately near

contrast edges in the image – e.g., across the wall of an

artery – thereby reducing the partial volume effect.18

3.2.4 Dual-energy subtraction

This is a technique that has been explored in considerable

depth for clinical CT scanners which use bremsstrahlung

radiation27 as well as K-edge absorption subtraction with,

generally synchrotron-based, monochromatic radiation.28–29

Although subtraction of images causes the noise to be addi-

tive, the contrast remaining in the images can be enhanced

fivefold or more depending on the material of interest

(Figure 30.5). Moreover, because the subtraction image is less

complex, tomographic reconstruction of vascular trees 
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Figure 30.3 Cumulative distribution plot of the estimated volume of intraplaque hemorrhage in plaques harvested from
asymptomatic and symptomatic individuals. There was no difference between asymptomatic and symptomatic plaques
with regard to the volume of intraplaque hemorrhage (Reproduced with permission from Hatsukam TS et al., Stroke 1997;
28: 95–100).
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Figure 30.5 (A) Intravenous synchrotron angiogram of the first patient at the ESRF taken in a left anterior oblique (LAO)
projection. Right coronary artery (RCA).The transit time between the injection of the contrast agent and the arrival of the bolus
in the heart is then measured using a series of five synchrotron images at low x-ray dose (5 mGy) and with a small amount
of contrast agent (10 ml). Forty-five minutes later, once the contrast agent used for the transit time estimation has disappeared
totally from the venous circulation, the imaging sequence takes place. 30–45 ml of iodine (Iomeron® 350 mg ml−1, Bracco,
Italy) are injected into the superior vena cava using an auto-injector under remote control (15 ml s−1). (B) Conventional selec-
tive coronary angiography of the same patient, in the LAO orientation, performed the same day at the cardiological unit of the
hospital after arterial catheterization (Reproduced with permission from Elleaume, H, Phys Med Biol 2000; 45: L39-L43).35
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Figure 30.4 The imaged myocardial wall of the left ventricle can be subdivided into increasingly small nested regions-
of-interest (ROI). The myocardial blood volume values estimated for each ROI show increasingly greater ranges of values
with decreasing volume of ROI. The Log (SD/Mean) plotted against the Log (volume of nested ROI) results in a linear rela-
tionship if the heterogeneity follows a fractal pattern (Reproduced with permission of Springer Science and Business
Media – Ritman, EL, Ann Biomed Eng 1998; 26: 519–525).
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(subtraction aimed at highlighting iodine in contrast agent)

may require fewer angles-of-view to provide a good recon-

struction. A key element of this approach is that the two

images are spatially registered and temporarily with great

precision. Ideally, therefore, they are recorded simultane-

ously (e.g., by energy-selective detection of the two energies

exposing the subject simultaneously) or in very close tempo-

ral relationship if the two separate images are recorded, such

as is the case in the new dual-source Siemens CT scanner.11,30

This method also can be used to reduce the dose of contrast

agent needed. The use of europium or gadolinium-based

contrast agents (instead of iodine) would better match the

clinical x-ray photon energies used.31–34

3.2.5 X-ray scatter imaging

X-ray scatters from material in an angle-dependent 

manner that may be quite characteristic of the material.30

Hence, different materials, with attenuation coefficients

that are sufficiently close to prevent discrimination in the

usual CT images, may be distinguishable when their x-ray

scatter ‘signatures’ are used. This is now being done in some

airport security scanners, which are basically converted

multi-slice CT scanners.36,37 Whether the spatial resolution

for this mode of imaging can be made sufficiently high for

clinical application remains to be demonstrated.

3.2.6 X-ray refractive index imaging

The x-ray refraction index of material consists of a real 

part and an imaginary part. The latter is the usual attenuation

coefficient whereas the former is related to the velocity of x-ray

through the material. The contrast due to difference of refrac-

tive index can be orders of magnitude higher than achievable

with attenuation imaging and it, therefore, requires fewer pho-

tons to generate a suitable signal. This is because the detected

photon is the signal whereas with conventional imaging it is the

absence of a photon that is the signal (Figure 30.6).38–41

Methods that have a chance of being clinically applicable

include the use of the slight refraction of x-ray when these pass

through material with very high contrast gradient but which

are sub-resolution as far as the imaging device is concerned.42

Another method is the use of interference grids positioned just

after the patient and one in front of the detector.43 The chang-

ing interference patterns generated by moving these grids

slightly in sequential exposures can be used to determine the

cumulative refractive index of the tissue.

4 CONCLUSION

(a) Current technologies need to be advanced to address 

the need to decrease radiation dose, to increase spatial

and temporal resolution, and to address clinical problems

not available to conventional, attenuation-based CT.

(b) The practical and resolution characteristics of new 

x-ray methods need to be replaced for possible clinical

application.
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31
Computed Tomographic Coronary
Angiography for Subclinical Coronary
Artery Disease, Coronary Artery
Remodeling, and Plaque Imaging

Paul Schoenhagen

The introduction of coronary imaging with conventional

x-ray angiography in the late 1950s has revolutionized the

care of patients with advanced coronary artery disease

(CAD).1–3 In modern practice, the identification of high-

grade stenoses in symptomatic patients has become the basis

to determine the need for percutaneous and surgical inter-

vention. However, despite the success of revascularization

therapies, CAD remains the leading cause of death in the

United States and Europe. It is increasingly obvious that

only interventions at earlier stages of disease development

can significantly reduce morbidity and mortality of athero-

sclerotic disease.

Almost 50 years after the introduction of coronary

catheterization, recent advances in computerized tomogra-

phy (CT) technology have allowed routine, non-invasive

imaging of coronary arteries. A major focus of the scientific

evaluation of this technology has been the identification 

of significant luminal stenosis in comparison to conven-

tional angiography. Based on early results, many proponents

have argued that CT angiography (CTA) has the 

potential to replace angiography. However, a comparison 

of the strengths and limitations of invasive angiography 

and MDCT demonstrates that this perception may be 

misguided.

As a non-invasive imaging modality with significantly

lower spatial and temporal resolution than conventional

angiography, the clinical value of CT for the assessment of

advanced high-grade lesions will remain limited.

Furthermore, the non-invasive identification of a high-

grade stenosis would only confirm the need for subsequent

invasive diagnostic and therapeutic approaches. On the

other hand, evolving data suggest that CTA provides

unique information in the evaluation of intermediate risk

populations. The high negative predictive value allows the

exclusion of stenotic disease. At the same time, as a tomo-

graphic imaging modality, MDCT shows the vessel wall

and atherosclerotic plaque burden, which may provide

important prognostic information.

It is therefore important to examine aspects of coronary

CTA, which are beyond coronary luminology. Based on

results from other atherosclerosis imaging modalities

including intravascular ultrasound (IVUS), carotid ultra-

sound (CIMT), and CT calcium scoring, important imaging

endpoints are plaque burden, plaque morphology, and 

arterial remodeling. The non-invasive identification of sub-

clinical coronary artery disease could have a profound

impact on disease prevention. However, the value of 

CTA for plaque imaging is still unclear and there is no 
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evidence-based data to support its clinical use. This chapter

will describe the current status of imaging early stages of

coronary artery disease by CTA.

1 LIMITATIONS OF
LUMINOGRAPHY

Based on the success of coronary revascularization, cardiolo-

gists have increasingly relied on the angiographic identifica-

tion and quantification of luminal stenosis to guide both

clinical practice and research. However, it is well known that

angiographic lumen imaging is a limited standard on which

to base therapeutic decisions. Comparative studies demon-

strate major anatomic discrepancies between the apparent

angiographic severity of lesions and postmortem histology.4–6

Beside others, diffuse disease and arterial remodeling

are major reasons for these discrepancies. Diffuse disease

involving the reference site leads to angiographic underesti-

mation of the extent of atherosclerosis, because estimation or

measurement of angiographic lesion severity relies on com-

parison of the luminal dimensions between the narrowed

segment and an adjacent ‘normal’ reference segment.7 The

phenomenon of coronary ‘remodeling,’ first described in

1987 by Glagov et al., refers to the outward expansion of the

external vessel wall overlying the atheroma.8 The adventi-

tial enlargement opposes luminal encroachment, concealing

the presence of atheroma. Although remodeled lesions do

not restrict blood flow, clinical studies have demonstrated

that plaque rupture in these low-grade lesions represents the

most important cause of acute coronary syndromes.9–11

In addition to these anatomic discrepancies, there is dis-

cordance between angiographic lesion severity and the phys-

iological effects of the stenosis.12,13 In chronic ischemic

coronary disease, symptoms occur because coronary stenoses

blunt the increase in coronary blood flow that is usually

induced by increased metabolic demands of the myocardium.

This increase in blood flow is called coronary flow reserve

(CFR) and was originally described by Gould et al. in 

the 1970s.14 Animal and human studies have documented

that a normal CFR, in the absence of epicardial stenoses,

should exceed 5:1 (ratio of hyperemic to basal flow) and that

flow reserve remains normal until the stenosis severity

approaches 75% of the luminal reference diameter. As steno-

sis severity increases from 75% to 95%, CFR falls progres-

sively to reach values approaching a 1:1 ratio. Accordingly,

the angiographic difference between a ‘moderate’ and 

a ‘severe’ coronary stenosis may be only a few tenths of 

a millimeter. Such differences are difficult to discern, given

the limitations in spatial and temporal resolution of coronary

imaging modalities. Modern angiographic equipment can

resolve about four or five line pairs per millimeter, which

corresponds to a spatial resolution of about 0.2 mm.

Adequate image quality typically requires cineangiographic

pulse durations, and hence temporal resolution, of 4 to 10 ms.

These limitations are even more pronounced in non-

invasive coronary imaging with CT angiography, because

CTA has lower spatial and temporal resolution. Current 

64-slice MDCT scanners have a spatial resolution of 

0.45 × 0.45 mm in the axial plane with almost isotropic

voxels (equal in-plane and through-plane resolution). 

The time required for the acquisition of individual axial 

CT images with multidetector scanners is limited by the

rotation time of the x-ray tube/ detector system (currently

≥330 ms/rotation). The resulting temporal resolution of 

165 ms is relatively long for coronary imaging. Recently

introduced dual source CT scanners will have better tempo-

ral resolution,15,16 but will still be limited in comparison to

invasive angiography. In addition to the impact of spatial

and temporal resolution, CTA is limited by vascular calcifi-

cation, which is frequently present in advanced lesions.

Small amounts of calcium in a given voxel increase the over-

all Hounsfield Unit (gray scale) of the entire voxel, giving

the appearance of a larger calcification. This ‘calcium

blooming’ leads to overestimation of lesion severity and

often precludes assessment of calcified segments altogether.

These limitations of CT are reflected in the results of

comparative studies demonstrating inferiority of CTA (sim-

ilar to MRI) for the assessment of luminal stenosis in com-

parison to invasive angiography.17,18 Advances in scanner

technology (>64 slice systems, faster gantry rotation, dual

source systems) will improve the sensitivity and specificity of

CT for the evaluation of coronary artery stenosis, but the

clinical value of CT for the assessment of advanced high

grade lesions will likely remain limited. As stated previ-

ously, it should also be recognized that, even if advances in

scanner technology will significantly narrow the gap to

invasive angiography, non-invasive identification of

advanced lesions would only confirm the need for subse-

quent invasive diagnostic and therapeutic approaches.

Therefore, a non-invasive test such as coronary CTA is

not optimally suited for the evaluation of patients with 

high pretest probability of significant luminal disease.19

(Figure 31.1) Similar to stress-testing, non-invasive angiog-

raphy may be more appropriate in patients with lower

pretest probability of highly stenotic disease. In these patients,

the diagnostic goal is the exclusion of significant disease and

the assessment of risk of future events. It is important to
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address the role of atherosclerosis imaging in general and of

CTA in particular for this purpose.

2 BEYOND LUMINOGRAPHY:
THE ROLE OF NON-INVASIVE
VESSEL WALL IMAGING

Coronary atherosclerosis is a systemic disease of the vessel

wall, characterized by subclinical plaque build-up over long

periods of time.20 Secondary prevention trials have demon-

strated that aggressive risk factor modification reduces the

risk for cardiovascular events, likely by affecting subclinical

atherosclerosis. It has therefore been hypothesized that visu-

alization of subclinical disease burden in vivo, many years

before onset of clinical symptoms, would allow reduction of

cardiovascular events by targeted, early risk intervention.21

Confirming the findings of pathological studies, studies

using invasive intravascular ultrasound (IVUS) imaging

have shown a high prevalence of subclinical atherosclerosis

in patients without established CAD (Figure 31.2).22–25

Subsequent studies have demonstrated the value of serial

imaging of plaque burden as a surrogate endpoint in phar-

macological intervention trials.26–32 The validity of this

approach is best documented for coronary intravascular

ultrasound (IVUS) and carotid ultrasound (CIMT). For

these two imaging modalities, changes of plaque burden

during clinical studies of lipid-lowering therapy have been

documented27,32 which parallel the reduction of the hard

clinical endpoint of mortality.33

Non-invasive coronary atherosclerosis imaging has

become possible with MDCT. Cardiac CT imaging without

contrast enhancement allows the quantification of coronary

calcification, which is a pathognomonic sign of chronic ath-

erosclerosis,34,35 and is very sensitive in detecting and quan-

titating coronary arterial calcification36,37 (Figure 31.3). The

use of coronary artery calcium scanning by CT is discussed

exhaustively in other chapters of this book. In short, total

calcium load in the coronary tree can be quantified using

one of several calcium scoring algorithms, including

Agatston scoring,36 volume scoring38 and mass scoring.39

EBCT is the most established imaging modality for coro-

nary calcium scoring, but MDCT has recently emerged as

an alternative.40,41 Coronary calcium scores have been shown

to correlate with the total atherosclerotic plaque burden

(calcified and non-calcified plaque), but the absolute burden

is significantly underestimated.42,43 The predictive value of

the overall calcium score for future coronary events has been

demonstrated.34,44 An incremental value of calcium scores

over ‘traditional’ multi-variate risk-assessment models in
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Figure 31.1 This figure demonstrates differences between imaging of patients with symptomatic coronary artery disease
and subclinical coronary atherosclerosis. While the assessment of high-grade symptomatic luminal stenosis is well 
established with invasive coronary angiography, the assessment of early disease developing in the vessel wall requires a
tomographic imaging modality.
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selected patient groups with intermediate risk has been

shown in recently published studies.45,46 However, the site of

calcification does not necessarily localize the plaque prone to

rupture. High-grade stenotic lesions causing chronic, stable

angina pectoris often demonstrate dense calcifications. In

contrast, high-risk culprit lesions causing acute coronary

events are frequently not calcified and may not be reflected

by calcium scoring.47,48 It is not well understood how plaque

stabilization affects individual lesion calcification. It is

therefore not surprising that the results of CT studies exam-

ining dynamic changes in the calcium volume score during

pharmacological therapy have been inconclusive.49–52 It has

been suggested that discordant changes in calcified and

overall plaque burden are responsible for these discrepan-

cies. In particular, a reduction in overall plaque burden

during disease stabilizing therapy may be associated with

increased calcification in some lesions.

This is the rationale to image overall plaque burden and

differentiate plaque components. Several recent studies

using contrast-enhanced CT imaging have established the

ability of MDCT to identify calcified and non-calcified ath-

erosclerotic plaque and therefore overall plaque burden and

remodeling53–56 (Figure 31.4). The following paragraphs

will describe the preclinical and clinical experience with

MDCT imaging of coronary artery plaque.
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Baseline

Follow-up

Analyzed segment

Figure 31.2 This figure demonstrates the methodological approach in serial IVUS studies. A vessel segment with 
minimal angiographic disease is identified and plaque burden assessed in multiple cross-sections. Plaque burden is the
primary endpoint and is compared before and after several months of pharmacologic intervention.

Figure 31.3 This figure demonstrates the concept of 
CT calcium-scoring. In a non-contrast enhanced scan, 
calcified plaque is identified by its high Hounsfield unit. The
overall score for the entire coronary tree is calculated and
has a relationship to future cardiovascular risk.
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2.1 Ex-vivo and animal models

Ex-vivo MDCT imaging of explanted arteries has been

compared to the findings of histologic examination.57–60

A study by Nikolaou57 tested the ability of multidetector-

row computed tomography (MDCT) and magnetic reso-

nance imaging (MRI) to identify and characterize

atherosclerotic lesions in human coronary arteries ex vivo.

For both modalities, the sensitivity for the detection of any

atherosclerotic lesion was evaluated, and a retrospective

analysis of plaque morphology according to criteria defined

by the American Heart Association (AHA) was performed.

At histopathology, 28 atherosclerotic lesions were found. 

21 and 23 of these lesions were identified by MDCT and

MRI, respectively. Both modalities detected a small number

of lesions that were not present on histology. After retro-

spective matching with histopathology, MDCT and MRI

were able to differentiate typical morphological features for

fatty, fibrous or calcified plaque components.

However, clinical imaging is more complicated than ex-

vivo imaging due to phasic contrast flow and the constant

cardiac motion. A more physiologic model than static filling

of the vessels with a contrast/gel mix is the use of perfusion

systems.61,62 Studies using such systems describe vessel wall

enhancement during contrast injection and the effect on

plaque characterization. Our group investigated the effect

of contrast injection on atherosclerotic coronary plaque

attenuation.62 Using a pressurized perfusion system, 

10 human coronary arteries were examined postmortem

with multidetector-row computed tomography and histol-

ogy. Pre-enhanced, peak-enhanced, and delayed enhanced

multidetector-row computed tomography images were

acquired during continuous perfusion of the vessel. A total

of 37 focal atherosclerotic plaques were identified. Vessel

wall attenuation was measured from multidetector-row

computed tomography images during all three enhance-

ment phases. On the basis of the histology, plaques were 

categorized as noncalcified (predominantly fibrous or pre-

dominantly fibrofatty), mixed calcified (calcified fibrous or

calcified necrotic core), or densely calcified. The mean

Hounsfield unit was compared among contrast phases for

all plaques and in plaque subgroups. We observed contrast
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Figure 31.4 This figure shows two examples of non-obstructive coronary plaque. The upper example shows non-calcified
plaque in the proximal LAD. In the right-hand cross-section, the plaque is highlighted in yellow. The lower example shows
partially calcified plaque. The middle panel shows calcified plaque, the right hand panel adjacent non-calcified plaque.
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enhancement of atherosclerotic plaques within the vessel

wall. For noncalcified plaques, including both fibrous and

fibrofatty plaques, the mean Hounsfield unit of the vessel

wall during and after contrast injection exceeded the mean

value before injection (t-test, P<0.002). This empirical 

evidence of contrast-enhancement of the vessel wall does not

reveal the origin of this enhancement. One hypothesis is that

vessel wall enhancement results from perfusion of contrast

agent through the vasa vasorum serving the arterial wall.

These microscopic vessels in the coronary wall are increas-

ingly seen as important contributors in the pathogenesis of

plaque development and rupture.63–65 Recent studies showing

a correlation between plaque inflammation and density of the

vasa vasorum suggest that plaques with intense inflammation

could demonstrate increased contrast enhancement.66,67

Similarly, arterial imaging of animal models with subse-

quent histologic examination provides a controlled experi-

ment closer to clinical studies.68,69 A study by Viles68

compared the ability of MDCT and MRI to assess noncalci-

fied, atherosclerotic plaques in the aorta. Six atherosclerotic

rabbits underwent in vivo imaging by MDCT and 1.5-T

MRI. Blinded analysis of 3-mm axial reconstructions from

MDCT and the carefully matched MRI images (182 sections)

showed good agreement between both modalities. MDCT

yielded a slightly larger lumen area, with no significant dif-

ferences in total vessel area. The sensitivity and specificity to

detect noncalcified, atherosclerotic plaques were 89% and

77% for MDCT and 97% and 94% for MRI. Fibrous-rich

and lipid-rich plaque could not be differentiated visually

although they showed different attenuation properties on

CT imaging (116 ± 27 vs. 51 ± 25 Hounsfield units, P<0.01).

2.2 Clinical studies

In clinical studies, contrast-enhanced protocols have

demonstrated the ability of CTA to differentiate calcified

and noncalcified plaque in comparison to IVUS.53–55,70

Our group analyzed with IVUS and contrast-enhanced

MDCT mildly stenotic segments of the left coronary artery

identified by coronary angiography.54 Independent review-

ers evaluated the accuracy of MDCT for determining 

presence, composition and distribution of atherosclerotic

plaque and the remodeling response in comparison to IVUS

using receiver operating characteristic (ROC) data analysis.

Of 46 segments in 14 patients, diagnostic characterization by

MDCT was possible in 37 (80.4%) segments. In these seg-

ments, the accuracy of MDCT for identifying presence of

plaque, calcification, distribution and positive remodeling

was consistently greater than 0.87. In 19.6% of segment analy-

sis was not possible secondary to motion artifact (n = 3) or due

to small vessel caliber (n = 6). Mean lumen diameter of the

segments not analyzed due to small caliber was 3.0±0.5 mm.

Other studies demonstrate the potential value of plaque

characterization based on the Hounsfield unit value.

Schroeder et al. analyzed 34 plaques with IVUS and

MDCT.53 Plaque echodensity was classified by IVUS as soft

(n = 12), intermediate (n = 5) and calcified (n = 17). 

On MDCT imaging, soft plaques had a density of 14±26

HU (range −42 to +47 HU), intermediate plaques of 91±21

HU (61 to 112 HU) and calcified plaques of 419±194 HU

(126 to 736 HU). The differences between plaque densities

among the three groups were significant (p<0.0001). 

A similar study by Leber et al. included 46 consecutive

patients with cardiovascular risk factors.71 Nine of these 

46 consecutive patients could not be studied by MDCT

because of high heart rate (n = 7) or renal insufficiency 

(n = 2). In the 37 patients, 68 vessels were investigated by

IVUS. Of those, 58 were visualized by MDCT with image

quality sufficient for analysis. The vessels were divided into

3-mm segments. MDCT correctly classified 62 of 80 (78%)

sections containing hypoechoic plaque areas, 87 of 112 (78%)

sections containing hyperechoic plaque areas, and 150 of 

158 (95%) sections containing calcified plaque tissue. 

In 484 of 525 (92%) sections, atherosclerotic lesions were cor-

rectly excluded. The MDCT-derived density measurements

within coronary lesions revealed significantly different

values for hypoechoic (49 HU [Hounsfield Units] ±22),

hyperechoic (91 HU±22), and calcified plaques 

(391 HU±156, p < 0.02).

However, there is a large overlap of attenuation values

between the different plaque types, which can make differ-

entiating between soft and fibrous plaque components 

difficult. In addition, recent CT studies suggest that the

attenuation of plaques may be altered by vessel wall

enhancement with contrast medium, demonstrating the

need for standard image acquisition and contrast adminis-

tration protocols and advanced analysis systems.61,62 In con-

trast, clinical studies have demonstrated excellent plaque

characterization in carotid arteries with MRI.72

Based on the observed correlation between CT

Hounsfield Units and plaque echogenicity by IVUS, Leber 

et al. examined whether MDCT can show differences of

plaque composition in patients with different acuity of coro-

nary artery disease.73 The authors examined 21 patients with

recent acute myocardial infarction (AMI) and 19 stable angina 

pectoris (SAP). MDCT was performed with a Somatom 

VZ scanner (4-slice scanner). Total calcium scores were 
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significantly higher in patients with SAP (631.4±676.3,

36–2374) compared with patients with AMI (322±366.2,

0–1345) (p<0.04). In the SAP group, all patients showed

detectable coronary calcium. Three of 19 patients showed

only mild calcium scores (Agatston score <100). In the AMI

group, 2 of 21 patients had no coronary calcium, and in 7 of 

21 patients we found low Agatston scores of <100. In the

SAP group the authors found 230 coronary plaques in 

19 patients. In this group, 132 segments (57%) showed heavy

calcification, 51 (22%) showed spotty calcium, 30 (13%) of

plaques were mixed, and 17 (7%) were non-calcified. In the

AMI group (21 patients), of 217 plaques, 71 (32%) were

heavy calcified, 54 (24%) were spotty calcified, 39 (18%)

were mixed, and 53 (24%) were noncalcified. The mean 

CT density of non-calcified plaques was 63±46 HU, of

mixed plaques, 278±83 HU, of spotty calcified plaque,

315±86 HU, and heavily calcified plaques, 472±93 HU

(p<0.05). This and other studies74,75 demonstrated that dif-

ferences in coronary plaque composition between patients

with myocardial infarction and SAP can determined non-

invasively by contrast-enhanced multidetector CT.

However, to date there are no prospective data demon-

strating that presence of plaque or differences in plaque

characteristics determined by CT can predict plaque 

rupture or future events. In fact, similar to the experience

with IVUS, recent MDCT studies demonstrated the 

frequent presence of atherosclerotic plaque in angiographi-

cally normal coronary artery segments.76 (Figure 31.5) 

In this study, Hausleiter et al. investigated the prevalence

and characteristics of noncalcified coronary plaques in 

161 consecutive patients with an intermediate risk for

having CAD with 64-slice computed tomography (0.6-mm

collimation, 330-ms gantry rotation time). The CT images

were evaluated for presence of coronary calcifications, non-

calcified plaques, and lumen narrowing. Noncalcified coro-

nary plaques were detected in 48 patients (29.8%).

Noncalcified plaques together with coronary calcifications

were present in 38 of 161 (23.6%) patients. The prevalence of

noncalcified plaques as the only manifestation of CAD was

6.2% (10 of 161 patients). Patients with noncalcified plaques

were characterized by significantly higher total cholesterol,

low-density lipoprotein, and C-reactive protein levels, as

well as a trend for more diabetes mellitus than those who

had no evidence of non-calcified plaque. The majority of

noncalcified plaques resulted in lumen narrowing of <50%.

CAD and coronary calcifications were absent in 53 of 161

(32.9%) patients, and 60 of 161 (37.3%) patients had coronary

calcifications but no noncalcified plaque.

In order to establish the relationship between plaque

burden and coronary events, quantitative assessment of

plaque burden and remodeling will be necessary (Figure 31.6).

Achenbach et al. investigated the feasibility of quantitating

coronary plaque burden in 83 coronary segments in 

22 patients without significant luminal coronary stenoses

with contrast-enhanced MDCT (0.75-mm collimation, 420-ms

rotation) in comparison to IVUS as a reference standard.55
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Figure 31.5 This figure shows partially calcified plaque in a CT image and the corresponding coronary angiogram.
Because of expansive remodeling, the significant plaque burden causes only mild luminal stenosis.
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MDCT data sets were evaluated for the presence and

volume of plaque in the coronary artery segments. Results

were compared with IVUS in a blinded fashion. For the

detection of segments with any plaque, MDCT had a sensi-

tivity of 82% and specificity of 88%. For the detection of cal-

cified plaque, sensitivity was 94% and specificity 94%.

Coronary segments containing only noncalcified plaque

were detected with a sensitivity of 78% and specificity of

87%, but presence of exclusively noncalcified plaque was

detected with only 53% sensitivity. In quantitative analysis,

MDCT substantially underestimated plaque volume per seg-

ment compared with IVUS (24±35 mm3 versus 43±60 mm3,

p<0.001). Building on previous qualitative studies,54,74,77

quantitative assessment of arterial remodeling has been

examined78,79 Achenbach et al.78 examined 44 patients who

had atherosclerotic plaque in a proximal coronary artery

segment detected by MDCT coronary angiography. In mul-

tiplanar reconstructions orthogonal to the course of the

coronary artery, the cross-sectional vessel area was meas-

ured for the segment with plaque and for a proximal refer-

ence segment. The ‘Remodeling Index’ was calculated by

dividing the vessel area at the lesion site and the reference

segment. Results were correlated to the presence of ‘signifi-

cant’ luminal stenosis (>50% diameter reduction) assessed

with invasive angiography. In a subset of 13 patients, quan-

titative MDCT measurements were verified by IVUS. The

authors found that reference vessel area was not signifi-

cantly different between vessels with nonstenotic and with

stenotic plaques (20±8 mm2, n = 23 vs. 22±8 mm2, n = 21).

However, the mean Remodeling Index was significantly

higher in vessels without than those with ‘significant’

stenoses (1.3±0.2 vs. 1.0±0.2, p<0.001). In vessels with 

‘significant’ stenoses, ‘negative remodeling’ (Remodeling

Index = 0.95) was observed. Cross-sectional vessel areas and

Remodeling Indices measured by MDCT correlated closely

with IVUS (r2 = 0.77 and r2 = 0.82, respectively). However,

a study by Leber et al., evaluating the accuracy of 64-slice

computed tomography (CT), compared with intravascular

ultrasound, found different results.80 In 20 patients, MDCT

and intravascular ultrasound of vessels without stenosis

>50% was performed. Diagnostic image quality with CT

was obtained in 36 vessels in 19 patients. In these vessels,

which were divided in 3-mm sections, CT enabled correct

detection of plaque in 54 of 65 (83%) sections containing non-

calcified plaques, 50 of 53 (94%) sections containing mixed

plaques, and 41 of 43 (95%) sections containing calcified

plaques. In 192 of 204 (94%) sections, atherosclerotic lesions

were excluded correctly. In addition, CT enabled the visu-

alization of 7 of 10 (70%) sections revealing a lipid pool and

could identify a spotty calcification pattern in 27 of 

30 (90%) sections. The correlation coefficient to determine

plaque volumes per vessel was r2 = 0.69 (p<0.001) with an

underestimation of mixed and noncalcified plaque volumes 

(p<0.03) and a trend to overestimate calcified plaque 

volumes by CT. Interobserver agreement to identify 

atherosclerotic sections was good (Cohen’s kappa coefficient 

= 0.75). However, the interobserver variability to determine

plaque volumes was 37%. The authors conclude that 

the ability of 64-slice CT to determine plaque burden 

currently is still hampered by mainly an insufficient 

reproducibility.

Quantification of remodeling and plaque burden will

eventually allow serial non-invasive examination of coro-

nary anatomy and plaque burden in pharmacological stud-

ies, similar to previous noninvasive serial studies in femoral

arteries, carotid arteries, and the aorta using B-mode ultra-

sound or magnetic resonance imaging (MRI).81–85 Using

MRI, Corti et al. compared the effects of aggressive and con-

ventional lipid lowering by two different dosages of the

same cholesterol-lowering drug on early human atheroscle-

rotic lesions using serial noninvasive magnetic resonance

imaging (MRI).85 Using a double-blind design, newly diag-

nosed hypercholesterolemic patients (n = 51) with asympto-

matic aortic and/or carotid atherosclerotic plaques were

randomized to 20 mg/day (n = 29) or 80 mg/day (n = 22) of

simvastatin. Mean follow-up was 18.1 months. A total of 

93 aortic and 57 carotid plaques were detected and sequen-

tially followed by MRI every six months after initiation 

of lipid-lowering pharmacologic therapy. The primary 
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Figure 31.6 Eventually, quantitative assessment of
plaque burden will be necessary. Current system can iden-
tify a vessel segment and allow area measurement.
However, the lower spatial resolution is still a limiting factor
in comparison to e.g. IVUS.

Area:14.26 mm2

MaxDiam:4.78 mm

MinDiam:3.66 mm

MeanInt:109.27
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MRI end point was change in vessel wall area (VWA) as a

surrogate for atherosclerotic burden. Both statin doses 

significantly (p<0.001) reduced total cholesterol (TC) and 

low-density lipoprotein cholesterol (LDL-C) compared to

baseline values. Total cholesterol decreased by 26% versus

33% and LDL-C by 36% versus 46% in the conventional 

(20 mg) versus aggressive (80 mg) simvastatin groups,

respectively. Although the patient group receiving 80 mg of

simvastatin had significantly higher baseline TC and 

LDL-C levels, both groups reached similar absolute values

after treatment. A significant reduction in VWA was

observed beginning at 12 months after the initiation of ther-

apy. There was no difference in the magnitude of the effect

on VWA reduction between the two dosages of simvastatin.

However, post-hoc analysis showed that patients attained a

mean on-treatment LDL-C < or = 100 mg/dl had larger

decreases in plaque size.

To date, no studies have reported the results of serial

measurements of plaque burden by CT but such measure-

ments are the subject of ongoing studies. Such studies will

also examine the relationship between imaging markers of

cardiovascular atherosclerotic burden and other makers of

cardiovascular risk, including systemic serum markers of

inflammation. This important relationship has been exam-

ined previously in invasive fashion with IVUS.86–88

3 CONCLUSION

Early identification and quantification of subclinical plaque

burden, combined with traditional clinical risk factor assess-

ment and biochemical markers of cardiovascular risk, could

identify those patient subgroups that would benefit the most

from aggressive primary prevention.89 Targeted early inter-

vention including exercise, diet and weight control, and sys-

temic pharmacological treatment of risk factors could

potentially prevent a large number of adverse cardiovascu-

lar events. In addition, atherosclerosis imaging with MDCT

has the potential to define new standards for the develop-

ment and evaluation of drug therapies that are designed to

reduce the progression of atherosclerosis.

However, the use of CT in patients with low pretest

probability or low risk of cardiovascular events must be jus-

tified against the (potentially repeated) exposure to ionizing

radiation. Further validation studies are needed to address

the accuracy and reproducibility of lesion characterization

and quantification of plaque burden by MDCTA before this

modality can be applied to research and clinical settings sim-

ilar to how CIMT and IVUS are used now.
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32
Imaging of Myocardial Viability 
and Infarction

Andreas H. Mahnken and Arno Buecker

1 INTRODUCTION

Imaging of myocardial infarction (MI) and myocardial viabil-

ity is one of the fastest-developing fields in medical imaging.

Visualization of myocardial viability is an important con-

cept because dysfunctional, but viable, myocardium has the

potential for functional recovery after revascularization. 

In contrast, non-viable myocardium is unlikely to recover

function.1 It is estimated that 23%–40% of patients with

chronic ischaemic ventricular dysfunction have potential for

improvement of left ventricular (LV) function after revascu-

larization.2 This is of great importance for the clinical prac-

tice of cardiology, because non-invasive assessment of

myocardial viability allows selection of patients who will

benefit from coronary revascularization. With more than

865,000 MIs in 2003 in the USA, and estimated costs of

US$83,919 per surgical revascularization and US$38,203 per

percutaneous coronary intervention targeting patients

appropriate for these resource-consuming interventions is 

of enormous socio-economic relevance.3 Moreover, percuta-

neous coronary angioplasty or coronary artery bypass 

grafting both are associated with relevant risks in terms of

morbidity and mortality that must be justified by expected

benefits in terms of quality of life or survival.

MI size is a direct predictor for the development of LV

dysfunction and maladaption of LV geometry in patients

with acute MI.4 Moreover, spatial extent and degree of

myocardial injury determine the individual patient’s long

term outcome and survival.5 In patients with viable

myocardium, the annual death rate after revascularization is

only half as high as in patients without viable myocardium.6

The transmural extent of infarction is also a relevant deter-

minant of functional recovery and long term outcome. In MI

with a transmural extent of less than 25% myocardium nor-

mally shows a globally improved LV function after revascu-

larization. Even in cases of up to 50% irreversibly damaged

myocardium an improvement of regional function can be

achieved by revascularization therapy.7 In the presence of MI

with an extent of 75% or more of LV wall thickness, impro-

vement of LV function is extremely rare8 and areas of entirely

transmural infarction will not recover function (Figure 32.1).

Consequently assessment of myocardial viability is essential

not only for risk assessment but also treatment planning.

Several techniques for myocardial viability imaging

have been established. These techniques include low-dose

dobutamine stress echocardiography, single photon emis-

sion computed tomography (SPECT) and 18F-fluo-

rodeoxyglucose positron emission tomography (PET) and

magnetic resonance (MR) imaging. Among these tech-

niques, MR imaging has evolved as a clinically accepted gold

standard for the assessment of myocardial viability.9 One of

its most important advantages when compared with

SPECT or PET is the potential to differentiate between

transmural and non-transmural infarction. In addition, 

MR imaging provides detailed information on contractile

function and myocardial perfusion if needed.
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Over the last decade, great strides have been made in

non-invasive cardiac imaging. Multislice-spiral computed

tomography (MSCT) has become a widely used cardiac

imaging modality. MSCT not only allows visualization of

the coronary arteries and global LV function, but also of

myocardial viability. Similar to MR imaging, MSCT is also

capable of differentiating transmural from non-transmural

infarction.10 Initial CT approaches to the assessment of

myocardial infarction and viability were developed in the

late 1970s.11 Electron beam computed tomography (EBCT)12

or, at the Mayo Clinic, the dynamic spatial reconstructor13

were successfully evaluated for their ability to visualize MI.

However, for a number of reasons these techniques never

became part of the clinical routine. With introduction of

cardiac MR imaging in clinical routine, CT techniques for

MI imaging disappeared from the radiologists’ and cardiol-

ogists’ sight. Although MR imaging is a reliable standard of

reference for imaging myocardial viability, alternative tech-

niques are needed, e.g. for the large patient population with

cardiac pacemakers or deep brain stimulators. Moreover,

there is a need for comprehensive and cost-effective imaging

strategies that can assess both myocardial viability and coro-

nary arteries, a combination that can be achieved with the

current CT technique.

2 PATHOPHYSIOLOGICAL
BASICS

Although classification of ischemic injury of the

myocardium into specific categories may be artificial, it is

important to differentiate between irrevocably necrotic

myocardium on the one hand, and the various types of

viable myocardium on the other. In order to understand 

CT imaging of myocardial viability and infarction, an

understanding of the different categories of myocardial

injury and their etiology is essential. In general, ischemic

injury of the myocardium can be differentiated in reversible

and irreversible conditions in the acute and chronic state.

2.1 Reversible – acute (stunning)

Exercise induced ischemia, heart transplantation, acute

myocardial ischemia and peri-infarction dysfunction are

associated with single or repeated short periods of myocar-

dial ischemia. The latter may induce myocardial stunning,14

a postischemic myocardial dysfunction that persists even if

the coronary flow is restored.15

2.2 Reversible – chronic
(hibernation)

Chronic impairment of the regional blood flow may result in

hibernation, which is characterized by viable but non-func-

tional myocardium.16 The most common reason for myocar-

dial hibernation is hemodynamically relevant multivessel

disease. In hibernating myocardium, contractile function is

diminished due to reduced myocyte metabolism in reaction

to prolonged impairment of perfusion. Revascularization

therapy may restore myocardial function to some degree.17

When compared with myocardial stunning, functional

recovery takes longer in hibernating myocardium.18

430 Computed Tomography of the Cardiovascular System
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Figure 32.1 Dysfunctional but viable myocardium may experience functional improvement after revascularization ther-
apy. Functional recovery depends on the transmural extent of MI. If less than 25% of the left ventricular wall thickness is
necrotic global improvement of left ventricular function can be expected (A). If hyperenhancement comprises less than
50% of the transmural extent regional wall motion improvement can be expected (B). Segments with more than 75% (C)
delayed contrast enhancement have very little chance for functional improvement. In transmural hyperenhancement (D)
there will be no functional recovery after revascularization.
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Moreover, after a certain time, chronically hypoperfused

myocardium may become irreversibly damaged.19

2.3 Irreversible – acute
(acute MI)

Irreversible myocardial damage is marked by the loss of the

cell membrane integrity. In acute MI the intracellular space

of the necrotic myocytes becomes accessible to extracellular

contrast media. Interstitial edema further increases the dis-

tribution volume for contrast material. Compared to the

intravascular space, wash-in and wash-out of contrast mate-

rial is delayed in these regions. These altered kinetics pro-

vide the pathophysiological basis for delayed myocardial

contrast enhancement.

In acute MI, not all myocytes within the infarct zone die

simultaneously.20 Most of the myocardial thickening during

cardiac contraction, and therefore the highest local energy

demand, occurs within the endocardial half of the

myocardium.21 Hence, myocyte necrosis in acute MI starts in

the subendocardial layer and spreads like a wave front

towards the subepicardial myocardium. As a result, location,

spatial extent, and lateral boundaries of myocyte necrosis are

a function of which coronary artery segment is occluded, but

the transmural extent of MI is determined by the duration of

ischemia. Early coronary artery revascularization prior to the

development of transmural MI may salvage the myocardium

at risk in the mid-myocardial and subepicardial layer.8

If myocardial ischemia persists for more than two hours,

restoration of blood flow in the epicardial coronary arteries

does not necessarily result in restoration of microvascular

flow. As a consequence, so-called microvascular obstruction

(no-reflow) occurs, which is characterized clinically by

increased cardiac mortality during the acute period, and a

reduced long-term prognosis.22

2.4 Irreversible – chronic 
(chronic MI)

At the chronic stage of MI, starting approximately 72 h after

the acute event, thinning of the necrotic myocardium may

be observed. Within 6 weeks, the necrotic myocardium is

replaced by scar tissue that is markedly thinner than normal

myocardium. The severity of the underlying coronary

artery disease and the occurrence of secondary events, such

as recurrent MI, define the exact time course of this myocar-

dial remodeling process.23

3 CT IMAGING OF
MYOCARDIAL ISCHEMIC INJURY

Several years before spiral CT and sub-second gantry rota-

tion became available, several promising reports on the

application of CT for imaging MI were published.24

A straight-forward approach for the detection of MI is 

the visualization of hypoenhancing myocardium during the

arterial phase of contrast enhanced CT. While this is 

the most obvious and basic CT approach for evaluating the

myocardium, several other techniques for imaging MI were

developed. Some of these techniques, including the assess-

ment of left ventricular wall motion, thickness, and thicken-

ing, or of myocardial perfusion, were previously validated

for cardiac MR imaging. Imaging of delayed myocardial

contrast enhancement by CT goes one step beyond these

approaches by directly visualizing myocardial viability.

3.1 First-pass CT perfusion imaging

The myocardial microvasculature plays a key role in regu-

lating myocardial perfusion and flow reserve.

Intramyocardial microvascular dysfunction occurs in early

stages of coronary artery disease and precedes MI.

Quantification of microvascular function allows assessing

the physiological relevance and therefore significance of

coronary artery lesions before irreversible damage to the

myocardium occurs. Microvascular function can be quanti-

fied by first-pass myocardial perfusion imaging, and

decreased myocardial perfusion represents the first 

consequence of obstructive coronary artery disease.25

EBCT has been used to non-invasively quantify intramy-

ocardial microcirculatory function in the animal model,

including the quantification of the microvascular blood

volume distribution.26

For a first-pass perfusion study, sequential ECG-gated

images are obtained without table advance during at least

every second heart beat. Starting with baseline images of the

myocardium without contrast-enhancement, the passage of

a bolus of contrast medium is followed from the right heart

to the LV and through the myocardium. From carefully

placed regions of interest, time-attenuation curves for dif-

ferent myocardial segments can be computed. For inter- and

intraindividual comparisons, the data must be corrected for

variations in the hemodynamic status by normalizing the

myocardial attenuation values to the attenuation values

measured in the LV cavity. These time-attenuation curves

can then be analyzed quantitatively and semi-quantitatively.
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For more than a decade this technique could reliably be

performed only with EBCT. Quantitative perfusion analy-

sis, including computation of transit time, myocardial blood

volume or myocardial perfusion has been reported for

EBCT.26 More recently, the temporal resolution of MSCT

has become sufficient for myocardial perfusion studies. 

In animal and human studies, the potential of contrast

enhanced MSCT to provide information about myocardial

perfusion has been demonstrated.27,28 In the MSCT perfu-

sion studies to date, mostly semi-quantitative parameters

previously validated for MR imaging including maximum

signal intensity, wash-in time and slope have been exam-

ined.29 In the animal model, the combination of CT rest and

stress perfusion imaging can allow the assessment of

regional differences of myocardial perfusion.30 Theoretically,

assessment coronary perfusion reserve and even myocardial

blood flow quantification27 from MSCT data should be pos-

sible. The concepts of, and available data on, first-pass CT

perfusion imaging are discussed in more detail in chapter

X.X. To date, MSCT perfusion techniques are not used in

the clinical setting and optimized scan protocols have not yet

been developed.

Compared to MR imaging, the linear relationship

between iodine concentration and contrast enhancement in

CT imaging offers the great advantage of permitting direct

quantification of myocardial blood flow without the com-

plex mathematical modeling required for quantitative MR

myocardial perfusion studies. However, first-pass CT per-

fusion imaging has the disadvantage of requiring exposure

to ionizing radiation. Another relevant limitation of first-

pass CT perfusion imaging is the limited myocardial

volume that can be examined and that is determined by the

detector width. With introduction of new CT detectors that

can acquire 256 or more slices per rotation simultaneously,

whole organ perfusion imaging will become feasible albeit

most likely at the price of increased radiation exposure.31

3.2 Arterial phase CT imaging

Arterial phase imaging of the myocardium is a routine part

of CT coronary angiography, and does not require extra

exposure of the patient to ionizing radiation or contrast

material. These images are obtained during the first pass of

contrast material. Consequently, contrast enhancement is

directly related to myocardial perfusion. For many organ

regions, lack of contrast enhancement is an accepted surro-

gate marker of infarction. This concept also holds true for

the myocardium, where hypoattenuation during arterial

phase CT imaging reflects diminished or delayed contrast

delivery due to reduced blood flow.32 The direct relation-

ship between absent perfusion, hypoenhancement on 

CT and MI has been demonstrated in several animal models

of acute MI.33,34 Thus, it is justified to consider reduced con-

trast enhancement during arterial phase CT as a marker of

MI or myocardial perfusion deficit. Interestingly, even in

CT scans without contrast enhancement, hypoattenuation

of infarcted myocardium may be seen in some patients.35,36

In the early 1980s, single slice CT24-38 and EBCT were

successfully used to detect MI in patients.39 At that time, 

CT imaging of the heart with mechanical scanners was lim-

ited by difficulty visualizing the inferior wall of the LV on
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Figure 32.2 For first-pass perfusion analysis time-attenuation curves (B) are computed from regions of interest that are
placed in the area of MI (A; white) and healthy remote myocardium (A; black). Results are normalized to the enhancement
in the left ventricular cavity. Several semi-quantitative parameters like slope, contrast-arrival time (CAT) or time-to-maximum
(Tmax) may be computed from time-attenuation curves.
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ungated axial images. With introduction of MSCT scanners

with subsecond gantry rotation time and submillimeter 

spatial resolution, cardiac CT imaging, including the 

assessment of MI, has become eminently feasible and widely

available.

Several recent studies reported sensitivities and specifici-

ties ranging from 79–91% for the detection of MI from

ECG-gated MSCT data (Table 32.1). With current 

CT scanners, even non-gated chest CT permits reliable

detection of MI.40 Although the attenuation values of

normal myocardium are typically more than twice as high as

those of infarcted myocardium, a threshold of 20 HU is 

typically used to differentiate normal from infarcted

myocardium. Advanced visualization strategies are likely to

further improve the detection of MI from arterial phase CT

(Figure 32.3).41 Analysis of regional myocardial function

that is possible from MSCT examinations performed for

coronary angiography can corroborate the classification of

hypoattenuating myocardium as infarcted.42,43 Because both

acute and chronic MI present as hypoattenuating areas

during arterial phase, additional imaging characteristics are

needed to separate acute from chronic MI. Wall thickness is

a good marker for this purpose. Chronic MI typically pres-

ents with wall thinning due to scar formation.44,45 Thus, the

presence of hypoattenuating myocardium in combination

with regional wall thinning is likely to represent chronic MI.

There are several limitations to arterial phase CT for

assessing MI. Although the sensitivity for the detection of

MI is in the clinically acceptable range, MI size is typically

underestimated by CT when compared to MR imaging.10

Microvascular obstruction, as known from MR imaging of

acute and subacute MI, likely contributes to this finding.

During the healing phase of MI, capillary infiltration from

the periphery may not extend to the central portion of the

infarct, resulting in a central area of hypoattenuation on 

contrast-enhanced CT.35 The gradual ingrowth of capillaries

from the periphery may lead to the appearance on 

CT imaging of progressively decreasing MI size as the

organization of infarcted myocardium progresses. 

The main limitation of arterial phase CT for imaging of

myocardial infarction, however, is that hypoattenuating

myocardium does not necessarily represent MI, but may

simply be the result of reduced perfusion resulting from

high-grade coronary luminal obstruction. As a consequence,

myocardial segments with reduced contrast enhancement

may be viable or not (Table 32.2).

Arterial phase CT of the myocardium does not provide

dynamic information such flow reserve, because it is 

performed under resting conditions from data obtained for

coronary CT angiography. In one small patient series, 

arterial phase adenosine stress CT imaging for the detection

of myocardial ischemia was performed.46 The agreement

with stress thallium-201 myocardial perfusion scintigraphy

was 83%. This approach may allow differentiating between

acute MI and reversible perfusion deficits. However, at the

current stage of technical development, the need for

repeated exposure to ionizing radiation and contrast 

material limit the clinical usefulness of CT for myocardial

stress imaging, especially since less invasive techniques 

such as stress MR imaging and stress echocardiography 

are available.

3.3 Late phase CT imaging

The limitations of arterial phase CT imaging of MI fueled

the quest for CT techniques that are more specific for

myocardial viability or lack thereof. In 1978, Higgins et al.

demonstrated that extracellular contrast material accumu-

lates in areas of acute MI on CT imaging,47 presenting as

delayed myocardial contrast enhancement 5 to 20 minutes

after contrast material injection. During the 1980s, several

Imaging of Myocardial Viability and Infarction 433

Table 32.1 Studies on the detection of MI from arterial phase CT

Patients Sensitivity Specificity Attenuation MI Attenuation 
Author MI /total Reference (%) (%) [HU] healthy [HU]

Gosalia40 2004 18 / 69* clinical 83 95 8-87 66-147
Nikolaou44 2004 27 / 106 clinical 85 91 54±19 117±28
Nikolaou61 2005 11 / 30 MR imaging 91 79 54±34 122±26
Mahnken10 2005 110 / 4482 MR imaging 83 91 59±17 101±14
Francone45 2006 29 / 187 clinical 83 91 39±14 104±16
Sanz35 2006 21 / 42 MR imaging 91 81 42±39 119±20

*ungated CT; 2segment based analysis; HU, Hounsfield Units.
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Table 32.2 Classification ischemic injury and the typical CT imaging features

Acute Chronic
Reversible Reversible
stunning Irreversible acute MI hibernation Irreversible chronic MI

arterial phase hypodense or hypodense hypodense or hypodense, wall thinning
normal normal

late phase hypodense occlusive = hypodense; hypodense occlusive = hypodense;
reperfused = hyperdense reperfused = hyperdense

Figure 32.3 On arterial phase CT MI is depicted as
an area of reduced contrast enhancement (A). MI
size is typically underestimated, when compared with
MR imaging (B). By application of advanced visuali-
zation techniques like perfusion weighted color maps
sensitivity for the detection of MI can be improved 
(C; blue areas).
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studies on the use of delayed contrast enhancement in EBCT

for the assessment of MI were published.48,49 At that time,

however, CT imaging of MI was not valued as clinical tool.

With the rapid spread of cardiac MSCT, the role of CT

imaging in MI is being re-examined. Within the last few

years, several studies in animals (Table 32.3) and in patients

(Table 32.4) have compared delayed contrast enhancement

on retrospectively ECG-gated MSCT for the detection of

MI with single photon emission computed tomography

(SPECT), MR imaging, and 2,3,5-triphenyl tetrazolium

chloride (TTC) staining. The imaging characteristics of

acute, subacute and chronic as well as of reperfused and

occlusive MIs have been investigated.

Reperfused MI typically presents with delayed contrast

enhancement in areas of infarction. The delayed enhance-

ment is much less pronounced than in delayed-enhanced

MR imaging. Depending on the amount of iodine injected

and the timing of imaging relative to contrast injection, the

attenuation values in infarcted myocardium are typically

approximately double those in normal myocardium.

In contrast, MI with an occluded infarct-related artery

presents as an area of diminished attenuation that persists

up to one hour after injection of contrast material. The lack

of contrast enhancement in occlusive MI is attributed to a

lack of inflow of contrast material into the area of infarction

resulting from a lack of collaterals. These simple imaging

features reliably allow differentiating occlusive from 

reperfused MI.50

While arterial phase CT typically underestimates the size

of MI, several studies suggest that delayed contrast enhance-

ment on CT slightly overestimates the size of acute MI. This

is thought to be due to an increased distribution volume in

the periinfarction zone.51 In chronic MI, not only regional

wall thinning, but also a decrease in infarct size may be

observed, as discussed above. An animal study on chronic MI

with sequential CT examinations over a period of three

months suggested shrinkage of the damaged myocardium

with subsequent fibrosis.52 Overall, the size of reperfused MI

on delayed myocardial enhancement by CT correlates well

with that on delayed myocardial enhancement MRI at all

stages of infaction.52A

Given the submillimeter spatial resolution of MSCT,

subendocardial infarctions can be differentiated from trans-

mural MIs based on the transmural extent of delayed

enhancement (Figure 32.4). Detection of prognostically

important microvascular obstruction is feasible, as well.

These so called ‘no-reflow’ areas present on delayed CT

imaging as hypodense regions surrounded by hyperen-

hanced myocardium.53 Although imaging of delayed

myocardial contrast enhancement has been developed to

image myocardial viability, it is not specific for MI and also

may be found in other conditions that are associated with
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Table 32.3 Animal studies proving delayed contrast enhanced CT feasible for the detection of MI

delay MI size MI size MR MI size Attenuation Attenuation
Author Animal MI age [min] MSCT [%] imaging [%] TTC [%] MI [HU] healthy [HU]

Buecker 200550 14 pigs acute 5-60 22.8±9.2 20.8±11 20.6±12 - -
Baks 200659 10 pigs acute 15 21±15 22±16 20±15 126±20 66±6
Lardo 200657 10 dogs acute 5-40 21.4 - 20.8 261±57 134±11

7 pigs chronic 4.2±1.9 4.9±2.1 181±39 97±15

min, minutes.

Table 32.4 Patient studies show a good agreement between late enhanced CT and the standard of reference 
indicating the reliability of CT for assessing myocardial viability

Patient / delay Sensitivity Specificity Attenuation Attenuation
Author segment Reference MI age [min] [%] [%] MI [HU] healthy [HU]

Paul 200562 34 / 578 SPECT acute 5 78 91 - -
Mahnken 200510 28 / 448 MR imaging acute 15 97 98 108±16 75±11
Gerber 200658 16 / 256 MR imaging acute 10 85 90 97±11 131±16

21 / 336 MR imaging chronic 10 59 92

min, minutes; HU, Hounsfield Units.
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myocardial scarring such as cardiomyopathies, myocarditis

or cardiac sarcoidosis.54,55

When arterial and late phase MSCT imaging are com-

bined, various contrast enhancement patterns can be

observed that may allow conclusion regarding the complete-

ness of reperfusion. Some patients with myocardial contrast

enhancement on late phase CT have hypoattenuating areas

during arterial phase, while others do not. After reperfusion

therapy, the absence of a hypoattenuating area during arterial

phase CT may indicate successful reperfusion at both the

epicardial and the microvascular level. Koyama et al.

described three different enhancement patterns and evalu-

ated their relation to the recovery of global and regional LV

function (Figure 32.5). Wall thickening and ejection frac-

tion recovered best in patients who did not have perfusion

defects during the arterial phase. In contrast, LV function

recovered least in patients who had non-enhancing areas

during both arterial and late phase CT.53 Based on animal

data, the different lesion sizes in arterial and late phase CT

are thought to reflect reperfusion in the area at risk.56

Because the combination of arterial and late phase CT

appears to provide prognostic information on the likelihood of

LV function recovery, a CT examination protocol for the

assessment of MI should include an arterial phase scan that

can also be used for the assessment of the coronary arteries,

and a late phase scan (Figure 32.6).
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A B

C D

Figure 32.4 CT allows differentiation of subendocardial (A) from transmural (C) infarction. Extent and location of actual
infarction on delayed enhanced CT (A,C) correlate well with MR imaging (B,D).
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A

B

C

Figure 32.5 When comparing arterial phase (left) and
late-phase (right) CT of the heart, myocardial infarction
presents with different contrast enhancement patterns.
These patterns are related to functional recovery after
myocardial infarction. Best results with respect to wall thick-
ening and left ventricular ejection fraction have to be
expected if no early perfusion deficit but delayed contrast
enhancement (white regions) is seen (A). Prognosis
decreases if hypoattenuating areas (black regions) are also
present during arterial phase (B). In patients with hypoat-
tenuating areas during arterial and late phase CT, so called
no-reflow areas, poorest results have to be expected (C).

Figure 32.6 There are no recommendations for a uniform scan and contrast injection protocol for imaging myocardial
viability with CT. For a comprehensive analysis of the coronary arteries, cardiac function and myocardial viability a 
contrast-enhanced dual phase scan protocol can be recommended. Most groups use a single contrast material injection.
Others, however, maintain a low flow contrast injection after the arterial phase scan.
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To date, there is no universal agreement on how to best

tailor scan protocols to the sensitive detection of delayed

contrast enhancement in CT. Key issues are the mode of

contrast administration and the optimal delay for late phase

image acquisition. Contrast delivery to non-viable tissue

will take several minutes. Consequently, a relatively long

delay after contrast injection is needed. Delays ranging from

5 to 60 minutes have been evaluated.50,57,58 Some studies

reported excellent results with a delay of 15 minutes,59 but

others showed the best contrast between infarcted and

normal myocardium at a delay of 5 minutes between 

contrast injection and CT imaging.58

The low contrast between the area of infarction and the

blood pool is an important challenge for delayed contrast

enhanced MSCT imaging of MI. The delay of several min-

utes that is needed to allow contrast material to accumulate in

infarcted myocardium leads to near-absence of contrast

enhancement in the LV cavity. Dedicated contrast injection

protocols to optimize contrast between infracted myocardium

and normal myocardium or the LV blood pool must be devel-

oped. To ensure sufficient contrast on late phase CT images,

the total amount of iodine administered should exceed 50g.

Some authors advocate lowering the tube voltage to improve

contrast in late phase CT. This approach will result in better

iodine contrast and lower radiation exposure at the expense of

an increased image noise.60 With dual source CT (see chapter

x.x), enough power scanning of the heart at 80kVp with

acceptable image noise will be available. An attractive clinical

approach in patients with acute myocardial infarction has

been reported that avoids excessive exposure to contrast

medium by utilizing the contrast material injected for inva-

sive, selective coronary angiography for delayed enhancement

CT imaging, and reduces additional radiation exposure by

setting the tube voltage to 80 kVp.59A At an average delay of

up to 51 minutes after the end of invasive coronary angiogra-

phy, delayed enhancement CT, compared to low-dose dobut-

amine echocardiography, had 98% sensitivity, 94% specificity,

97% accuracy, and 99% positive and 79% negative predictive

values for detecting viable myocardial segments in this setting.

The combination of myocardial viability imaging of

non-invasive coronary MSCT angiography and analysis of

global and regional LV function offers a comprehensive

examination strategy for evaluation of patients with known

or suspected heart disease.
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33
Computed Tomography for the
Assessment of Myocardial Perfusion

Richard T. George, Albert C. Lardo, and Joao A.C. Lima

1 INTRODUCTION

Recent advances in multidetector computed tomography

(MDCT) technology have extended its use to the compre-

hensive evaluation of cardiovascular disease. Improvements

in temporal and spatial resolution along with wider detector

coverage have made practicable the non-invasive imaging of

the coronary artery lumen and surrounding atherosclerotic

plaque. Single center studies of the current generation of 64

slice MDCT scanners have demonstrated that MDCT non-

invasive angiography has good sensitivity and specificity for

identifying stenoses ≥50 % severity when compared to inva-

sive angiography.1–4 Moreover, it appears that its greatest

power is in its negative predictive value, meaning its ability

to exclude coronary artery disease in those patients without

disease.5 However, it is in those patients with coronary

artery disease that the MDCT angiogram becomes more

limited in its diagnostic accuracy due to the presence of

coronary calcification and intracoronary stents.6–8

Although multidetector computed tomography pro-

vides unsurpassed non-invasive imaging of coronary ather-

osclerosis, we need to be cautious not to go back to the days

of ‘lumenography’ when the physiological significance of

stenoses was largely ignored. The invasive coronary angiog-

raphy literature has made clear that percent diameter steno-

sis is poorly correlated with vasodilatory reserve and

myocardial blood flow (MBF) measurements.9,10

Furthermore, the radionuclide myocardial perfusion 

441

imaging (MPI) literature has demonstrated that perfusion

imaging adds valuable prognostic value above and beyond

the invasive coronary angiogram and the identification and

quantification of ischemia can risk stratify patients into

groups who will or will not benefit from invasive over med-

ical therapies.11,12

Recent evidence reveals that MDCT angiography alone

has a poor positive predictive value for identifying athero-

sclerosis contributing to ischemia.13–14 This has lead to the

development of hybrid imaging systems that combine

MDCT scanning systems with single photon emission 

computed tomography (SPECT) or positron emission

tomography (PET) systems capable of acquiring the non-

invasive coronary angiogram and radionuclide MPI.

However, adding radionuclide perfusion imaging to the

MDCT angiogram can more than double the effective 

radiation dose to patients.15 Alternatively, there is great

interest in evaluating myocardial perfusion with MDCT

alone. MDCT perfusion imaging, combined with the

MDCT angiogram, has the potential to not only detect the

presence of coronary atherosclerosis, but also its physiologic

impact on MBF. This chapter aims to review those aspects

of X-ray computed tomography that make it a candidate for

MPI. In doing so, we will review cardiac CT perfusion

imaging over the last 20 years and how today’s multidetec-

tor CT systems can be used in conjunction with the non-

invasive angiogram to detect atherosclerosis and its

physiologic significance.
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2 THEORETICAL 
CONSIDERATIONS

The measurement of MBF by non-invasive means has

required using the principles of indicator-dilution theory first

developed by Stewart and Hamilton in the late 19th and early

20th centuries, respectively.16,17 In the case of computed

tomography, iodinated contrast is typically used as the indica-

tor (or tracer) and serial imaging of regions of interest within

the heart is performed to record the transit of iodinated con-

trast through the vasculature. These images are used to con-

struct a time-attenuation curve in the aorta (or LV blood pool)

and myocardium from which MBF and myocardial blood

volume (MBV) measurements can be derived (Figure 33.1).

There are certain assumptions that are made when applying

indicator-dilution theory to the measurement of MBF with

CT. Adopting the assumptions described by Rumberger and

colleagues,18,19 they are as follows:

1. Complete mixing of the indicator proximal to arrival to

the heart.

2. Volume of indicator is negligible to the volume of the

vasculature.

3. The indicator does not cause hemodynamic or physio-

logic changes as it traverses the cardiac vasculature.

4. The recorded CT attenuation number accurately

reflects the concentration of the indicator.

5. Recirculation of the indicator can be ignored or

accounted for.

6. There is no extravascular diffusion of the indicator

during its first pass circulation through the vasculature.

Assumptions 1, 2, 3, and 5 can be justified using an intra-

venous injection of today’s non-ionic contrast agents.

However, assumptions 4 and 6 require further discussion.

Several characteristics of X-ray computed tomography

and iodinated contrast make it an ideal candidate for MPI. In

regards to the assumption 4, iodinated contrast is used in CT

due to its ability to attenuate X-rays. In fact, the attenuation of

X-rays, measured in Houndsfield units, is directly propor-

tional to the concentration of iodine in tissue (Figure 33.2).

Therefore, if you know the volume of tissue sampled and its

CT number, you can calculate the concentration of iodine in

the tissue. This is, of course, dependent on the accuracy of

recording the actual attenuation number in the tissue which

can be hindered by beam hardening (Compton scatter) and

motion artifacts (Figure 33.3). These artifacts can increase or

decrease the CT attenuation number that is measured 

and cause error in the calculation of flow measurements. Thus

care needs to be taken not to violate assumption 4 by identify-

ing these artifacts visually or correcting for them using beam

hardening correction algorithms during image reconstruction.

In regards to assumption 6, iodinated contrast agents are

mostly intravascular during early first pass circulation

through the vasculature. However, their diffusion over time

to the extravascular space increases over time and, after

about 1 minute, the concentration of iodinated contrast in

the extravascular space becomes higher than the intravascu-

lar space.20,21 Furthermore, extravascular diffusion may be

more pronounced in myocardial beds supplied by stenosed

versus non-stenosed arteries.22 Therefore, in order to accu-

rately measure perfusion, imaging during the early portion
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of first pass circulation is critical. Alternatively, mathemati-

cal models can be applied that account for the diffusion of

contrast agents to the extravascular space.23

3 MYOCARDIAL PERFUSION 
IMAGING USING FAST 
COMPUTED TOMOGRAPHY

The measurement of perfusion is not new to X-ray computed

tomography. Leon Axel first described the Fermi function

deconvolution method for the analysis of CT derived cerebral

perfusion measurements in 1983, a method commonly used to

calculate perfusion using magnetic resonance.24 Beginning in

the late 1980s, myocardial perfusion studies were first reported

using electron beam tomography (EBT). Rumberger and col-

leagues used two different methods to derive MBF measure-

ments from axial tomographic data: (1) the ratio of peak

myocardial opacification from baseline to the area under the

left ventricular cavity curve and (2) the ratio of the left ventric-

ular to posterior papillary muscle curve areas divided by the

full width/half maximal contrast transit time in the region of

the posterior papillary muscle. Using these two methods they

demonstrated good correlations with microsphere derived

MBF with correlation coefficients of 0.7 and 0.82 respectively.

However, this study and others demonstrated an underesti-

mation of MBF at rates above 2.5 to 3.5 ml/g/min.25,26

Around this same time, a multislice fast CT scanner

known as the dynamic spatial reconstructor (DSR) was used to

derive MBF and MBV measurements. The DSR was a one of

a kind device with a gantry weighing in at nearly 17 US tons.

Wang et al. used the DSR to image the heart over time and

record indicator-dilution curves in the aorta and myocardium.

Using an aortic root contrast injection they demonstrated an

excellent correlation between DSR derived and microsphere

derived MBF.27 They also postulated that underestimations of

MBF derived by fast CT were secondary to increases in

regional MBV during vasodilation and, by applying a volume

correction, you could extend the linear range of fast CTs capa-

bility to measure MBF up to 4.5 ml/g/min.

Bell et al. validated the use of indicator curves or time

attenuation curves (TAC) in an animal study that was then

applied to the measurement of myocardial perfusion in

normal volunteers during maximal vasodilation and base-

line conditions.28 The exact details of the mathematical algo-

rithms to derive MBV and MBF are beyond the scope of this

chapter. But, to summarize, MBV was derived from the

ratio of the area under the myocardial TAC and the area

under the left ventricular blood pool TAC. MBF was calcu-

lated by multiplying MBV by the mean transit time and

then applying a volume correction. Using this volume cor-

rection, they showed a good correlation between EBT

derived and microsphere derived MBF measurements up to

3.5–4.0 ml/g/min (r = 0.82). Applying this method to healthy

volunteers, they confirmed they could measure MBF in the

range of normal coronary flow reserve of 2.8.

EBT studies demonstrated the feasibility of performing

MPI using X-ray computed tomography. EBT scanning

systems were designed with cardiac imaging in mind and,

without the physical limitations of a rotating gantry, were

capable of providing cardiac images with excellent temporal

resolution (33–100 msec). However, the cost of these sys-

tems, limited spatial resolution in the z-axis, and recent

improvements in MDCT scanner technology, have shifted

cardiac CT imaging to MDCT scanning systems.

4 MULTIDETECTOR 
COMPUTED TOMOGRAPHY 
MYOCARDIAL PERFUSION 
IMAGING

The current generation of MDCT scanners can image the

entire heart in as little as 5–10 seconds with spatial resolution

Computed Tomography for the Assessment of Myocardial Perfusion 443

IVC

Figure 33.3 Multidetector computed tomography imag-
ing of a canine heart at the mid left ventricle level after the
administration of iodinated contrast through femoral
venous access. Note iodinated contrast pooled in the infe-
rior vena cava (IVC) is causing a beam hardening artifact
(arrows) in the inferior myocardial wall.
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as low as 350 µm3. These technologic improvements have

made MDCT coronary angiography for the non-invasive

evaluation of coronary stenoses and atherosclerotic plaque

possible. However, as previously noted, the technology falls

short of determining the functional significance of coronary

stenoses. It is important to point out that MDCT scanners

differ from EBT. While MDCT scanners have improved

spatial resolution, temporal resolution is slower due the

physical limits of a rotating gantry that contains the X-ray

source and a set of detectors. Depending on scanner manu-

facturer and the reconstruction algorithm used (e.g. half-

scan vs. segmental reconstruction), images of the heart can be

acquired with an effective temporal resolution of approxi-

mately 80–200 msec. These scanners can be programmed in

either helical mode, commonly used for coronary angiogra-

phy, or dynamic mode and we will discuss the prospects for

CT perfusion imaging using each image acquisition mode.

4.1 Dynamic MDCT perfusion
imaging

Similar to EBT, 64 slice CT systems can be programmed to

image in dynamic mode. In this mode, the subject lies on a

stationary table and the detectors are aligned over a portion

of the heart in the axial plane. It is important to note that not

all 64 slice CT scanners actually have 64 detectors and,

depending on the manufacturer, detector widths vary from

0.5 mm to 0.625 mm. Therefore 64 detector scanners with

0.5 mm or 0.625 mm detectors have 32 mm and 40 mm cov-

erage in the z-axis, respectively. Even more complicated are

64 slice scanners that contain 32 detectors with a 0.6 mm

detector width flanked on each side by 4 detectors with a 

1.2 mm width for a total coverage of 28.8 mm coverage in

the z-axis. What this means is that dynamic imaging with

today’s generation of scanners can only cover approximately

2 to 4 cm of the heart, thus limiting this method of perfusion

imaging. This will change as manufacturers push for whole

heart coverage, for example with 256 detector CT.29,30

Dynamic MDCT has been used in the preclinical setting

of acute non-reperfused MI. Mahnken et al. studied several

parameters of time-attenuation curves obtained with 16 slice

MDCT in a porcine model of MI. When comparing infarcted

and normal myocardium, they found significant differences

in the maximum attenuation density, time to maximal atten-

uation density and upslopes of the myocardial time attenua-

tion curves. When comparing the size of the hypoperfused

area noted on MR and MDCT dynamic imaging to TTC, the

mean difference was −1.4% and 0.7% respectively.31

Recently, a comparison between dynamic MDCT and

EBT was published by Daghini et al.32 Time-attenuation

curves was obtained in 12 pigs at rest and during adenosine

infusion using the two scanning systems, EBT and MDCT.

They measured two indices of endothelial function and

microvascular perfusion: microvascular permeability-surface

area (MPSP) and fractional vascular volume (FVV) using

both indicator-dilution and Patlak models. They showed

that dynamic MDCT could accurately assess MPSP and

FVV using the Patlak method, compared with EBT.

However, using the indicator dilution method, which

requires a gamma variate function be fitted to the time-

attenuation curve, measurements of MPSP and FVV were

not well correlated between EBT and MDCT. The authors

concluded that the lower temporal resolution of MDCT

contributes more noise to the TACs, making gamma variate

curve fitting error prone. We have had the same experience

in our laboratory trying to apply gamma variate fit functions

to dynamic MDCT time-attenuation data (unpublished

data). Patlak plot analyses, however, do not require curve

fitting and instead use fewer points during the upslope of

the TACs and then applies a linear fit to the data that may

cancel out some of the noise found in the MDCT data.

Studies from our laboratory have studied dynamic

MDCT in a canine model of moderate to severe coronary

stenosis. Similar to the previous described study, we per-

formed dynamic imaging of a portion of the LV and con-

structed TACs for the LV blood pool and the myocardium

(Figure 33.1 and Figure 33.4).33 We applied several semi-

quantitative and quantitative analysis methods, including

upslope and model-based deconvolution methods. We

showed a strong correlation between the ratio of the

myocardial upslope and LV upslope and MBF (R2 = 0.92).

Absolute quantification of MBF derived from the model-

based deconvolution analysis also strongly correlated with

microspheres (R2 = 0.90). Furthermore, the model-based

deconvolution approach provided measurements of MPSP

and MBV.

Dynamic MDCT perfusion imaging is currently limited

due to restricted cardiac coverage in the z axis. This will

change with the introduction of scanners with full cardiac

coverage. Additionally, the radiation dose required for

serial imaging of only a portion of left ventricle is relatively

high. This will be overcome by protocols capable of prospec-

tive ECG-gating that will limit the exposure to just the

phase of the R-R interval that is of interest. Dynamic

MDCT, like EBT, has the potential for the evaluation of

myocardial perfusion and microvascular function and could

be used to determine the early microvascular changes in
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patients with atherosclerosis, diabetes, hypercholes-

terolemia, hypertension, etc.34

4.2 Helical MDCT 
perfusion imaging

Currently, non-invasive coronary angiography is achieved

with an MDCT scanner imaging in helical mode. Helical

CT is performed with the scanner table moving the patient

through a rotating gantry at a set rate. Image data is

acquired as the X-ray source and detectors move around the

patients in spiral fashion (Figure 33.5). In this mode, the

entire heart is imaged over 5 to 10 heartbeats. This is funda-

mentally different from dynamic CT imaging since, in hel-

ical mode, different parts of the heart are imaged at

different times during the relative peak of coronary arterial

contrast enhancement. Therefore, the traditional time-

attenuation curves imaged from dynamic CT are not

acquired and the absolute quantification of MBF would

pose great difficulty. However, there is evidence that impor-

tant semi-quantitative metrics of myocardial perfusion can

be extracted from helical MDCT imaging protocols.

Myocardial viability imaging will be extensively covered

elsewhere (Chapter 32). There is evidence that decreased

MBF and microvascular obstruction associated with

myocardial infarction can be detected with helical MDCT.

Using 16 slice MDCT, Hoffman et al. demonstrated in a

porcine model of acute non-reperfused myocardial infarc-

tion (MI) that hypoenhanced regions of myocardium repre-

sent areas of decreased perfusion secondary to an occluded

coronary artery during the first pass circulation of contrast.35

Lardo et al. studied MDCT perfusion imaging in a canine

model of acute occlusion and reperfusion MI.36 They also

noted that hypoenhanced areas representing decreased per-

fusion following MI could be detected within the infarcted

territory. During delayed enhanced imaging, persisting

areas of hypoenhancement were shown to represent areas of

microvascular obstruction by thioflavin S staining and they

confirmed the absence of blood flow in these areas using

microsphere injections. Similar findings of hypoenhance-

ment have been confirmed in patients with a history of

recent MI and chronic myocardial scar (Figure 33.6).37–39

As noted above, there is great interest in combining

MDCT angiography with MPI. Since, percent diameter

stenosis determined from MDCT angiography has a poor

positive predictive value for predicting ischemia when 

compared to SPECT MPI.13–15 Preclinical evidence from

our laboratory has demonstrated that myocardial perfusion

information can be extracted from MDCT coronary

angiography protocols when performed during maximal

vasodilation.40 Using a canine model of left anterior
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Figure 33.4 Adenosine stress dynamic multidetector
computed tomography (d-MDCT) imaging of the mid left
ventricle in a canine model of left anterior descending
artery stenosis. Panels A–D demonstrate d-MDCT at 0, 15,
21, and 70 seconds. Note the area of hypoenhancement
(arrows) in the anterior myocardial wall as contrast first
arrives in the left ventricle (panel B and panel C). No visu-
ally significant differences are noted at the end of imaging
(Panel D). (George RT et al. Invest Radiol; In Press)

Path of X-ray source 
and detector

X-ray 
source

Detectors

Table direction

Figure 33.5 Schematic demonstrating helical multidetec-
tor computed tomography imaging. The patient lies on a
table between an X-ray source and a set of detectors. The
table moves the patient in the direction shown while 
the gantry rotates the X-ray source and detectors about
the patient. The X-ray source and detectors image the
patient in spiral fashion as shown.
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descending artery stenosis, we performed MDCT imaging

towards the end of a 5 minute infusion of adenosine 

(0.14 mg/kg/min). The imaging protocol was modeled after

our clinical CT angiography protocol. This study aimed to

capture myocardial perfusion data using a helical acquisition

during early first-pass circulation of contrast (Figure 33.7).

When comparing the attenuation density from stenosed

and non-stenosed territories, there were significant differ-

ences seen in each experiment both visually and quantita-

tively (Figure 33.8). Furthermore, when normalizing the

myocardial attenuation densities to the LV blood pool

attenuation density, there was a semiquantitative relation-

ship between the signal density ratio and MBF. This

relationship was curvilinear and MDCT measurements

underestimated blood flow at higher flows above 

6 ml/g/min. This study, for the first time, showed that 

relative differences in myocardial perfusion could be 

measured using protocols designed for MDCT angiography

when performed during adenosine infusion.

Based on the results of this study, we have translated this

method into an ongoing clinical study of patients at high risk

for coronary artery disease. Patients with a history of an

abnormal SPECT myocardial perfusion study undergo

MDCT angiography during adenosine infusion prior to

invasive angiography. Pre-scan beta-blockers are used to

blunt the tachycardia caused by adenosine. Preliminary

results have documented that CT perfusion imaging is more

sensitive and specific compared with SPECT for identifying

abnormal perfusion in territories supplied by a significantly

stenosed artery.41 Furthermore, the high spatial resolution of

MDCT allows for the identification transmural differences

in myocardial perfusion. Specifically, subendocardial perfu-

sion deficits are visually evident and can be quantified in ter-

ritories with stenoses >50% on invasive coronary

angiography. Advances in CT perfusion software allow for

the quantification of perfusion differences and their display

on 17-segment polar maps (Figure 33.9).42 The measurement
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Figure 33.6 First-pass MDCT imaging in a patient with a
chronically occluded left anterior descending artery. Note
the hypoenhancement in the anterior/apical wall as a result
of reduced perfusion in this territory (George RT et al. J
Invasive Cardiology, 2005;17C:15–17).
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Figure 33.7 Time-attenuation curves in a canine model
of left anterior descending artery stenosis imaged by
dynamic MDCT during the infusion of adenosine and intra-
venous iodinated contrast (2.5 ml/sec). Myocardial curves
were measured from the anterior myocardial wall
(stenosed) and the inferior myocardial wall (remote).
Vertical lines illustrate the period that helical MDCT scan-
ning took place during this study. Helical scanning was trig-
gered when bolus tracking detected a signal density of 
180 HU in the ascending aorta (HU = Hounsfield units,
George RT et al. J Am Coll Cardiol 2006; 48(1): 153–60).

Figure 33.8 Results from helical MDCT perfusion imag-
ing in a canine model of left anterior descending artery
coronary stenosis. Shown on the left is a mid ventricular
slice in the axial plane showing a perfusion deficit (arrows)
in the anteroseptal, anterior, and anterolateral myocardial
territories. To the right is a multi-planar reconstruction
showing the extent of the perfusion deficit (arrows) extend-
ing from the anteroseptal and anterior walls to the apex
(George RT et al. J Am Coll Cardiol 2006; 48(1):153–60).
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of myocardial perfusion, when added to MDCT angiogra-

phy protocols, could change the way we diagnose and

manage coronary artery disease. In the setting of coronary

calcifications, where blooming artifacts can cause the coro-

nary arterial lumen to appear stenosed, CT perfusion imag-

ing could act as a second lens to determine if perfusion to the

myocardium is impacted. This would also assist in 

the assessment of coronary segments containing stents and

determine if in-stent restenosis is impacting MBF.

Ultimately, it would provide valuable functional informa-

tion to determine if a stenosis of physiologic significance is

present and whether medical versus invasive therapies are

indicated.

There are limitations of helical MDCT perfusion 

imaging that need to be overcome. Beam hardening artifacts

can increase or decrease the externally recorded attenuation

number in the myocardium. Care needs to be taken to iden-

tify these artifacts and take them into consideration. One

concern is the beam hardening that occurs due to iodinated

contrast in the LV cavity itself. This can lower the attenua-

tion number of the subendocardial layer of myocardium

immediately adjacent to the LV cavity. Adenosine mediated

tachycardia is also of concern; however, with the use of 

beta-blockers, most patients can be imaged at an acceptable

heart rate. The use of beta-blockers during vasodilatory

stress testing has raised the concern that their use could

mask the identification of ischemia in radionuclide myocar-

dial perfusion studies.43,44 In our experience, this does 

not seem to be an issue with helical MDCT perfusion 

imaging.40

5 FUTURE DIRECTIONS

The evaluation of myocardial perfusion by X-ray computed

tomography shows great promise. There are technological

improvements in scanner systems and software that are on

the horizon that could bring MDCT perfusion imaging

closer to reality.

One strategy that looks promising is 256 detector com-

puted tomography. With 256 detectors covering 12.8 cm of

the chest in the z-axis, whole heart imaging can be acquired

in as little as one heart beat. Lower radiation and contrast

doses make the acquisition of rest and stress imaging feasi-

ble. Additionally, scanners that cover the entire heart with

one rotation of the gantry will have the potential for

dynamic CT perfusion imaging of the entire LV

myocardium. This will allow for the quantification of MBF

for the entire heart.

Another strategy using current 64 slice MDCT scanners

that may show promise is shuttle imaging of the heart. This

approach could perform dynamic imaging on portions of

the heart every 2 heart beats by moving the scanner table

back and forth to image the basal and distal LV multiple

times during first-pass contrast enhancement. And yet

another approach aimed at improved temporal resolution

with dual source CT may allow helical MDCT perfusion

imaging to be performed at the higher heart rates sometimes

encountered in patients receiving coronary vasodilators such

as adenosine.
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Figure 33.9 First-pass, adenosine augmented MDCT
myocardial perfusion imaging in a patient referred for inva-
sive angiography after single photon emission computed
tomography showed a fixed perfusion deficit in the inferior
and inferolateral territories. Panels A and C demonstrate
an inferior and inferolateral subendocardial perfusion
deficit in the mid and distal left ventricle, respectively
(arrows). Using semi-automated function/perfusion soft-
ware, myocardium meeting the perfusion deficit signal den-
sity threshold of one standard deviation below the remote
myocardial signal density is designated blue in panels B
and D. Invasive angiography shows a chronically occluded
distal right coronary artery with left to right collaterals filling
the posterior descending (arrows) and posterolateral
branches, panel E. Panel F, seventeen-segment polar plot
of MDCT derived myocardial signal densities. Note the
hypoperfused inferior and inferolateral regions displayed in
blue. (J Am Coll Cardiol. 2006; 48(1): 153–60.)
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6 CONCLUSIONS

Based on previous CT perfusion work with EBT and the

DSR, it has been established that MPI can be performed

using iodinated contrast as an indicator and X-ray com-

puted tomography as a detection system. The newer gener-

ation of 64 slice MDCT scanners with unsurpassed spatial

resolution is revolutionizing the non-invasive diagnosis of

CAD. In the future, the combination of non-invasive coro-

nary angiography and MDCT perfusion imaging could

solidify X-ray computed tomography as the test of choice for

the non-invasive diagnosis of atherosclerosis and its physio-

logic impact on myocardial perfusion.
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34
Dual-Energy Computed Tomography

Bernhard Schmidt and Cynthia McCollough

1 BASIC PRINCIPLES OF DUAL
ENERGY IMAGING

In 1895, Wilhelm Conrad Röntgen discovered X-rays when

performing measurements with a cathode ray tube.

Accidentally, he noticed that these rays – till then unknown –

were able to pass though matter. Immediately, the benefit

for medical care was clear – the ability to look into the

human body without a dangerous surgery.

One of the earliest X-ray images is shown in Figure 34.1.

The anatomy of the bones is clearly visible. In addition to that,

one observes that bones cause a higher attenuation than the

surrounding tissue. However, when ignoring the anatomical

information and only looking at gray scale values, one also sees

that it is difficult – only from the gray scale values – to 

differentiate between the ring around the finger and the bones.

Over the years, X-ray tubes, radiographic films and

other components of X-ray equipment for radiography

were improved so that better images at a lower dose were

possible. Nevertheless, two limitations were not overcome:

the superposition of anatomical structures and the inability

to differentiate materials with the same attenuation but dif-

ferent chemical compositions.

Godfrey Newbold Hounsfield performed the first meas-

urements with a computed tomographic (CT) system in 1968.

This revolutionary acquisition method solved the problem of

superposition of structures. For the first time, images of 

the brain were possible without the interference of overlaying

451

bony structures. However, even for CT images, the second

limitation remained: tissues of different chemical composition

appeared the same in CT images, having the same or similar

Hounsfield-value (CT number). This makes the differentia-

tion and classification of tissue types challenging. Classical

examples are the differentiation between calcified plaques and

iodinated blood or hyper-dense and contrast enhanced lesions.

The reason for this ambiguity is that the measured and

displayed CT numbers are related to the linear attenuation

coefficient m(E) of the respective volume element (voxel).

However, m(E) is not specific for any given material; it is

determined by the effective atomic number Z and mass den-

sity ρ of the material. The mass attenuation coefficient m / r,

however, is a function only of the X-ray energy E and the

material atomic number Z. Hence, the mass attenuation coef-

ficient m / r is determined only by the elemental composition

of a tissue (i.e., the effective atomic number Z of the tissue)

irregardless of the mass density r .6 The relationship between

these two attenuation coefficients is given in Equation 1.

(1)

Thus, for different values of m / r, and therefore differ-

ent materials, the same m (E) can be measured, depending

on the value of the mass density r (Figure 34.2).

Besides the issue of differentiation and classification, the

ambiguity of CT numbers hampers the reliability of 

µ µ
ρ

ρ( ) ( , )E E Z=
⎛
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⋅
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quantitative measurements. For example, in the case of the

assessment of vertebral bone mineral density, the accuracy is

limited mainly by unknown marrow and fat concentrations in

trabecular bone.1,2 Since both vary in individuals and with age

and health, generic corrections can reduce the error only on

population averages1,3,4 as they do not increase accuracy on

an individual basis. Even for the more seemingly straight-

forward task of quantitating iodine concentration, the 

accuracy of the measured values is limited by the presence of

other tissue types. For example, when determining the

amount of iodine enhancement of a soft tissue lesion within

some region of interest (ROI) in that lesion, the measured

mean CT number will reflect not only the enhancement due

to iodine, but also the underlying tissue.

To overcome this limitation, additional information 

is required. Referring to the schematic illustration in 

Figure 34.2, one can see that additional information can be

obtained by a second measurement at another energy.

Assuming that mono-energetic X-ray photons are used, for

example at about 100 keV, the same linear attenuation coef-

ficients are obtained for bone and iodine. However, data

acquired at an energy around 40 keV allows the differentia-

tion of the two materials. Hence, by looking at the attenua-

tion of a material at two different energies, materials such as

bone and iodine can be differentiated.

Although medical X-ray tubes generate a polychromatic

spectra of x-ray quanta (that is, many energies of photons are

produced), the general principle remains valid. Attenuation

values are acquired with different energy spectra and the

changes in attenuation between the two spectra provide the

needed information to differentiate and classify tissue type.

In conventional projection X-ray imaging, the principles

of dual energy imaging are well known and in routine clini-

cal use. The most widespread application is for bone densito-

metry. Here Dual Energy X-ray Absorptiometry (DEXA) is

used for improved diagnosis and monitoring of osteoporosis

by determining the bone mineral density from the projection

images acquired at different energies.

452 Computed Tomography of the Cardiovascular System

Figure 34.1 X-ray picture (radiograph) taken by Wilhelm
Röntgen.
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Figure 34.2 Linear attenuation coefficients for bone (assuming ρ = 1g/cm3), iodine (assuming ρ = 1g/cm3) and iodine
with lower density (assuming ρ = 0.1g/cm3). Since the linear attenuation coefficient is determined by the mass attenuation
coefficient and the density, the same values for m(E) can be obtained although the materials are different.
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In a similar but not quantitative manner, chest 

radiographs can be acquired with dual energy methods

(Figure 34.3 a–d). Utilizing the information from the high and

the low energy image, a bone image can be calculated which

allows the assessment of bony structures and calcifications.

Alternatively, the bone image can be suppressed, so that a soft

tissue image is generated which improves the visualization of

structures previously hidden by bony anatomy.

2 PROJECTION-BASED TWO-
MATERIAL DECOMPOSITION 
FOR CT

2.1 Previous work

The first investigations of dual energy methods for CT were

made by Alvarez and Macovski in 1976.5,6 They demonstrated

that, using a conventional X-ray source having a broad energy

spectrum, one can still separate the attenuation coefficient into

the contributions from the photoelectric effect and Compton

scattering. Thereafter, several applications were reported uti-

lizing dual energy CT, focusing primarily on lung, liver and

tissue characterization.7–12 However, all of the approaches

were limited in some manner and not able to be used routinely

in clinical practice. The primary limitation was that data for

the different tube voltages were acquired at two different

times. Patient motion that occurred between the two acquisi-

tions severely degraded the quality of the resultant images.

In the 1980s, it was possible to acquire dual energy 

data nearly simultaneously using a modified commercial CT

system (Siemens DR scanner).13 During the rotation of the

tube-detector pair, the tube voltage was switched quickly for

each detector reading between the high and low settings so

that two sets of raw data (projections) were acquired nearly

simultaneously at two different tube voltages. After phantom

and initial clinical studies, Siemens Medical Solutions was the

first company to offer a dual energy application as a 

commercial CT product. Specifically, bone densitometry

measurements were made using the above mentioned voltage

switching technique.

2.2 Principle and applications

The basic assumption of two material decomposition, or

basis material decomposition, is that the mass attenuation

coefficient m /r of all materials can be expressed with suffi-

cient accuracy as a linear combination of the photoelectric

and Compton attenuation coefficients. As a consequence, 

m /r of any material can be expressed as a linear combination

of m /r of two basis materials, where both materials differ in

their photoelectric and Compton characteristics. In CT, the

line integrals P of the attenuation of the object are meas-

ured. Hence, for each ray from the X-ray source to the

respective detector elements, P can be expressed as

(2)

whereas ri . di represents the area density in g/cm2  of base

material i. Measuring P at two different tube voltages and

solving Equation 2 for the area densities allows for the char-

acterization of the two materials.5,6

A practical implementation is illustrated in Figure 34.4.

Using simulated data for the two different spectra, line inte-

grals P for different pairs of thicknesses d of soft tissue and

bone are calculated. After inverting the data, thicknesses for

water and bone can be obtained from the line integral meas-

urements at the two different spectra. Those data can now

be used, for example, to generate pseudo monochromatic

raw data. Depending on the values selected for the attenua-

tion coefficients µW and µB, either pseudo monochromatic

images (i.e., reduced beam hardening) or material selective

images can be reconstructed (Figures 34.5–34.6).
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A B

C D

Figure 34.3 Chest radiograph acquired using a low (a)
and high (b) energy spectrum (tube potential). With dual
energy techniques, post processed ‘soft tissue’ (c) and
‘bone’ (d) images can be calculated.
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2.3 Limitations

The biggest challenge of projection data based methods is

data consistency between the low and high energy data. Any

kind of motion, change in contrast agent concentration, or

internal pulsation will lead to severe artifacts in the recon-

structed dual energy data. Rapid voltage switching between

the different readings addresses this limitation. However,

the tube current can not be adapted in the same rapid

manner to deliver comparable photon flux in both datasets.

Hence, there is increased noise in the low voltage dataset.

For applications like bone densitometry, which do not

demand a low noise level, voltage switching is an option.

However, for most other applications, the difference in

noise between the two data sets remains a limiting factor.

Apart from switching the tube voltage, dual energy acqui-

sitions are conceivable with appropriate alternate detector

designs. So-called ‘sandwich’ detectors have two layers 

of detector elements. These detectors are able to provide

dual energy data by detecting photons with lower energies

in the upper detector layer and photons with higher energies

in the lower detector layer. However, the technique suffers

from the same limitation as the voltage switching. The low

energy data are noisier than the high energy data.

A robust solution to this limitation is the use of energy

sensitive detectors. These detectors are able to amplify the

signal contribution of the lower part of the X-ray spectrum,

resulting in a similar noise level for the low and high energy

data sets. Although energy sensitive detectors are currently

available, they are not yet able to deal with the photon flux

used in CT imaging.

454 Computed Tomography of the Cardiovascular System

Figure 34.4 Basic principle of raw data-based two material decompositions: (a) Simulation of the polychromatic line inte-
gral P for low and high energy spectra.Values for P are simulated for multiple combinations of different thicknesses of water
dW and bone dB. (b) 2D-matrixes for the two different spectra. (c) By inverting the results shown in (b), measured P1 and
P2 values can be translated into thickness of water dW and bone dB. For practical purpose data should be available as pair-
wise lookup table.18
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Figure 34.5 Using a pair-wise lookup table, measured
raw (projection) data are converted into thicknesses of
water and bone. By selecting µW and µB at a certain energy,
pseudo monochromatic raw data are calculated and a
pseudo monochromatic image can be generated.
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3 NEW APPROACHES FOR 
DUAL ENERGY WITH DUAL 
SOURCE CT SYSTEMS

The technical issues discussed above have limited the clinical

use of dual energy methods in CT imaging. Up to 2006, the

only clinically used dual energy application in CT was for bone

densitometry measurements on the Siemens SOMATOM DR

CT system in the 1980s, which was realized by tube voltage

switching. However, this application alone did not justify the

additionally technical requirements and cost, so dual energy

capabilities were not implemented on subsequent CT scanners.

With the introduction of dual source CT in 2006, a new

approach for dual energy CT became clinically feasible.

3.1 Technical implementation 
of dual-source CT

The technical design of a dual source CT system is shown in

Figure 34.7. In contrast to a single source system, dual

source CT systems have two separate tube/detector pairs

that are mounted orthogonally on the rotating slip ring.

This design provides the flexibility to adjust not only the

tube voltage but also the tube current for both tube/detector

pairs and allows simultaneous data acquisition. Although

the raw projection data do not match identically because of

the 90 degree offset between the detectors, reconstructed

images – although measured at different tube positions – are

acquired at exactly the same time. This is true for spiral or

sequential scans and also for the gated scans used in cardiac

examinations.

To utilize the advantages of the simultaneous acquisi-

tion of similar noise low and high energy data sets, one has

to work with reconstructed image data and not with raw

projection data. Therefore, images from both tube/detector

pairs are reconstructed separately into two different image

stacks. Image-based post processing then is used to extract

the dual energy information (Figure 34.8).

3.2 Alternative acquisition
approaches and their limitations

Apart from the dual source approach, also other acquisition

approaches for image-based dual energy CT using single

source systems have been proposed.14 Approaches with two

subsequent spiral acquisitions or two subsequent sequential

scans have been reported. The latter can be realized in a

Dual-Energy Computed Tomography 455

pure soft tissue
(µbone = 0)

pure bone
(µwater = 0)

Figure 34.6 Application of raw data-based methods: From a dual-energy CT image dataset, a pure bone and pure soft
tissue image can be calculated.
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kind of ‘step-and shoot’ mode using partial (180° based)

image reconstructions. During the first rotation, 180° of

data are acquired with a high voltage setting. During the

remaining portion of the rotation, the tube voltage is

switched and then, during the next rotation, images are

acquired with a low voltage setting. After incrementing the

table, the procedure is repeated. For static anatomical 

structures without any contrast enhancement dynamics 

this acquisition technique appears feasible. However, for

most patient scans, this prerequisite is not fulfilled. Motion, 

pulsation or changes in contrast agent concentration

between both the acquisitions would lead to registration

artifacts or false dual energy information. Acquisitions

could be triggered to the cardiac cycle, but with the proposed

rotation time of about one second, the scan time and tempo-

ral resolution would not be clinically acceptable.

3.3 Image based methods and
three material decomposition

The simplest way to process dual energy data is by perform-

ing a weighted subtraction. The low voltage images (typically

80 kVp) are multiplied by a weighting factor and subtracted

from the high voltage images (140 kVp) to obtain dual

energy information. Similar to what is shown in Figure 34.3,

bone can be suppressed or enhanced. In addition to this,

weighted subtraction may allow discrimination between iron

and calcium. In a feasibility study, McCollough et al.15,16 have

shown that using the dual energy subtraction method, 

iron (Fe) and calcium (Ca) can be differentiated. This indi-

cates the possibility for differentiation between hemorrhagic

and calcified plaques, which both appear bright in single

energy CT images.

456 Computed Tomography of the Cardiovascular System
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Figure 34.7 Schematic illustration of the geometry of a dual source CT system. In contrast to a single source system,
dual source CT systems have two separate tube/detector pairs. This allows data at different tube voltages to be acquired
at the same time. In cardiac dual energy mode, after half a rotation both systems have acquired enough data to recon-
struct images at the different energies.
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Another, more sophisticated way to process dual energy

information is by using the so-called dual energy index u.

(3)

Processing data in this way allows the estimation of 

effective atomic mass and therefore chemical composition. 

By definition, u is independent of the density of the material

and its value for water is zero. As shown in Figure 34.9, up to

an atomic number of 55, the dual energy index allows the

unique identifications of pure materials.

A third, more sophisticated and clinically oriented

method to post-process images acquired at two different

tube voltages uses a so-called three material decomposition

approach.17 The principle is illustrated in Figure 34.10. First,

three adequate base-materials have to be selected, e.g. fat,

tissue and iodine. Ideally, the three base-materials span a tri-

angle in a plot of the CT number at one tube potential

versus the CT number at the other tube potential. The typ-

ical CT numbers of the three materials are plotted on this

low/high voltage diagram. Thereafter, corresponding CT

number pairs from the low/high voltage images are mapped

onto the calibration diagram. Depending on their position

in the diagram, the material or percent composition of a cer-

tain material is determined. By processing all the pixels of

the low/high voltage image stacks, a material map is gener-

ated. For example, pure soft tissue images can be calculated by

only displaying the contribution of fat and tissue, suppressing

the iodine signal and creating a virtual non-contrast image set

(Figure 34.11). Alternatively, bone can be suppressed and the

iodine containing vascular structures displayed. This auto-

matic bone removal allows CT angiographic applications in

regions where complex bone anatomic previously interfered

with the visualization of vascular anatomy.

3.4 Clinical examples and 
considerations for cardiovascular 
dual energy

With simultaneously acquired spiral dual-energy data sets

and post-processing algorithms for bone and plaque

removal, dual-energy CT can be expected to play a new and

evolving role in routine clinical practice. The first clinical

uses of dual-energy CT have already been reported,17 and

include both cardiovascular and soft tissue applications. One

of the applications most likely to be widely adopted is that of

direct CT angiography, whereby the dual energy algorithm

identifies and removes bone in a 3-D CT angiographic data

set, allowing direct visualization of iodinated vessels with-

out the need for user intervention to remove overlying bony

anatomy. In the case of dual-source CT, advanced bone

u
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Figure 34.9 Dual energy index u for different atomic
numbers Z. Up to Z = 55 or an equivalent effective atomic
number of 55, u is monotonically increasing and unique.

Figure 34.8 Illustration of a dual energy image-based
approach: Vessels filled with a mixture of saline and iodi-
nated contrast media, soft tissue and bone were placed in
a water tank. Using CT numbers alone, differentiation
between the bones and the iodine-enhanced vessels is not
possible. However, acquiring data at 80 kVp and 140 kVp
provides the additional information necessary to differenti-
ate the two materials. The CT numbers increase for iodine
from 144 HU at 140 kV to 296 HU at 80 kV, which is nearly
a factor of 2. However, the CT numbers for bone only
increase from 450 HU at 140 kV to 670 HU at 80 kV. The
differences in these enhancement ratios allows the dis-
crimination between materials, which can be marked with
color: Bone is colored green and iodine is colored orange.
Alternative displays of the information might be a bone-
only or iodine-only image.
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removal algorithms are applied to the Tube A data to

remove large bony anatomy in the periphery of the patient,

beyond the 26-cm FOV of Tube B (see Figure 34.8).

The use of dual-energy information to perform auto-

matic bone removal in the skull is shown in Figure 34.12.

The bone removal algorithm identifies each voxel within

the data set as either bone, soft-tissue or iodine. This allows

the user to toggle back and forth between the merged data

set, containing all voxels, or the angiographic data set where

bone voxels have been suppressed. This technique provides

subtraction of bone, without operator intervention, in even

complex anatomical regions such as the skull base.
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Figure 34.10 Principle of the three material decomposition: for each pixel, the CT numbers for the low and high voltage
images are mapped into a low- vs. high-voltage CT number diagram. Predefined values for fat, tissue and iodine mark
areas of known material types. The location of a certain pixel-pair in the resulting triangle determines the contribution of a
certain material to a respective volume element. The parameters can be altered to differentiate between any three appro-
priately different materials, for example tissue, fat and calcium/bone or tissue, iodine and xenon.

Contrast-enhanced image

Virtual non-contrast image

Contrast highlighted in red
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Figure 34.11 Three material decomposition: Although data are acquired after the iodinated contrast agent has been
injected (a), the dual energy information can be used to produce images wherein the contrast agent is removed (b) or color
coded and shown on top of the non-iodine image (c).
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An extension of the bone removal algorithm is the

removal of smaller hard plaques within the vessel lumen.

Figures 34.13 and 34.14 provide examples of bone and

plaque removal in the abdominal and peripheral vascula-

ture, respectively. The removal of hard plaques may allow

more rapid and clearer visualization of patent lumens in

MIP projections.

In addition to removing bone to see iodine, the identifi-

cation of iodine voxels allows the enhancement of iodinated

areas. One potential application is for visualization of the

perfused blood volume, also referred to as blood pool imag-

ing. In Figure 34.15, this capability is used to identify areas

with a deficit in the perfused blood volume of the lung. The

pulmonary emboli in this patient result in a focal perfusion

Dual-Energy Computed Tomography 459

Figure 34.12 Dual-energy material decomposition allows for the classification of voxels in this 3-D cerebral angiogram
as either bone or iodine. At left, both bone and vessles are shown, while at right, direct visualization of the cerebral ves-
sels can be accomplished automatically by suppressing the bone voxels in the sagital MIP and volume rendered images.
Courtesy of University Hospital of Munich, Grosshadern, Munich, Germany.
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A B

Figure 34.13 Coronal MIP images of a heavily calcified abdominal aorta. In (a), the calcified plaques make it difficult to
appreciate the aortic lumen. In (b), after removal of aortic plaque, the lumen is much more clearly visualized.

Figure 34.14 Three material decomposition demonstrating bone removal (b) and calcified plaque removal (c). Bone is
detected and removed without manual editing. In (c), the detection of calcified plaques and the removal of corresponding
voxels from the maximum intensity (MIP) image is shown. This allows for the quicker and easier assessment of lumen
dimensions. After the plaque removal, one can better appreciate the total occlusion of the posterior tibial artery (circled).

C
Plaque removedBone in

A B
Bone removed
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deficit, which is shown as black in the dual-energy image.

This tool color-codes only the lung tissue, allowing a 

hybrid display where the morphological data of the vascula-

ture is presented in the same image as the perfused blood

volume information. Tissue outside of the 26 cm FOV 

of tube B can not be assessed with the perfused blood

volume algorithm. It is important to note that this is not a

time resolved perfusion image, requiring multiple scans

over time, but rather a display of the iodine content of the

lung at the time of the scan that reflects the amount of blood

being supplied to the tissue. The radiation dose to the

patient is the same as for a routine pulmonary emboli CT

examination.

The presence of calcified plaque within a vessel creates

artifactual elevation of the CT numbers in adjacent voxels,

obscuring the dimension of the true lumen. Known as cal-

cium blooming, this can result in an overestimation of the

degree of stenosis, or so limits the reader’s confidence in 

the luminal assessment that the exam is considered non-

diagnostic in the region. The artificial increased brightness of

CT values in adjacent voxels is often accompanied by an arti-

ficial decreased brightness in voxels somewhat further away

from the plaque, often referred to as undershoot or ringing.

These errors in CT numbers caused by calcified plaque are

relevant to all of vascular imaging, but are of particular sig-

nificance in smaller vessels such as those of the neck, heart,

and extremities.

The dual energy bone and plaque removal techniques dis-

cussed above can also be applied in retrospectively-gated car-

diac imaging. In this case, Tube A and B are each used to

acquire partial scan cardiac images at 165 ms temporal resolu-

tion at 140 and 80 kVp, respectively. Thus, temporal resolu-

tion is inferior to single-energy, dual-source CT (83 ms), 

but allows the acquisition of energy resolved information.

Figure 34.16 shows a cardiac dual-energy CT angiogram

acquired in a patient with a known proximal LAD calcifica-

tion. In the volume rendered image, the calcified plaque is

suppressed, providing visualization of the stenotic lumen.

Because the dual-energy technique used here is based on

reconstructed data at each tube potential, any calcium bloom-

ing present in the Tube A and B reconstructions will affect the

bone-suppressed image. Investigations into methods to over-

come significant calcium blooming effects are ongoing.

In summary, dual energy CT represents a new field of

clinical and research CT imaging. The ability to differenti-

ate material composition may allow an improved ability to

visualize cardiovascular anatomy, as well as creating new

clinical applications for the detection and diagnosis of car-

diovascular disease.

Dual-Energy Computed Tomography 461

Figure 34.15 In the lung, dual energy processing is used
to identify areas with a deficit in the perfused blood volume.
In this example, a pulmonary emboli results in a focal per-
fusion deficit, shown as black. Only the lung tissue is color
coded, allowing a hybrid display of morphological and per-
fused blood volume information. Courtesy of University
Hospital of Munich, Grosshadern, Munich, Germany.

Figure 34.16 Volume rendered image acquired using a
dual energy cardiac CT acquisition. The calcified plaque in
the proximal left coronary artery (circled) is suppressed,
allowing visualization of the highly stenotic lumen.
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35
Hybrid Imaging Combining Cardiovascular 
Computed Tomography with Positron 
Emission Tomography
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1 INTRODUCTION

Imaging of cardiac structure and function, myocardial per-

fusion, and coronary artery lumen has become a routine

component in the diagnosis and management of almost all

patients with manifest or suspected heart disease. The

recent technologic advances in cardiac computed tomogra-

phy (CT), cardiac magnetic resonance (CMR) and positron

emission tomography (PET) have delivered high-resolution

and robust noninvasive imaging of coronary arteries, car-

diac morphology and corresponding functional data regard-

ing perfusion, metabolism, and myocardial viability. Each

modality by itself has seen a remarkable development in the

last decade, with the greatest excitement generated by the

introduction and rapid advance of multislice cardiac com-

puted tomography.

While noninvasive CT coronary artery imaging has

become an accepted clinical application to detect or exclude

coronary artery stenosis, a detailed characterization of coro-

nary pathology requires information on global and regional

myocardial function, which to some extent can be provided

by CT,1 and even more importantly relies on data on myocar-

dial perfusion, metabolism, and viability.2 PET provides

unique physiologic information by specific tracers that track

perfusion, metabolism, innervation, and receptor activity.3–6

Fusion imaging with combined PET-CT systems in 
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a hybrid device with the potential to deliver both the exqui-

site anatomic detail of CT and the corresponding functional

information of PET using a common bed thus is a logical

consequence.7–9

Recently 16-slice and 64-slice CT scanners that are fast

enough to permit cardiac gating have begun to be marketed

with PET scanners. Experience with these hybrid systems in

cardiac imaging is scarce and several open technical issues

have to be resolved before hybrid scanners will find their

way into routine clinical practice. Today, only ideas exist on

how these systems might be best used for cardiac imaging.

This chapter will therefore focus on technical considerations

related to PET-CT in cardiac imaging and can only point

out potential future indications.

2 SINGLE PHOTON EMISSION 
COMPUTED TOMOGRAPHY

The goal of all cardiac nuclear imaging is to trace the fate of

radioactively labeled biochemical compounds (tracers)

within the blood pool or myocardium.2 Either a static image

of the distribution of the tracer or dynamic information

from a series of images of uptake and clearance of the tracer

with time is acquired. Functional cardiovascular imaging by
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nuclear medicine techniques has been performed tradition-

ally by single-photon emission tomography (SPECT), a well

accepted low-cost and highly sensitive imaging technique.

SPECT uses a rotating tomographic gamma camera to reg-

ister gamma photons emitted by a radioactive tracer.10,11

Special tomographic reconstruction algorithms are then

applied to the projection images to calculate a 3D volume

dataset of radionuclide distribution.

SPECT has been used for a long time in cardiac imaging

and is used for assessment of the extent and severity of

myocardial ischemia. The most frequent indication is to

determine whether a patient should be referred to coronary

angiography for further diagnosis or treatment.12,13 Results

from SPECT perfusion measurement provide useful prog-

nostic information regarding future myocardial events.14,15

Due to it’s proven value in patient management myocardial

perfusion SPECT has become an integral part of the evalu-

ation of patients with suspected coronary artery disease. 

The principle of stress-rest myocardial perfusion imaging is

that reduced myocardial blood flow results in decreased

tracer uptake and thus reduced activity in the affected

myocardium. Coronary lesions, which do not impair blood

flow to the myocardium at rest will manifest as flow limit-

ing lesions if coronary blood flow is increased above 

a certain threshold by either pharmaceutical or physical

stress. Stress myocardial perfusion imaging by SPECT is

performed with thallium-201 or technetium-99m based per-

fusion tracers.

As SPECT reflects the perfusion situation of the

myocardium it depicts the effect of coronary atherosclerosis

on coronary blood flow and thus provides information that

can not be obtained by anatomic-morphologic imaging as

with cardiac CT. Coronary CT angiography is a sensitive

tool to visualize coronary atherosclerosis and has an excellent

negative predictive value for detection of coronary artery

stenosis.16–18 Technological progress has improved on diag-

nostic limitations of coronary CT angiography but moderate

specificity and positive predictive value for the diagnosis of

hemodynamically significant coronary lesions, motion arti-

facts at high heart rate, and heavily calcified coronary arter-

ies or metallic stents are major challenges.19–22 A recent study

comparing CT and SPECT showed that, despite an overall

positive relationship between the severity of coronary artery

disease on multislice CT and myocardial perfusion abnor-

malities on SPECT, only moderate agreement between coro-

nary lesions and perfusion impairment existed on a segment

level.23 This observation indicates that SPECT and CT pro-

vide complementary rather than overlapping information

with potential impact on patient management decisions,

especially in patients with equivocal findings on coronary

CT angiography.

Despite the wide use of SPECT in cardiac imaging diag-

nostic limitations prevail. Conventional SPECT acquisition

suffers from physical limitations related to photon detection

sensitivity and a limited spatial resolution over 10 mm.

Inaccurate measurements of left ventricular volumes and

ejection fraction can be attributed to limited spatial resolu-

tion, which also causes difficulties when differentiating 

visceral and subdiaphragmatic activity from inferior left

ventricular myocardium. Furthermore, soft tissue attenua-

tion causes inhomogeneous attenuation artifacts in anterior

or inferior walls that can mimic perfusion deficits. The use

of CT attenuation information has been successfully applied

to attenuation correction in SPECT, resulting in improved

diagnostic accuracy for detection of coronary stenosis.24 In

patients with chest pain hybrid imaging with SPECT-CT

resulted in an increase in sensitivity and positive predictive

value for detection of coronary artery stenosis when using

the combination of SPECT/CTA (specificity 95%, PPV

77%) compared to CT angiography alone (specificity 63%,

PPV 31%).25

3 POSITRON EMISSION 
TOMOGRAPHY

Positron emission tomography functions in a manner very

similar to SPECT but some significant differences have to

be considered. PET tracers decay by emission of a positron

(β+-decay). Except for their opposite charge, both positron

and electron have nearly the same properties. As positrons

are the ‘antimatter’ of electrons close proximity of a positron

and an electron will lead to their ‘annihilation’ and their

masses will be converted into energy in the form of two

gamma rays (annihilation photons) that both have a charac-

teristic energy of 511 keV. The emission angle between

these photons is 180°, making the two photons travel in

nearly opposite directions.

3.1 Coincidence scanning

The positron usually annihilates with an electron while

traveling through tissue within a millimeter of its emission

from the tracer. PET scanners detect pairs of gamma rays

resulting from annihilation in a ring of detectors (or multi-

ple rings for simultaneous acquisition of several sections)

that encircle the patient. Since the location of the β+-decay is
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determined by measuring coincident pairs of gamma pho-

tons, each detector element has to be connected with all

other elements. Whenever two detectors record a gamma

photon of 511 keV within a certain coincidence time, it is

assumed that a β+-decay has occurred on a line between

these two detectors. This line is known as the line of

response (LOR, Figure 35.1). The number of coincidences

seen by each detector pair during the scan time represents

the amount of radioactivity in the volume between the

detector pair. The reconstruction process to generate tomo-

graphic sections from multiple 2D projection images con-

sists of several steps or mathematical operations, similar to

image reconstruction in computed tomography.26

3.2 Attenuation correction

The measured raw data has to be processed during image

reconstruction to correct for a wide range of possible artifacts

and misregistrations. These corrections include decay correc-

tion for the specific radionuclide, normalization (correction of

different detector sensitivities), correction for random and

scattered coincidences and ‘attenuation.’ Since most photons

that travel toward the detector pass through tissue, interaction

(attenuation) occurs. This attenuation depends on the intensity

of radiation I, the length of the path x and a tissue and radia-

tion energy dependant constant µ, and is described by a simple

mathematical rule: I(x) = I0*exp(−µx). This attenuation effect

has to be accounted for when measuring PET coincidences,

since only a fraction of all gamma photon pairs leave the body

and can be potentially detected.

Attenuation correction in a conventional PET scanner is

usually performed by an accompanying transmission scan

with a β+-source (68Ge) rod that is rotated around the

patient. The 511 keV gamma radiation passes through the

patient’s body and is then detected by opposite detector ele-

ments. Comparing this scan with a blank scan without

attenuation from a patient yields a direct multiplicative

attenuation factor for each LOR in the projection data.

In contrast to the conventional method of attenuation

correction, PET-CT scanners use CT images to compute

the tissue depending PET absorption coefficients µ.27 When

using a CT scan for attenuation correction, the much slower
68Ge rod source transmission scan (which is also a source of

noise in the corrected images) is not necessary, thus improv-

ing image quality and decreasing examination time substan-

tially. As CT uses radiation energies of typically ~70 keV, a

transformation to 511 keV PET energy must be performed

first.27,28 The computed attenuation values for the scanned

object can then be included in the reconstruction process to

calculate attenuation corrected PET images.

3.3 Radiopharmaceuticals

Several β+-active radionuclides are in use for PET. For

assessment of myocardial viability, the fluorine-18 isotope

(18F, half-life t1/2 = 110 min) in the form of a modified glu-

cose molecule (2-[18F]-fluoro-2-deoxy-D-glucose, 18FDG)

has shown its value.6,9,10 18FDG is the tracer of choice for a

wide range of PET applications in oncology, since 18FDG is

accumulated in tissues with high glucose metabolism. For

myocardial perfusion studies, nitrogen-13 (13N, t1/2 = 10

min) in the radioactive form of ammonia ([13N]-NH3) and

oxygen-15 (15O, t1/2 = 2 min) in the form of radioactive water

([15O]-H2O) and Rubidium-82 (82Rb, t1/2 = 75 sec), a potas-

sium analog, can be used. Apart from 18FDG with an almost

2 hour half-life and 82Rb, which can be produced in a special

generator, the other isotopes must be produced locally with

an on-site cyclotron due to their short half-life.

4 CARDIAC PET-CT

4.1 Technical considerations

The gold standard in noninvasive PET cardiac imaging is

conventional PET with transmission-based attenuation 
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Crystal detectors

Coincidence
detectionAnnihilation

point

LOR

Figure 35.1 Illustration of PET coincidence detection.
When two crystal elements detect a gamma photon within
a small coincidence time window, a line of response (LOR)
is defined by the two detector elements involved. The anni-
hilation point, where the positron is ‘converted’ into two
gamma photons ideally lies on the LOR.
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correction.5,9,29 In this case both the transmission scan and

the PET scan are performed in the order of minutes, so both

data sets contain practically the same amount of motion,

thus resulting in blurred, but artifact-free images. Using

high resolution fast CT cardiac scanning for attenuation

correction of cardiac PET poses special challenges, the most

important is spatial misalignment of CT and emission data

when performing attenuation correction for PET image

reconstruction.30,31 Relatively small misalignments can cause

significant differences in the display of tracer uptake in

PET, e.g. resulting in artificial uptake defects in healthy

myocardium. One source of misalignment is inadvertent

patient movement between the CT scan and the subsequent

emission acquisition. Clear patient instructions and patient

cooperation should control this potential source of error.

Unavoidable misalignments due to patient respiration and

cardiac motion are more difficult to deal with.32

The CT scan is usually performed during a short inspi-

ratory breath hold and subsecond CT cardiac image recon-

struction represents only a specific phase of the cardiac cycle

with the highest possible temporal resolution to avoid coro-

nary motion artifacts. PET emission data, on the other

hand, is acquired over many minutes and thus averages

information over many respiration and cardiac cycles. The

two data sets therefore do not perfectly match, which causes

artifacts at boundaries of high and low attenuation regions.

This may result in wrong tracer uptake quantification due

to false attenuation correction results, e.g. if the CT scan was

acquired in a state of deep inspiration, while the average res-

piration phase in a PET scan corresponds to normal expira-

tion.33 For oncology chest scans a major source of uptake

miscalculation is the air–tissue interface at the dome of the

diaphragm.34,35 In cardiac PET-CT the lung-myocardium

interface, especially of the free left ventricular wall, repre-

sents a similar problem area.36

To reduce the effects of respiratory motion and/or heart

contraction, different possibilities have been proposed.37 One

way to overcome the problem of respiratory motion artifacts

includes a very slow low dose CT scan for attenuation correc-

tion that captures several respiration cycles and therefore cor-

responds to a PET transmission scan.31 Another solution

would be to use respiratory and cardiac gating, which adds

considerably to the complexity of the acquisition (Figure 35.2).

This approach divides the heart cycle into a certain number of

gates for both the CT and the PET scan. Every PET image is

then reconstructed using the corresponding CT image from

the same cardiac phase as basis for attenuation correction. If

PET raw data are continuously saved during the scan (list

mode PET) raw data can be reconstructed even with an

additional respiratory gating technique (Figure 35.3). The aim

of this method is to use only those coincidences that fall in a

respiratory gate that corresponds to the inspiration CT scan to

avoid spatial misalignment between CT and PET. Some tech-

niques that were developed for this purpose include the use of

pressure sensors that are attached to the patient to monitor res-

piratory motion, temperature sensors that measure the tem-

perature of the breath, thus marking the start of inspiration,

and small radioactive sources placed inside the PET field of

view.30 Another promising development is the use of a camera

system that films a marker placed on the patient’s abdomen.
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Figure 35.2 ECG-gated 18FDG PET-CT scan of the
heart, 45 minutes after intravenous injection of 575 MBq
18FDG an ECG-gated CT scan of the heart was performed.
The CT data was reconstructed in 10% steps throughout
the heart cycle. Five gates are shown on the left side. A
subsequent retrospectively ECG-gated PET list mode
scan was performed and reconstructed corresponding to
the CT images, which were then used to correct the PET
gates for attenuation. The resulting PET images are shown
on the right. The contraction and relaxation of the
myocardium are clearly visible. Maximum systolic contrac-
tion is reached in the 20% gate.
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This method not only shows the beginning of the respiration

cycle, it also accounts for different respiration amplitudes that

can be evaluated in the gating scheme.30

Another type of artifact may arise if a contrast-enhanced

CT scan is used for attenuation correction (Figure 35.4). The

presence of intravenous contrast agent in the CT image is

critical due to two facts: first, the contrast agent is washed out

of the heart very quickly after the CT scan and will thus

hardly affect the subsequent PET scan.36 Second, iodine

cannot be treated properly by the standard CT to PET atten-

uation transformation since iodine absorbs x-rays very well,

whereas 511 keV gamma rays are attenuated only to a dispro-

portionately low degree.38 This leads to an overestimation of

absorption values for PET attenuation correction and thereby

to wrong quantification of radioactivity in the respective

region by PET. Usage of such CT data therefore results in

artificially high absorption coefficients in the PET µ-map and

may lead to potential overestimation in tracer uptake in the

reconstructed PET images. In the case of oncological PET-

CT studies indicate that these contrast agent-induced arti-

facts are not of clinical importance.39–41 However, the bolus

passage of contrast agents in cardiac PET-CT causes high

concentration of these agents in the great vessels and heart

cavities, and pronounced artifacts and misquantification of

tracer uptake have been observed.36,42 A recent study

reported an average mean signal increase in left ventricular

myocardium of 23% when contrast enhanced cardiac CT

scans were used for attenuation correction compared to

unenhanced CT.43 Using a simple threshold based segmen-

tation of high attenuation areas to exclude contrast effects

from CT images effectively corrected for contrast media

induced artifacts (Figure 35.4d).

4.2 PET cardiac imaging

PET provides unique physiologic information by specific

tracers that can show molecular processes in vivo.9 Since

almost every substance can be labeled with radioactive ele-

ments, potential tracers in PET imaging are unlimited. In

clinical cardiology assessment of myocardial function and via-

bility are of special importance as only ischemic but viable

myocardium will benefit from a revascularization procedure.
18FDG activity represent ongoing myocardial glucose 
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Figure 35.3 Respiratory-gated 18FDG PET-CT scan of the heart. During the list mode PET acquisition patient breathing
was monitored by video recording markers attached to patient. Eight respiration gates were retrospectively produced.
(A) Comparison of the non-attenuation-corrected, full list mode PET image with the CT (contour plot) reveals a spatial
mismatch due to strong inspiration during the CT scan. (B) The attenuation-corrected full list mode PET image shows
seemingly reduced tracer uptake in the left ventricular wall in close proximity to the lung. (C) Non-attenuation-corrected
PET image of the CT-fitting respiration gate. No mismatch is visible. (D) Attenuation-corrected PET image of the CT-fitting
respiration gate. The misquantification of tracer uptake in the left ventricular wall has vanished. Additionally, the image is
less blurred than figure (B).
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metabolism and thus differentiates living myocardial tissue

from scar tissue, the hallmark of viability imaging with PET.
18FDG uptake indicates viable myocardium and a revascular-

ization of ischemic myocardium will result in improvement

of regional and global function. Scar tissue will not benefit

from revascularization procedures. Viability imaging with
18FDG can be combined with perfusion imaging for assess-

ment of match/mismatch.

Myocardial perfusion and coronary flow reserve are

assessed using 13N ammonia, 15O water or 82Rb. By 

acquiring dynamic gated myocardial perfusion data PET

provides an insight into impairment of regional coronary

blood flow reserve due to epicardial coronary artery steno-

sis, microvascular disease and endothelial dysfunction.44,45

Quantitative analysis with PET is based on dynamic 

acquisition protocols, which allow assessment of the 

retention fraction and the washout time of the radiotracer.

Combining these parameters with net tracer uptake allows

accurate quantitative evaluation of myocardial perfusion 

in mL/min/gram of tissue. Myocardial perfusion can be

quantified after pharmaceutical stress (direct vasodilation)

or cold pressor test (reactive endothelium dependent vasodi-

lation) and is compared to myocardial perfusion data 

at rest.5,10

Assessment of blood flow reserve with PET allows early

identification of coronary artery disease characterized by

endothelial dysfunction, which is a relevant prognostic

marker of future cardiac events.46 Endothelial dysfunction

causes impaired stress-induced coronary artery vasodilation,

which leads to diminished myocardial blood flow reserve,

long before hemodynamically significant coronary artery

stenosis develops. Impaired myocardial blood flow has been

shown in asymptomatic subjects with elevated cholesterol,

smoking, hypertension and diabetes either during pharma-

ceutical stress or cold pressor test.45,47–49

With this, PET perfusion assessment will be of increasing

interest when it comes to early detection of coronary artery

disease and initiation of preventive therapy.50 Since the major-

ity of coronary events occur in coronary arteries without dis-

tinct angiographic stenosis, identification of preclinical

atherosclerosis could prove clinically important. Medical ther-

apy in ‘preclinical patients’ will have to be tailored to the indi-

vidual person to avoid unnecessary healthcare costs and side

effects. Therefore detailed information on clinical risk factors,

morphological indicators of coronary atherosclerosis (plaque

burden) and functional data reflecting the effect on myocar-

dial blood flow and myocardial metabolism will all be neces-

sary. Furthermore, monitoring the perfusion parameters in
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Figure 35.4 Effects of iodine-containing contrast agents on cardiac PET-CT. The outcome of a myocardial perfusion
study using 13N-ammonia is presented. (A) Non-attenuation-corrected PET image, oblique slice showing the left ventricle.
(B) The same slice in the contrast-enhanced CT scan (bone window). High concentration of contrast agent is visible in the
superior vena cava (arrow). (C) Attenuation-corrected PET image using the contrast-enhanced CT image shown in (B). A
massive contrast agent-induced artifact is seen in the vena cava (arrow). (D) Reducing the attenuation values in the heart
to a normal value of 50 HU results in a PET image where the artifact has vanished. Additionally, the overall uptake in the
heart has been reduced to some extent.
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response to medical treatment may provide additional infor-

mation on a particular individual.

4.3 Combined PET and CT 
cardiac imaging

PET perfusion and CT angiography depict complimentary

aspects of coronary artery disease. While CT angiography

reveals detailed information on the presence and extent of

luminal narrowing of coronary arteries as well as coronary

plaque burden, PET perfusion provides information on the

down-stream functional consequence of such coronary

lesions. The advantage of the combined scanner is that the

images are spatially aligned and both data sets can be

acquired at a single imaging session. Since PET-CT in car-

diac imaging is a new and not widely available technology,

clinical experience is limited and no guidelines exist on its

use. From a theoretical point of view, the clinical advantage

of combining PET perfusion and CT angiographic 

information will depend on the results of each scan. Several

clinical scenarios can illustrate this:

(i) If PET shows an abnormal perfusion result, CT may

provide detailed information on coronary artery anatomy

and location of coronary artery narrowing. This informa-

tion is then used to plan a revascularization procedure.

(ii)Equivocal results of PET perfusion imaging will prob-

ably benefit the most from additional CT information.

In the case of a normal CT further invasive testing or

medical treatment can be avoided. A significant stenosis

depicted by CT will direct the patient to a revascular-

ization attempt. An intermediate stenosis or a high

coronary artery calcium score should trigger clinical

risk factor modification and medical therapy and prob-

ably also follow up testing.

(iii) If PET results are normal, CT seems to have the least

impact, as normal perfusion results preclude further

therapeutic or invasive diagnostic measures, even if CT

should depict a significant stenosis. Information on 

calcium score or total plaque burden could prove to be

of interest when making decisions on preventive med-

ical interventions. On the other hand, significance of

coronary lesions, especially in patients with diffuse or

pronounced calcification that impair coronary artery

CT

Diastole

Systole

A

Figure 35.5 Fusion imaging of 18FDG-PET and 16-slice cardiac CT in a patient with ischemic myocardial scar in the apical
and midventricular inferior segments. (A) CT shows thinning of the myocardium in the diastolic reconstruction without systolic
increase in wall thickness. Note the heavily calcified right coronary artery.

Continued
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B

Figure 35.5, cont’d (B) 18FDG activity is significantly decreased. (C) Fusion image shows near perfect alignment of CT
and PET in both cardiac phases and very good agreement of 18FDG activity and myocardial wall contours from CT.
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lumen assessment, will be much easier to assess in the

light of supplementary perfusion information.

In PET perfusion and viability assessment CT will pro-

vide complementary information on myocardial wall thick-

ness and dynamic changes of wall thickness within the cardiac

cycle, both of which are of significant prognostic value.1,51

Furthermore, retrospective cardiac gating for CT and PET

will form the basis for perfect alignment of the two scans,

which in turn will improve attenuation correction and as a

result image quality and reliability of the quantification of per-

fusion data and metabolic activity (Figure 35.5). However,

robust correction methods for respiration and cardiac motion

as well as contrast-induced artifacts are not readily available.

This is still an area of ongoing research.

5 CONCLUSIONS

Combining PET with CT in oncology imaging has almost

replaced single modality conventional PET imaging. A sim-

ilar development can be expected in cardiac PET imaging as

soon as technical issues like motion correction and attenua-

tion correction have been solved. The additional informa-

tion associated with overlaying physiologic data with CT

angiographic data, coupled with information about wall

thickness and wall thickening, clearly will advance noninva-

sive cardiac imaging.
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1 INTRODUCTION

Coronary artery disease (CAD) is the leading cause of death

in the United States, accounting for approximately 540,000

myocardial infarctions, ~515,000 total deaths, and ~250,000

sudden deaths per year, most of which result from ruptured

vulnerable plaques.1 Initial diagnostic evaluation of sympto-

matic patients with suspected CAD includes risk assessment

and stress testing.2,3 Coronary angiography with diagnostic

catheterization remains the cornerstone for detecting flow-

limiting lesions (>75% stenosis) and is paramount for percu-

taneous coronary interventions (PCI). While there is

concern regarding the expense and potential complications

of diagnostic catheterization, the major limitation of coro-

nary angiography is its inability to visualize atherosclerotic

plaque within the vessel wall. This is of critical importance

since the majority of patients with acute coronary syn-

dromes (unstable angina, myocardial infarction, sudden

death) have plaques that did not have a hemodynamically

significant stenosis prior to rupture and thrombosis. Indeed,

more than 60% of myocardial infarctions are caused by

lesions, which are previously associated with a less than 50%

luminal narrowing of coronary arteries.4

Currently, Intravascular Ultrasound (IVUS) is the only

established modality for imaging the coronary artery wall

with atherosclerotic plaques, but it requires cardiac

catheterization, which is an invasive procedure. Non-inva-

sive imaging techniques such as multidetector-row CT

473

(MDCT) and Magnetic Resonance Imaging (MRI) are often

limited because of their temporal and spatial resolution.

Recent advances in flat panel volume CT enable acquisi-

tion of image data with an isotropic spatial resolution of

about 150 µm and electrocardiographically gated volumetric

acquisition with the use of digital detector arrays. In this arti-

cle, the basic concepts and fundamental principles underly-

ing a high-resolution flat-panel Volume-CT are briefly

described by means of a prototype scanner. The primary

focus will be describing and illustrating potential applica-

tions of this technology in the field of cardiac imaging.

2 FUNDAMENTALS OF FLAT-
PANEL VOLUME CT DESIGN

2.1 System gantry

A flat-panel detector may be integrated with a variety of dif-

ferent types of mechanical gantries, depending on the func-

tional requirements of the system. In one design, a CT

gantry integrated with a modified X-ray tube and a 2-D dig-

ital flat-panel detector system forms the basis of a

Volumetric-CT or cone-beam CT scanner (Figures 36.1 and

36.2; other variations on this basic design will be presented

later in this chapter). As the CT gantry rotates, projection

images of the anatomy are acquired. These 2-D projections
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are reconstructed into a volumetric stack of slices using a 

3-D reconstruction algorithm.

A flat panel detector produces large amounts of data. For

example, a flat-panel detector with a 2k × 2k matrix of pixels,

operating at 100 frames per second (fps), will produce 800

mega-bytes of data every second (assuming 2 bytes/pixel).

Given the amount of data generated, a less apparent but

equally important aspect of the CT gantry based design is the

need for fast connection between the rotating flat-panel

detector and the stationary control computer. This connec-

tion has to be provided by a large bandwidth slip-ring, or by

an optical coupling between the rotor and the stator.

Another consideration with the fpVCT gantry is that a

closed CT gantry somewhat restricts free access to the

patient for interventional procedures. On the other hand, a

CT gantry provides fast rotation time on a stable platform

that is free of significant vibrations.

In order to provide open access to the patient, one can

mount a flat-panel detector on a C-arm system. All major

vendors have C-arm based flat-panel systems that are 

capable of limited tomographic reconstructions. The

emphasis in these systems, however, is on traditional radiog-

raphy and fluoroscopy, with rotational tomography as an

additional feature. The gantries are very slow compared to

CT rotation times, and cannot turn freely and continuously

around an axis. Since the detector is always connected to the

control computer, there is no need for a high-bandwidth 

slip ring.

2.2 X-ray tube

The X-ray tube used in the fpVCT system needs to be mod-

ified to incorporate the following changes.

● Cone angle: Wide anode angle (~16 ) is needed to

enable a true cone-beam geometry in the primary X-ray

beam.

● Pulsed operation: This mode ensures that the tube is

‘on’ only during the acquisition of a projection. A duty

cycle of 50% was used.

● Focal spot size: A small focal spot size of approximately

0.57 mm is typically used to minimize the penumbra

effect in high-resolution imaging.

● Filter: An aluminum filter is used to remove low energy

photons that will be completely absorbed by the patient

and will not contribute to the projection image. The

thickness of the filter can be configured according to the

application. Additional filters such as a wedge filter or a

bow-tie filter can be used to further shape the photon

flux in the incident X-ray beam. Typically, a source-side

collimator is used to eliminate extraneous radiation

beyond the field of view.

2.3 Flat-panel detector

A digital flat-panel detector is constructed by growing 

a thin-film of scintillator crystals on a matrix of photo-cells.

The photo-cells are fabricated directly on an amorphous 
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Figure 36.1 Schematic of a flat-panel volume-CT system.

Figure 36.2 Prototype flat-panel volume-CT based on a
Sensation-64 CT gantry. The flat-panel detector is at the
bottom of the bore of the gantry, while the X-ray tube is on
the top. The size of the field-of-view, and the area that it
occupies in the bore of the gantry, can be appreciated from
this picture by imagining a cone-beam emanating from the
X-ray tube and illuminating the detector (courtesy of
Siemens Medical Solutions, Germany).
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silicon (a-Si) wafer using photolithographic techniques.

These manufacturing techniques, which are commonly

used in silicon foundries for manufacturing integrated cir-

cuits (ICs), ensure very small detector element size and

direct digital read-out. The scintillator converts incident 

X-ray energy to light. The generated light is sensed by a

photo-cell, which generates and stores signal as a charge. A

thin-film field effect transistor transfers the collected charge

to external circuit.

Cesium Iodide (CsI) is typically used as the scintillating

material. Needle-shaped crystals of CsI act as fibre optic

channels and guide the light generated by the scintillation

process down to the photodiodes. Because the scintillator is

deposited directly on the a-Si photocell, there is an intimate

optical contact between the two. This construction, when

combined with the novel columnar structure of the CsI,

serves to significantly enhance the efficiency with which 

X-rays are converted into an electronic image.

The flat-panel detectors were originally developed as a

substitute for film in conventional X-ray radiography and

mammography. Both of these applications demand ultra-

high spatial resolution (~150 µm) in 2-D images. A flat-

panel detector based Volume CT (fpVCT) scanner

combines the advances in CT with digital flat-panel detec-

tor technology.31,32

Flat-panel Volume CT represents a fundamental shift in

the design of CT scanners: it employs a digital flat panel

detector instead of a small number of 1-D detector rows

used in-state-of-the-art MDCT scanners. Modern semicon-

ductor fabrication technology allows a flat-panel detector to

be built with much smaller X-ray detection elements as

compared with the discrete detectors used in MDCT. The

high resolution available in individual projection images is

transferred to the reconstructed volumetric CT images. By

virtue of the large area of the flat-panel detector, unlike

micro-CT,33 fpVCT is suitable for in vivo imaging of large

animals and humans.34

In current clinical practice, three different radiologic

modalities – radiography and fluoroscopy (R&F), X-ray

angiography, and computed tomography (CT) – play a cen-

tral role. Even though these modalities are all based on X-ray

imaging, they provide different and often complementary

information about a disease process. Due to detector tech-

nology, these three X-ray modalities have remained sepa-

rated, even though at a block-diagram level they seem to

utilize similar components. The R&F and C-arm based sys-

tems require a detector that can provide 2-D projections at

the video frame rate. Consequently, these systems use image

intensifiers for image capture at the video frame rate of

25–30 frames/sec. This allows for fast, real-time image cap-

ture, but the dynamic range of the data is limited to 8–10

bits/pixel. Consequently, only high-contrast structures such

as opacified vessels and bones can be visualized.

On the other side of the spectrum, the detectors used for

MDCT have very high dynamic range. This enables con-

trast resolution of almost 256,000 shades of gray (i.e., a

dynamic range of 18 bits) at the detector level. Also, the

detector panel can be read-out at an incredibly fast frame

rate: in one rotation lasting about 330–440 milliseconds,

approximately 1,000 projections are acquired and read out.

However, the MDCT detector elements are bigger, measur-

ing approximately 1 mm in their smallest dimension. In

addition, these detectors are not available in large area

arrays, and they are made long in the axial dimension to

provide better sensitivity, which leads to anisotropic volu-

metric data.

FpVCT scanners that employ the recent advent flat-

panel detectors could potentially satisfy the demands of

these three different X-ray modalities, which would be a 

significant leap forward.

In the prototype system reported here, a 30 cm × 40 cm 

a-Si flat-panel detector was used in the prototype fpVCT

(Varian 4030CB). This detector provides a matrix of 

2048 × 1536 detector elements, each with a dimension of 

194 × 194 µm2.

2.4 Reconstruction algorithm

The reconstruction algorithm converts the set of projections

into a set of tomographic slices. A simple and robust recon-

struction algorithm, an adaptation of direct 3-D Feldkamp

algorithm, was used in the current prototype system. Using

approximately 600 projections, the geometric parameters for

each projection, and a de-convolution kernel that describes

what to emphasize in the tomographic image (i.e., bone, soft

tissue, etc.), this reconstruction algorithms produces a stack

of slices. The 3-D nature of this algorithm ensures that each

voxel, at least at the isocenter, has isotropic dimensions.

3 PERFORMANCE
CHARACTERIZATION OF FPVCT

3.1 Spatial resolution

The fpVCT can be operated in a mode where all detector 

elements are used individually. This so called 1 × 1 binning
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mode gives highest possible spatial resolution. However, the

image noise is high because of low photon flux. The signal-to-

noise ratio can be improved by averaging neighboring pixels.

Pixels can be averaged in groups of 2 × 2 (i.e., four neighbor-

ing pixels) leading to a 2 × 2 binning mode. This results in

increased SNR at the expense of resolution. Figure 36.3

depicts the MTF curve obtained from a fpVCT scan of a 

100 µm tungsten wire phantom at 120 kV reconstructed with

a sharp kernel and 1 × 1 binning mode. As can be seen from 

the MTF curve, at 10% modulation cut-off, the spatial fre-

quency is approximately 28 line-pairs/cm in 1 × 1 binning

mode. Figure 36.4 shows the image of a high-resolution 

line-pair phantom. Once again, 28 line-pairs/cm can be 

distinguished.

3.2 Contrast resolution

Contrast resolution refers to the ability to visualize small

density differences over the background. FpVCT image of

a low-contrast phantom (a 16 cm PMMA phantom) is illus-

trated in Figure 36.5. The image shown has a slice width 

of 10 mm and was acquired on fpVCT using 500 mAs and

120 kV. The dose from such an exposure (CTDI100, center) is

64.2 mGy and is quite comparable to that from a standard

head scan from a multidetector CT (MDCT).

As can be seen, fpVCT has the ability differentiate struc-

tures with a difference of 5 HU over the background. This

is slightly inferior to MDCT that can differentiate structures

to within approximately 3 HU. The difference is largely due

to lower dynamic range of the CsI based flat-panel detector.

Although such difference in the contrast resolution may

have bearing on characterization of some plaques, it is

inconsequential for calcium scoring and for most coronary

CT angiographies.

3.3 X-ray dose

Initial studies had suggested that scattered radiation dose

associated with fpVCT might result in incremental increase

in dose to the patients as compared to the MDCT scanners.
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Figure 36.3 The modulation transfer function (MTF)
curve from fpVCT image of a 100 µm tungsten wire phan-
tom and 1 × 1 binning mode (courtesy of Siemens Medical
Solutions, Germany).
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Figure 36.4 A portion of a fpVCT image of a high reso-
lution CATPHAN phantom scanned using 1 × 1 binning
mode. Notice that the 24 line-pair/cm inserts (right and
middle) are well seen as individual lines. The 28 lp/cm
insert (left) is at the limit of resolution (courtesy of Siemens
Medical Solutions, Germany).

Figure 36.5 An fpVCT image of a contrast resolution
phantom showing low contrast inserts that are 15, 10, 5, and
3 HU away from the background in density. The 5HU insert
is clearly visible, while the 3HU insert can be faintly dis-
cerned (courtesy of Siemens Medical Solutions, Germany).
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In order to assess the X-ray dose, CT dose index (CTDI100)

was measured with a 10 cm ionization chamber and oval

water-equivalent phantom (27 × 18 cm) (QRM, Möhrendorf,

Germany) for fpVCT and Sensation-16. Air kerma (in units

of mGy/100 mAs) and effective dose (mSv) were calculated

to obtain normalized values that represent X-ray dose under

identical conditions (Figure 36.6). X-ray dose expressed in

air kerma is the measured dose normalized to 100 mAs.

Effective dose takes into account the dose length product,

DLP = (CTDI in air kerma) × (Irradiated scan length), and

a normalization factor according to the body part being irra-

diated. The normalization factor for various body regions

incorporates the damage a certain amount of absorbed dose

may inflict.

As can be seen from the above comparison, the radiation

exposure from fpVCT, normalized to 100 mAs, is less than

that from MDCT. Normalization to 100 mAs is essential to

keep the two scans comparable. The lower dose of fpVCT

essentially reflects reduced filtration and lack of scatter

rejection, with associated decrease in the effective signal-to-

noise ratio.

4 VARIATIONS OF 
THE FLAT-PANEL VOLUME-CT
CONCEPT

The system described in detail above uses a single flat-panel

detector mounted on a CT-grantry. Other ways of integrat-

ing a gantry, X-ray tube, and one or more plat-panel detec-

tors are possible, depending of the ultimate application

being conceived. In this section, we briefly describe some of

these variations.

4.1 Systems with multiple 
flat-panel detectors

With a single flat-panel detector measuring 40 cm in the

plane of the gantry, the size of the scan field of view (sFOV)

is limited to about 25 cm. The sFOV is a function of the

geometry of a scanner and the width of the flat-panel detec-

tor. The scanned object needs to fit within the sFOV during

the whole rotation. If structures protrude out of the 

sFOV, the protruding portions (which will not be imaged in

all projections) will cause artifacts. For high contrast 

structures that are relatively near the iso-center, these arti-

facts can often be tolerated. In fact in some flat-panel scanner

designs – e.g., those dedicated maxillo-facial imaging or

orthopedic applications – these artifacts are accepted as an

unavoidable part of the image in order to keep the price and

complexity low.48

For other applications, such as thoracic or abdominal

imaging, a bigger sFOV without artifacts is essential.

Multiple flat-panel detectors can be placed next to each

other on a gantry in order to increase sFOV while keeping

the same magnification factor and resolution. This is

schematically shown in Figure 36.7.

Several engineering challenges need to be addressed to

make this concept practical. First, there is the engineering

challenge of fitting all this hardware in the confined space of

a closed gantry. The task of bringing all the data generated

by multiple flat-panel detectors from the rotating gantry

into the stationary reconstruction computer also poses a

challenge. Very high bandwidth slip-rings are typically

employed for this task. Then there is the problem of fast,

artifact-free reconstruction. If the data from the flat-panels

is used as is, it is incomplete because of missing projection

data at the seams between two adjacent flat-panels. This

‘seam correction’ problem is solved by appropriately posi-

tioning the seams in the X-ray cone beam. If the seams are

off-center, then the data sets acquired from 180° away can

be used to fill in the missing data at the seams. A multi-

processor system that takes advantage of the inherent paral-

lelism in a cone-beam reconstruction problem is employed

for fast hardware based reconstruction.49

4.2 C-arm based fpVCT systems

A wide angle cone-beam X-ray tube and a flat-panel detec-

tor can be integrated with C-arm gantry. If the C-arm

allows simultaneous image acquisition and rotation around

an iso-center, as most of them do, 3-D reconstruction can be
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Figure 36.6 CTDI in air kerma of fpVCT and MDCT
scans as a function of tube voltage (courtesy of Siemens
Medical Solutions, Germany).
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performed using the resulting projection data-set. Most

modern flat-panel based angiography systems offer such

spin angiography and tomographic scanning capability.

The difference between CT-gantry based and C-arm

based systems lies in their basic engineering. The CT-gantry

based systems are more stable and have less geometric inac-

curacies as compared to the C-arm based systems. The iso-

center of any CT-gantry, by virtue of its mechanical design,

is much more narrowly defined than the best C-arm

gantries. Because of these reasons, the CT-gantry based

designs offer better spatial resolution. The high-resolution

offered by the detector panel is typically not fully utilized by

the mechanical gantry.

In a C-arm, the detector and the X-ray tube are con-

nected to the control hardware by a spool of cables.

Therefore, the C-arm cannot continuously spin around its

iso-center as it lacks the slip-rings for getting the data off

from a rotating component. Lack of continuous rotation

forbids dynamic imaging of temporally evolving processes.

Also, there are safety concerns with a fast moving C-arm.

Elaborate collision avoidance schemes have been imple-

mented to ensure operator safety.

C-arm systems have the advantage of being more flexi-

ble in terms of orienting the imager around a patient. They

also provide better access to a patient than a closed CT

gantry. This is especially important if fpVCT is to be used

for interventional or intra-operative applications.

Another variation of C-arm based flat-panel systems are

the so called ‘seat-scanners’: The patient sits on a chair while

a small C-arm with a small flat-panel detector revolves

around his or her head. These scanners are dedicated to

maxillo-facial and temporal bone applications because of

their relatively small sFOV.48 There is no fundamental

reason why their sFOV cannot be increased. They are cur-

rently limited to these niche applications primarily because

of cost and marketing reasons.

Because of their more favorable imaging characteristics

flat-panel detectors are slowly replacing the image-intensi-

fiers in angiography and fluoroscopy systems. Most of these

C-arm based systems offer rotational tomography modes. 
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Figure 36.7 A schematic representation of an fpVCT design using multiple detector panels. The missing projections at the
seams can be obtained by using projections that are 180 degrees away from the current position. Such a design is discussed
by Ross et al.49
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It is to be expected that, in future, flat-panel volume tomog-

raphy scanning capability will be much widely available.

4.3 O-arm flat-panel 
detector system

An O-arm system provides a system that tries to combine

the advantages of a CT-gantry based design and a C-arm

based design. It provides a mobile imaging platform that is

optimized for intra-operative imaging. An O-arm system

(Breakaway Imaging, LLC) is shown in Figure 36.8. It is

essentially a C-arm system with a telescoping gantry. The

gantry can function as standard C-arm, or one can complete

the O-ring, and turn the system into a CT-like gantry where

the flat-panel detector and the X-ray tube freely rotate. The

system allows both fluoroscopy and 3-D imaging. Given 

the bulk of the gantry, a robotic positioning system is 

provided for ease of use. Such a compact design is a direct

outcome of the lightweight and compactness of a digital flat

panel detector.

5 PRACTICAL 
CONSIDERATIONS WITH 
CARDIAC CT EXAMINATIONS

5.1 EKG gating

Complex motion of the heart during the cardiac cycle makes

it necessary to acquire image data in a short period of time

to avoid motion related artifacts in the image. As a single

gantry rotation is typically longer than 300 milliseconds,

substantial cardiac motion occurs during one complete rota-

tion. If no special technique is employed to sort the projec-

tions or reduce the image reconstruction time, there will be

motion blurring. In addition, since diastole accounts for

about 70% of the acquired projection data, the images

reconstructed from the entire projection set will look like a

blurred version of a heart in diastole.

EKG tagging of projection data is essential for multi-

phase reconstruction of the cardiac cycle. The EKG is used

either prospectively or retrospectively to gather enough pro-

jections for a given phase of cardiac cycle so that a volumet-

ric reconstruction can be performed. Gating, therefore,

works as a trick to freeze the motion of the heart so that

enough projections of a moving heart can be acquired.

In prospective gating different angular projections are

acquired each time the cardiac cycle is at a defined phase.

Using this method, motion-compensated still images as well

as 4D time series can be reconstructed. The principal disad-

vantages of prospective methods are long scan times and

complex setups.

In retrospective gating, the scanning is performed con-

tinuously over multiple rotations. Each projection is tagged

with an EKG time-stamp during data acquisition. This

dataset is then retrospectively sorted in order to reconstruct

various phases of the cardiac cycle. Traditionally, two types

of reconstruction techniques have been used: half-sector

reconstruction and multi-sector reconstruction.

5.2 Half-sector reconstruction 
for MDCT

In order to reconstruct a volumetric stack, projection data

from (180° + the cone angle) are required. Assuming a cone

Full-Field Cardiac Imaging using Ultra-High Resolution Flat-Panel Volume-Computed Tomography 479

Figure 36.8 A flat-panel detector based O-arm system with the arm in the C-configuration (left), and in the O-configura-
tion (right). The O-configuration, that is achieved using a telescoping mechanism in the C-arm, provides a closed gantry
that allows continuous rotation of the imaging chain (courtesy of Breakaway Technologies, LLC).
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angle of approximately 60°, we need projections from 240°
around the heart. In half-sector reconstruction, the entire

projection set needed for reconstructing a volume is

acquired during diastole of one heart beat. At a heat rate of

60 beats per minute or 1 beat/second, the diastole is about 

0.7 second long. Thus the gantry must rotate at about 240°/

0.7 second. Clearly, this scheme requires a sub-second rota-

tion and a high rate for acquisition of projections. MDCT,

because of a fast scintillator, are able to employ this scheme.

To date, all fpVCT systems that employ a CsI scintillator

cannot use a half sector recon because of slow gantry rota-

tion time and slow acquisition of projection data.

5.3 Multi-sector reconstruction 
for MDCT

In multi-sector recon, the required set of projections is col-

lected over multiple cardiac cycles. Therefore, this recon-

struction scheme assumes repeatability of the cardiac cycle

and heart position from beat to beat.

If gantry rotation cycle is not in phase with the cardiac

motion cycle, a geometric phase difference exists between

gantry rotation cycle and heart motion cycle. In other words,

for a given phase of cardiac cycle, the angular position of the

detector is different from one cycle to the next. This makes

it possible to combine different angular positions from mul-

tiple cardiac cycles to make up the dataset necessary for

image reconstruction. The improvement in the temporal

resolution improvement can be multiple folds using this

scheme. Typically, 4 to 5 cardiac cycles, each contributing

approximately 50 to 60 degrees worth of projection data for

a given phase of the cardiac cycle, are needed. The scheme

of projection collection for angles between 0 and 240 degrees

is depicted in Figures 36.9 and 36.10. A 3-D reconstruction

with this data set will result in rendering of the heart mor-

phology right before the P wave of the EKG.

5.4 Gated cardiac reconstructions 
for fpVCT

Recently, fpVCT scanners have also started allowing EKG

gating and gated reconstructions. Since these systems are

not FDA approved, all imaging to date has been performed

on animals or using ex vivo specimens from cadaver parts.

While the images obtained are not from living humans,

they leave no doubt about potential clinical utility of this

technology.

For the purpose of illustrating the technique and the

practical considerations that need to be employed, we now

briefly describe EKG gated fpVCT scanning technique for

evaluation of heart in mice (C3H/HeN wild type mice each

weighing ~30 g). For the contrast-enhanced scan, 0.5 ml

blood-pool contrast media (Fenestra VC, 50 mg Iodine/ml;

ART Advanced Research Technologies, Saint-Laurent,

CA)16 was injected into a tail vein. The animals were anes-

thetized by continuous inhalation of 3% (by volume)

Sevoflurane (Sevorane, Abbot, Maidenhead, UK) in oxygen

during preparation, injection of contrast media and scan-

ning. ECG electrodes and the pneumatic cushion from a

commercially available small animal monitoring unit

(1025L and Signal Breakout Module, SA Instruments,

Stony Brook, NY, USA) were attached to the animal to

record the physiological data.

The physiological data recorded by ECG electrodes and

pneumatic cushion for respiratory gating were time-stamped

on each X-ray projection. The ECG electrodes provided
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Figure 36.9 Schematic representation of data acquisition for half-sector reconstruction (left) and multi-sector reconstruc-
tion using 5 cycles (right).
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information about the cardiac cycle while the pneumatic

cushion recorded the information about the respiratory cycle.

An example of the recorded ECG as well as respiratory

curves is shown in Figure 36.11.

The animals were free breathing during the scan. Total

scan duration was 80s with a rotation time of 5s resulting in

16 full rotations per scan. A tube voltage of 80 kV and a tube

current of 50 mA were selected.

For motion-gated reconstruction from the projection

data, a multi-sector reconstruction technique was used.

Several rotations were retrospectively sorted to compose

new ‘multi-phase’ dataset as follows. For each phase, projec-

tions that were acquired within certain time frames of the

cardiac and respiratory cycle were selected for image recon-

struction. Each phase was defined by its start and end points

expressed as percentage of the cardiac or respiratory cycle.

The cardiac cycle in an RR interval was divided into 10

distinct phases. From all acquired projections, those corre-

sponding to a given phase of cardiac and respiratory cycle

were assembled into a new 360  data set consisting of 600

evenly distributed projections. Angularly weighted interpo-

lation was used to fit the actual projection positions to the

new projection positions within this dataset.

The reconstruction field-of-view was 4.5 cm transaxially

with a reconstruction matrix of 512 × 512 pixels and an 

axial slice spacing 0.2 mm resulting in a voxel size of 0.08 ×
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Figure 36.10 Multi-sector reconstruction using 4 cardiac cycles.
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Figure 36.11 ECG signal (top curve) and respiratory gating signal (bottom curve) showing the fast heart rate and 
respiratory cycles. The white arrow shows the trigger pulse that was used for gating.
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0.08 × 0.2 mm3. A high spatial resolution kernel (H80s) was

used for image reconstruction. Figure 36.12 shows a sample

multi-phase reconstruction. Despite the small size of the

anatomy being studied, and the fast cardiac rate approaching

300 beats/minute, the widening of the ventricle from an end-

systole to end-diastole can be easily appreciated.

6 POTENTIAL ADVANTAGES 
AND APPLICATIONS OF 
CARDIAC fpVCT IMAGING

There are four main advantages of fpVCT as compared

with MDCT:

1. High resolution,

2. Volumetric coverage,

3. Dynamic imaging, and

4. Omni-scanning (combined fluoroscopy and tomography).

In the following subsections, we discuss the potential

applications of each of these four key attributes of fpVCT in

the domain of cardiac imaging.

6.1 High resolution imaging

FpVCT provides a spatial resolution of 150 microns, which

is a factor of 3 better than MDCT. However, the contrast

resolution of fpVCT is about 5 HU, which is slightly infe-

rior to that available on MDCT. Therefore, applications

that require imaging of high contrast objects in exquisite

detail will benefit most from fpVCT. Imaging of calcified

coronary atherosclerotic plaque, contrast enhanced coronary

arteries, and imaging of cardiac stents fall in this category.

Pathological examinations of human lesions have found

that plaque rupture of unstable plaques is the most common

cause of acute coronary events. It is widely accepted that the

severity of a coronary stenosis is not an accurate predictor of

the site responsible for future plaque rupture. Imaging

approaches that produce luminograms are necessary for the

accurate identification of flow-limiting stenoses which are

typically caused by stable plaques. One major limitation of

luminograms is that the main artery lumen can appear

normal, albeit advanced atherosclerotic disease may exit

within the vessel wall.

Currently, IVUS (80–150 µm in plane resolution) is the

only established modality for imaging coronary plaques

within the artery wall, but it requires cardiac catheteriza-

tion. IVUS can measure vessel wall structures including

luminal area, plaque area, positive remodeling and can pro-

vide an estimate of total plaque burden.13,14 Based on ultra-

sound reflection, IVUS can differentiate calcified from soft

plaques, however, differentiation of fibrous and lipid tissue

is difficult.

While intravascular approaches may be of value for

patients already scheduled for coronary catheterization, a

non-invasive measure to detect and characterize plaques is

needed to manage the majority of patients with asympto-

matic CAD and for the large cohort of patients at very high

risk for cardiac events. Recent developments in MDCT and

dual-source CT allow ECG-gated acquisition of up to 256

images in 83–165 seconds, enabling evaluation of cardiac

vessels, structure and function during a single breath hold.24

Several investigators have demonstrated high sensitivity and

specificity of the 64-slice MDCT to identify coronary

stenoses in patients in artifact free segments (i.e., those seg-

ments that have not been rendered non-evaluable by cal-

cium, motion artifact, or scanner resolution).25–27

While conventional 64-slice MDCT imaging, and more

recently dual source CT scanning, can identify lesions within

the coronary wall, the spatial, temporal, and contrast resolu-

tion are still limited for assessment of plaque vulnerability,
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Figure 36.12 A multi-phasic reconstruction of the cardiac cycle of a mouse from a 4-D time series of the heart with res-
piratory and cardiac gating. Various 10% wide segments (10%, 30%, 50%, 60%, and 70%) of the cardiac cycle in oblique
coronal plane are shown. The heart rate was approximately 300 beats/minute.
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in-stent luminal evaluation, and coronary arteries with heavy

calcification. Due to relatively large voxel size of MDCT,

there is accentuation of partial volume effect in MDCT

images. When imaging sharply delimited high-contrast

objects such as calcified atherosclerotic plaques in coronary

arteries, this partial volume artefact manifests itself as broad-

ening of the edge of the calcium, resulting in the so-called

‘calcium blooming’ artefact.

The calcium blooming artefact not only obscures impor-

tant structures in the surroundings (e.g., the lipid core 

of an atheromatous calcified plaque), it makes the lumen of

the coronary artery appear artificially narrower than it 

actually is. The resulting overcall can easily lead to up-stag-

ing the state of the atherosclerotic disease. For example, such

an artefact may turn a moderate stenosis into severe stenosis.

This may result in up-staging the disease burden, with

potentially serious consequences. Such a false-positive result

may convert a patient who potentially could have been man-

aged using conservative medical treatment into a candidate

for surgical coronary-artery bypass graft.

Our initial experiments with ex-vivo coronary arteries

suggest that fpVCT is associated with substantially less cal-

cium blooming as compared to MDCT (Figure 36.13).

Higher resolution of fpVCT also results in better metal 

Full-Field Cardiac Imaging using Ultra-High Resolution Flat-Panel Volume-Computed Tomography 483

Figure 36.13 Comparison of cross-sections through calcified plaques using MDCT (left) and fpVCT (right) on coronary
specimens (top – LAD, bottom – RCA). Notice that the calcium blooming artifacts are substantially reduced by the small
voxel size offered by fpVCT.
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artifact profile for coronary stent evaluation. Thus metallic

stents can be visualized, and their lumen can be interrogated

(Figure 36.14).

6.2 Volumetric coverage

The size of the flat-panel along the axial dimension 

(i.e., along Z) is 30 cm. This translates into a field of 

view of about 18 cm along Z. For comparison, the tradi-

tional 16 or 64 row CT scanners have a FOV of about 2 to 

4 cm. Thus both projection and tomographic views of 

an entire organ or a large tissue volume are possible using

fpVCT.

An example of larger volumetric coverage with fpVCT

is illustrated in Figure 36.15. A New Zealand rabbit was

anesthetized and a peripheral IV line was started via the

left femoral vein. Post-contrast (I+) scans were performed

by continuously rotating the gantry for 40 seconds with a

rotation time of 5 seconds. For the I+ scan, 15cc of non-

ionic, hypo-osmolar contrast (Omnipaque, Amersham

Health) was injected 5 seconds after the start of the scan.

This ensured that the first scan was a pre-contrast scan,

while the subsequent scans showed the evolution of the

contrast bolus through the heart. The 3-D images, and the

generated movies (not shown) from the resulting datasets

demonstrated excellent image quality and wide coverage

available from a single rotation of the scanner. Even with

non-optimized injection time, fpVCT was able to show

fine cardiac and vascular details (Figure 36.15).

6.3 Dynamic imaging

The ability of fpVCT to cover a large volume during one

rotation, together with relatively short rotation times and

ability to rotate continuously, allow dynamic imaging 

studies of tissue or vessels. If the temporal resolution is short

enough – and the imaging is conducted for an appropriate

length of time depending on the tissue type being 

studied – the evolution of a contrast bolus can be followed

through the arteries, soft-tissue, veins, viscera, and bone.

Using such a dataset, a perfusion study of these tissues can

be performed, making it possible to combine fpVCT-

angiography and fpVCT-perfusion in one dynamic imaging

process.

Once projection data is acquired through multiple, con-

tinuous rotations, a continuous sequence of projections that

captures the dynamics of the scene in evolution is available.

In order to reconstruct a volumetric dataset at any time T,

one can simply use the projections from 360° centered on

time T. A 4-D sequence of a dynamic process, using over-

lapping or non-overlapping 3-D datasets, can thus be

acquired. The temporal resolution of this dataset will be
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Figure 36.14 Multiplanar reformatted image of coronary stents. Note the fidelity in fpVCT images (right) for visualization
of the stent struts and in-stent lumen as compared with MDCT images (left). (Image courtesy of Jennifer Lisauskas, Fabian
Moselewski and Ray Chan.)
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Figure 36.15 Multiple volume rendered images from a dynamic 4-D acquisition of a rabbit heart and large thoracic 
vessels acquired using fpVCT.

equal to the rotation time of the gantry. The time 

increment between successive 3D volumes can be arbitrarily

chosen.

Figure 36.15 shows the dynamic evolution of the

injected bolus as it travels from the IVC, to the right atrium,

right ventricle, pulmonary artery, pulmonary veins, the left

side of the heart, the systemic circulation, and then into the

venous return phase.

Dynamic fpVCT can be adapted to the requirements of

various imaging problems. For example, the temporal resolu-

tion can be increased by acquiring less projections allowing

for a faster rotation. Partial read out of the flat-panel detec-

tor can further increase the temporal resolution at the

expense of volumetric coverage.

6.4 Omni-scanning

The fpVCT technology can be used as an ‘omni-scanner,’ that

is, a CT scanner that combines X-ray fluoroscopy and 

computed tomography (CT) in one highly flexible system.

The scanner can be parked in one position to obtain fluoro-

scopic imaging from any arbitrary angle in space, or can 

be rotated continuously to visualize temporal evolution of a

dynamic process. These features form the basis of omni-

scanner capability.

These features are independent of what type of gantry the

flat-panel detector is mounted in. In fact, one can already find

these features in the newer angiographic C-arm gantries that

utilize the digital flat-panel detector technology. Figure 36.16

shows one such gantry (Axiom Artis dTC, Siemens Medical

Solutions, Germany). Besides all the traditional capabilities of

a C-arm system, these systems allow 3-D spin angiography

and tomographic capabilities. For spin angiography, one can

obtain pre- and post-contrast image sets and do a 3-D recon-

struction using the subtracted images. This facility is quite

useful in visualization of aneurysms and other vascular

pathologies. One can also acquire a set of projection images

and reconstruct them in 3-D. If these images are gated, it is

possible to perform gated cardiac reconstructions of different
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phases of the cardiac cycle. On such example is shown in

Figure 36.17 (courtesy of Drs. Rebecca Fahrig and Amin

Alahmad, Stanford University). To generate this figure, a set

of EKG-gated projections were acquired and sorted into dif-

ferent bins representing the phase of the cardiac cycle. Each

bin was then independently reconstructed. As can be seen in

Figure 36.17, the expansion of the LV between systole and

diastole can be appreciated. Such data can be used, among

other things, to estimate the ejection fraction. The fact that

this data is truly a set of 3-D volumes evolving over time is

illustrated in Figure 36.18. In this figure short axis views of

the heart at different phases of cardiac cycle, and in different

cardiac planes are shown. The image quality and spatial res-

olution are good enough to show the cross-section of coronary

arteries.

Other potential applications of such ultra-high 

resolution imaging include 3-D cardiac angiography, 

intra-operative CT-imaging, and dynamic studies of time

evolving processes such as myocardial function, first-pass of

contrast bolus through the heart, and myocardial 

perfusion.

7 SUMMARY

In summary, flat panel volume CT technology has made

tremendous advances in terms of superior spatial resolution,

scan volume coverage, and omni-scanning. Initial 

animal and ex-vivo human specimen experiments 

suggest that fpVCT may have important application in

human cardiac scanning. However, higher radiation dose,

and relatively poor temporal resolution compared to

MDCT of the heart, are potential limitations of fpVCT for

cardiac imaging.
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Figure 36.17 Two oblique sagittal views through a pig thorax showing the heart in diastole (left) and systole (right).
(Images courtesy of Drs. Rebecca Fahrig and Amin Al-Ahmad, Stanford University).

Figure 36.16 A C-arm system with a digital flat-panel
detector (Axiom Artis, Siemens Medical Solutions,
Germany).
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37
Micro Computed Tomography

Marc Kachelrieβ

1 INTRODUCTION

Tomographic imaging started with clinical x-ray computed

tomography (CT) in 1972.1 Since then, CT technology has

advanced significantly and clinical CT became radiology’s

powerhouse. In addition to clinical CT imaging there is an

increasing need for pre-clinical examinations such as scans of

tissue samples, organs or whole animals (in-vitro or in-vivo)

that are used as models to evaluate human diseases and ther-

apies.2 For example non-invasive imaging of mice gains in

importance due to recent advances in mouse genomics and

the production of transgenic mouse models. Longitudinal

studies that use a single animal population can provide inter-

nally consistent long-term data and help to reduce the

number of sacrificed animals and to cut down the costs.

Since many of the objects of interest are far smaller than

a human body, and since one is interested in imaging vessels,

bone structures or other details of microscopic size, clinical

CT scanners are not suitable for many pre-clinical imaging

tasks. For example laboratory mice or rats have a diameter

of less than 5 cm. Compared to the 50 cm diameter of a clin-

ical CT scanner’s field of measurement (FOM) this is 10% or

less. Only one tenth of the detector elements would be used

when scanning such a specimen in a clinical CT scanner

and, evidently, the small animal anatomy cannot be imaged

in a clinical CT scanner with an image quality equivalent to

the human anatomy. This low efficiency calls for dedicated

scanners that are specialized for small objects and high spa-

tial resolution, which is the reason why all clinical imaging

modalities have been scaled down during the last years.

Higher spatial resolution requires dedicated micro-CT

scanners which are usually defined to achieve a spatial reso-

lution of 100 µm or better.3 Micro-CT scanners have a

smaller FOM compared with clinical CT scanners and their

design ranges from micro-CTs as large as clinical CT scan-

ners to small desktop scanners that easily integrate into the

laboratory (Figure 37.1).

The basic principles of micro-CT are the same as in clin-

ical CT: attenuation is measured for a large number of line

integrals and image reconstruction is typically based on the

filtered backprojection (FBP) algorithm. For cone-beam

geometries, such as the flat panel detector-based micro-CT

geometries, the Feldkamp image reconstruction algorithm

is used4 which is of filtered backprojection type. In contrast

to clinical CT where spiral scans are dominant one uses

circle scans in micro-CT. The reason is the large coverage

that can be achieved by a simple circular scan due to the

large size of the area detector.

2 GEOMETRY

Modern micro-CT scanners are equipped with an x-ray

tube and a flat panel area detector consisting of at least 1,000

by 1,000 detector pixels. (The older designs where only a

single slice is measured will not be discussed in this chapter.)

Either the object rotates relative to the source-detector-

arrangement or the source and detector rotate around the

object (Figure 37.2). Collimators are used to avoid radiation
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Figure 37.1 Typical micro-CT scanners as they can be used for preclinical imaging. From top left to bottom right: Gamma
Medica, GE, Scanco, Siemens, Skyscan, and VAMP.

Rotating object micro-CT

x-ray tube

object

flat panel
detector

Rotating gantry micro-CT

optical bench

x-ray tube

flat panel detector

object and FOM

animal table

Figure 37.2 Rotating object type micro-CTs are typically used for non-destructive material testing or for in-vitro studies.
Dedicated in-vivo small animal micro-CT scanners have a stationary object and a rotating source-detector-system.
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in those regions that are not covered by the detector. They

can also be used to limit the longitudinal exposure range 

(z-range) if only a few slices shall be reconstructed. For

today’s rectangular flat-panel detectors the shape of the 

x-ray ensemble is a pyramid; due to mathematical and 

historical reasons it is loosely called a cone-beam.

The rotation axis of the scanner defines the z-axis 

(longitudinal axis), the x- and y-axes are perpendicular

thereto and define the lateral plane. The lateral opening

angle of the cone is called fan angle and the longitudinal

angle is called cone angle, respectively (Figure 37.3). For

square detectors that are perfectly aligned the fan angle

equals the cone angle. The distance of the focal spot to the

isocenter (rotation center) RF and the distance focus detector

RFD are important parameters in micro-CT imaging.

Together with the radial size U and the longitudinal size V

of the detector they define the size of the cylinder that is

measured in each projection during a 360° scan. This cylin-

der is called the field of measurement (FOM) and the object

of interest must not exceed this volume laterally unless spe-

cial techniques are used to enlarge the FOM (e.g. shifted

detector, multiple scans or detruncation algorithms). For

square detectors that are aligned parallel to the z-axis the

cylinder’s diameter always exceeds the cylinder’s length.

Objects that exceed the FOM longitudinally are typically

assessed by combining several circle scans.

3 MEASUREMENT, 
RECONSTRUCTION, DISPLAY

During a full rotation about 1,000 readouts of the detector

are performed. Flat panel detectors with 10242 to 40962

detector pixels are in use. Altogether in the order of 109

intensity measurements are taken per rotation. Physically,

micro-CT is the measurement of the object’s x-ray absorp-

tion along straight lines, just as it is the case in clinical CT.

Image reconstruction is one of the key components of a

micro-CT scanner. The Feldkamp algorithm that is typi-

cally used is of filtered backprojection type and similar to the

image reconstruction implemented in clinical CT scanners

for step-and-shoot scans. Reconstruction times can range

from some minutes up to one hour or even more, depending

on the number of voxels used and the number of projections

acquired. Image reconstruction is an O(N)4 process when N

projections are backprojected into a volume of size N3. The

constant of proportionality lies in the range of 2 ns to 10 ns

for today’s micro-CT reconstruction engines, which means
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Figure 37.3 Illustration of the basic geometry parameters of flat panel detector-based CT scanners. The FOM shown here
is of 40 mm diameter and filled with an anesthetized mouse. The magnification M depends on the ratio of the distance
focal spot to detector to the distance focal spot to isocenter.
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that a 5123 reconstruction from 512 projections should be

definitely finished in less than five minutes.

Alike in clinical CT the reconstructed voxel values are

often converted into CT values prior to storage: the gray

values are approximately proportional to the mass density,

air has a CT value of –1000 HU (Hounsfield units) and

water has a CT value of 0 HU.

Micro-CT images are either stored in a proprietary image

format or in DICOM format. In the first case the micro-CT

manufacturer’s viewing workstation must be used for image

display and analysis. In case of DICOM images the user is

free to select any other state-of-the-art viewing workstation.

4 MICRO-CT DESIGN

As previously indicated two basic design concepts are 

realized in micro-CT: the stationary tube-detector system

with rotating object and the rotating gantry with stationary

object. Many of the commercial products are self-shielded

and need no further radiation shielding.

For in-vitro imaging the design using a rotating object

with fixed focal spot detector is the method of choice 

(Figure 37.2, left). The design is robust and cost-efficient

since the number of components moving during the scan –

these must be of highest precision to allow for high spatial

resolution – is minimized to the rotation stage only. Further

on, this design easily allows to change the magnification of

the scanner by repositioning the rotation stage. Hence vari-

able spatial resolution values can be achieved with mini-

mum technical effort.

A serious drawback of the rotating object scanners is the

object placement since the rotation axis and thus the object

are usually oriented vertically. Regardless of what the

actual orientation of the rotation axis is, be it vertical or

horizontal or something else, the object is subject to cen-

trifugal or varying gravitational forces. This plays no role

for rigid samples but motion artifacts may impair image

quality when flexible objects or liquids are scanned, in par-

ticular animals or animal samples.

Scanners with a rotating source-detector system are

more complicated with respect to the mechanical setup but

they provide far more comfort regarding the object place-

ment. The rotating gantry is usually mounted with a hori-

zontal rotation axis to allow placing the object on a simple

table (Figure 37.2, right). This resembles clinical CT scan-

ners that also have a patient bed and a rotating gantry. 

The mechanical design of rotating source-detector scanners

is far more demanding, since high precision rotation 

components must be used and care must be taken that the

varying gravitational forces do neither change the rotation

speed nor change the mechanical alignment of the source

and the detector relative to each other and relative to the

rotation axis. Typically, in-vivo scanners use the rotating

source-detector micro-CT but there are also industrial

applications for non-destructive material testing where the

use at conveyor belts dictates this design.

5 TYPICAL PARAMETERS, 
IMAGE QUALITY AND DOSE

At first sight, micro-CT appears very similar to clinical CT,

except for the higher spatial resolution and the smaller field

of measurement. However, tube technology and flat-panel

detector technology are quite different. First of all, the high

spatial resolution requires a small x-ray focal spot which in

turn implies very low tube power. A rule of thumb is that

the maximum power per focal spot area lies in the order of

1 W/µm2. In some cases, scan speed may be limited by the

low tube power; the need for dose accumulation that is

required to obtain low-noise images requires to increase the

scan time. The detector, however, is limiting scan speed

more drastically since the read-out of millions of detector

pixels is technically demanding. The frame rates achieved by

modern flat-panel detectors are in the range of 1 to 

50 frames per second. High frame rates often require a 

detector binning where 2 by 2 physical detector pixels 

are combined to yield one logical detector element. Needless

to say that binning yields a reduced spatial resolution. 

If the achievable frame rate is too low a fast scan time can only

be achieved by taking less projections per rotation than actual

necessary. This angular undersampling yields an angular

blurring and hence significantly reduced image quality in the

peripheral regions of the images. Today, typical scan times in

micro-CT range from 1 second to many minutes. Given the

high heart rates of small animals and the low temporal 

resolution of today’s micro-CT devices, and compared to

clinical CT, there is currently little potential of in-vivo

motion-resolved cardiovascular imaging with micro-CT.

Another drawback of current micro-CT detector tech-

nology is the low dynamic range of the flat panel detectors.

In contrast to clinical CT detectors, which offer 20 or even

22 bits of dynamic range, flat panel detectors achieve a

dynamic range of only 12 to 14 bits. Consequently, the low

contrast resolution achieved with micro-CT is inferior to

clinical CT where 5 to 10 HU contrast resolution can be

easily observed.
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Altogether these points, high image noise due to lower

count rates and lower contrast resolution due to low detec-

tor dynamics, show that micro-CT image quality still is

inferior to clinical CT image quality. Obviously, there is

room for improvement and certainly the detector genera-

tions coming up will provide improved image quality with

flat panel detector-based CT.

Further on, dose is an issue in in-vivo micro-CT imaging

of animals where radiation damage to the object must be

avoided. Even if there is no deterministic risk to be expected –

this is the case whenever dose levels are far below, say, 

1 Gy – the measurement may influence those parameters

that shall be observed in pre-clinical imaging. Tumor

growth, for example, may be modified by a micro-CT scan

with high dose levels. Especially for longitudinal studies

that require multiple scans of the very same animal dose

levels may become critical.

There are two reasons why dose in micro-CT is

increased compared to clinical CT. One is that the dose

required to saturate the detector is determined by the

absorption efficiency of the detector. A high absorption 

efficiency means a good dose usage and can reduce the total

scan time. In clinical CT, where the detectors are structured

and septa between the detectors avoid that light travels from

one detector element to its neighbors, thick scintillator

layers are used and an absorption efficiency of above 95%

can be easily achieved. However, in flat panel detectors

unstructured scintillators are used and a high absorption

efficiency would require thick layers of scintillators, 

which in turn would significantly impair spatial resolution.

Here the absorption efficiency lies in the order of 50% 

for typical detectors. Hence about 50% of the x-ray 

photons and thereby about 50% of the animal dose remain

unused.

Another reason for higher dose levels in micro-CT is the

spatial resolution itself. It can be shown that the dose

required to achieve a given spatial resolution level in 

tomographic imaging is proportional to the fourth power of

spatial resolution.5,6 As an example assume one wants to

switch from 100 µm to 50 µm spatial resolution. If one

cannot accept an increase of image noise for the 50 µm scan

compared with the 100 µm scan one would have to use the

16-fold mAs-value, and hence apply the 16-fold dose.

Therefore one must always compromise between spatial

resolution and image noise or dose – just as in clinical CT

image noise decreases with the square-root of dose – and

high resolution scans will have a low low-contrast

detectability due to large image noise unless dose is 

significantly increased.

The tube voltage largely determines the x-ray spectrum

that is used for CT scanning. Image quality is also a function

of the x-ray spectrum, object size, shape and density.7,8 This

is the case for clinical CT as well as for micro-CT. The tube

voltage should be decreased with decreasing object size and

density. This dependence on object size is more significant

for small objects than it is for large objects, since for low

energies photon attenuation is dominated by the photo

effect that is strongly energy-dependent. Tube voltages typ-

ical for micro-CT can be as low as 10 kV whereas a clinical

CT scanner’s lowest tube voltage is 80 kV. For example

objects of a diameter of 3 to 4 cm, such as small rodents, are

best scanned at voltages around 40 kV.

The table below lists important parameters as 

they are typically provided in today’s clinical CT scanners

and in flat-panel detector CT scanners (C-arm CT and

micro-CT).

Although the previous discussion lists numerous disad-

vantages of micro-CT technology compared to clinical CT
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Clinical CT C-arm CT In-vivo micro-CT In-vitro micro-CT

Dominant Spiral Circle Circle Circle
trajectory
Spatial resolution 250–1000 µm 200–400 µm 50–200 µm 1–200 µm
FOM diameter 500–700 mm 100–250 mm 30–100 mm 1–200 mm
Tube voltage 80–140 kV 50–125 kV 10–160 kV 10–160 kV
Tube current 10–600 mA 10–800 mA 0.04–2 mA 0.04–2 mA
Tube power 20–100 kW 20–80 kW 1–30 W 1–30 W
Scan time 0.3–20 s 5–20 s 10 s–10 min <1 h
mAseff 10–750 mAs 10–750 mAs 5–200 mAs 5–200 mAs
Detector ∼∼1000 × 64 10242–20482 10242–40962 10242–40962

Dose 1–70 mGy 1–70 mGy 50–500 mGy ≤1500 mGy
Acquisition rate ≤600 MB/s ≤60 MB/s ≤20 MB/s ≤20 MB/s
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technology, one must emphasize that the increase in spatial

resolution achieved with micro-CT is an enormous benefit

or even a prerequisite for many applications, especially

when thinking of preclinical imaging. Three prominent

examples of the wide application spectrum are: (1) non-

destructive material testing, such as the evaluation of stent

implants, (2) the in-vivo bone densitometry and bone mor-

phology assessment in small animals, and (3) in-vivo scans of

complete animals with good soft tissue contrast resolution

for longitudinal preclinical imaging studies. Typical micro-

CT images are shown in Figure 37.4.

With respect to cardiovascular imaging micro-CT scans

of specimen allow to detect atherosclerotic lesions in coro-

nary vessels and to characterize lesion morphology (see

chapter [Micro-CT-based plaque imaging, Langheinrich] of

this book). Those examinations are done in vitro and not in

vivo, however. Due to the limited temporal resolution, 

that is primarily dictated by the rotation time, one cannot

apply similar techniques for phase-correlated imaging (4D

imaging) as is the case in clinical CT, today (see chapter

[Physics of and Approaches to Cardiovascular Computed

Tomography, Kachelrieβ] of this book).

6 DISCUSSION AND OUTLOOK

Modern micro-CT scanners allow for micrometer spatial

resolution and good contrast resolution. Image quality and

dose usage have not approached clinical CT standards yet;

compared to clinical CT micro-CT is still in its infancy.

Further advances in micro-focus tube technology and flat-

panel detector technology are expected to improve micro-

CT dose usage, increase scan speed and to widen the

dynamic range of the detectors until the physics of the

underlying x-ray absorption mechanisms determine and

thereby limit image quality.

Temporal resolution is probably the most critical issue,

at least for in-vivo studies, and must still be improved to

allow for dynamic studies or for phase-correlated imaging

of the beating heart. Increased temporal resolution would
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Rotating object micro-CT Rotating gantry micro-CT

Figure 37.4 Image samples acquired with a rotating object micro-CT scanner and a rotating gantry micro-CT scanner.
The objects shown are a tiny stent implanted in a pig’s coronary artery, a butterfly catheter filled with glass particles, a rat
knee, an electrolytic capacitor, a water phantom, a shaded surface display of an in-vivo mouse, and contrast-enhanced
axial and sagittal displays of two in-vivo mice. The data were acquired with the scanners shown in Figure 37.2.

9781841846255-Ch-37  10/16/07  5:41 PM  Page 496



allow for the assessment of tissue kinematics and of cardiac

motion and function. Higher detector frame-rates will cer-

tainly improve micro-CT temporal resolution in the near

future. Combined with new scanner concepts that utilize

two or three x-ray sources and detectors simultaneously the

goal of high temporal resolution can be achieved more

easily.9

These dual source CT (DSCT) scanners are in clinical

use since 2005 and their micro-CT counterparts became

available in early 2007. Besides aiming at increased temporal

resolution – only a quarter gantry rotation is required with

dual source CT – the simultaneous use of two different tube

voltages opens the way to dual energy CT (DECT) and

material-selective imaging. Here, new contrast mechanisms

can be exploited that, for example, allow for an easy discrim-

ination between plaque types or between contrast agent and

calcifications (Figure 37.5). Dual source CT together with

dual energy CT techniques have the potential to enter pre-

clinical imaging routinely.10

Above all, there is a great need for specialized and dedi-

cated micro-CT scan protocols with respect to animal han-

dling, contrast agent and others. Certainly, micro-CT will

grow up to finally keep up with clinical CT standards.
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Figure 37.5 Dual source CT scanners (DSCT), such as the TomoScope 30s Duo scanner (VAMP GmbH, Erlangen,
Germany) allow for the simultaneous acquisition of the object with two spectra. These dual energy CT (DECT) scans allow
to decompose the rawdata to show material-selective images.10 These can be used to distinguish between tissue, plaques,
calcification and contrast media, for example.
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38
Imaging of Plaques and Vasa Vasorum with
Micro-computed Tomography: Towards an
Understanding of Unstable Plaque

Alexander C. Langheinrich

There have been great advances in our knowledge of the 

cellular biology underlying atherosclerotic plaque formation

and progression. A hot topic in vascular biology is the role of

abnormal plaque vascularization in atherogenesis. In normal

arteries, microvessels, vasa vasorum (VV), are observed only

in the adventitia and in the outer media of artery walls 

that exceed a thickness of 250 µm. Neovascularization in 

atherosclerotic arteries occurs primarily by growth from the

adventitia into the neointima of advanced plaques. New

microvessels in plaques appear fragile and are susceptible to

rupture which may contribute to intraplaque hemorrhage.

Intraplaque hemorrhage is a hallmark of unstable plaques,

which are at high risk for rupture. Plaque rupture is the dom-

inant cause of myocardial infarction (MI). Repeated cycles of

plaque rupture and healing may also explain the finding that

there is layering in arterial plaques, which reflects an inter-

mittent growth pattern of the developing plaque.

1 MICROSCOPIC-COMPUTED
TOMOGRAPHY (MICRO-CT)
FOR THE ASSESSMENT OF
ATHEROSCLEROTIC PLAQUES

Screening for atherosclerotic plaques using CT has evolved

from coronary calcium CT scans1,2 to luminal scanning by

CT coronary angiography and to the assessment of coronary

499

arterial wall CT numbers as an index of fatty or fibrous

material.3 Developing imaging technologies capable of iden-

tifying vulnerable atheromatous plaques non-invasively and

in vivo is a major focus of current research efforts. In the

past decade, micro-CT has become a powerful research

technique as technical advances of processing speed and

memory have enabled micro-CT systems to generate high-

resolution images of small specimens.4–6 While the early

implementation of 3D micro-CT focused on the technical

and methodological aspects of these systems, more recent

work has emphasized the study of physiological aspects.7–11

The focus of this chapter is micro-CT applications to study

VV in normal and atherosclerotic arteries.

The current understanding of the initiation and pro-

gression of human atherosclerotic coronary artery disease is

mainly based on morphological data from autopsies12 obser-

vations derived from clinical invasive13,14 and non-invasive

studies15 and on experimental animal models.16 These data,

however, are not entirely consistent. In particular, a long-

standing discordance between angiographic and pathologi-

cal studies exists with respect to differentiating stable from

vulnerable plaques, the lesion underlying the majority of

acute coronary events. These discrepancies are probably the

result of important limitations of the different approaches.

Micro-CT can render vessel-wall alterations in human

coronary arteries6 (Figure 38.1). Histology is the gold stan-

dard for the identification of cellular components of the
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plaque, but micro-CT imaging of atherosclerosis may offer

several additional advantages:

(i) Micro-CT imaging is a research technology which is

ideal for the rapid qualitative and quantitative evaluation

of atherosclerotic lesions. With a general acquisition time

of ~10 cross-sections per minute, micro-CT clearly

exceeded the mechanical process of conventional histol-

ogy. This technical benefit might become more impor-

tant considering a recent study in which morphological

predictors of arterial remodeling in coronary atheroscle-

rosis have been evaluated by processing 2885 coronary

cross-sections for histological examination.17 Up to now,

detailed plaque classification is a major advantage 

of histopathology with additional immunhistochem-

istry, but remains a lab-intensive and time-consuming

method which might be complemented with micro-CT

imaging.

(ii) Micro-CT has emerged as a research technique to detect

atherosclerotic lesions in coronary vessels in excised

arteries. Micro-CT has been shown to detect even small,

early lesions that can be missed by conventional histol-

ogy. Histomorphometric results are reported by sec-

tions, and for volumetric determinations, the results are

often estimated by interpolation. Micro-CT is particu-

larly helpful for continuous visualization of the entire

vessel compared to the rather time-consuming segmen-

tal examination of tissue specimen during histological

cross-sectioning.

(iii) Micro-CT can accurately characterize lesion dimen-

sions. Measurements of morphometric indices per-

formed by micro-CT led to the same results obtained by

conventional histological analysis. This finding indi-

cates that micro-CT is an appropriate tool to quantita-

tively analyze atherosclerotic plaques size. Based on

differences in gray-scale attenuations, micro-CT cor-

rectly identified atherosclerotic lesions histologically

classified as fibrous plaques, calcified lesions,

fibroatheroma (Figure 38.2), and lipid rich lesions. It is

conceivable that, with future technical advances

(increasing spatial resolution, antibody-labeling, dual-

energy scanning), micro-CT imaging might enable

radiographic visualization of distinct cellular plaque

compositions.

(iv) Histology may be limited in that, once sliced, the intact

volume is lost so that the study of three-dimensional

structures such as VV or the tissue distribution of cal-

cium are challenging. Micro-CT imaging does not pre-

vent subsequent histomorphological analyses and does

not interfere with standard paraffin-embedded

immunohistological techniques performed on the same

coronary vessel segments. Since further histological

analysis can be done on the same specimens, the use of

micro-CT may be of great advantage in clinical or

experimental studies.
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Figure 38.1 Example of an advanced fibrocalcific athero-
sclerotic lesion of a human coronary artery visualized by trans-
verse micro-CT imaging (A) or conventional histomicroscopy
(B, magnification × 10, bar = 500 µm). Samples were scanned
by micro-CT and reconstructed at a resolution of 8 µm and
displayed at 21 µm resolution. The corresponding cross-
section of the same specimen was subsequently stained
with hematoxylin and eosin with elastica counterstaining for
histomicroscopical examination. Note eccentric neointimal
thickening (1), boundary between media and adventitia (2),
adventitia (3), calcification (4), and vessel lumen (6).
Coronary artery was stored in paraffin (5) to prevent distor-
sions during the scan (with permission from Ref. 20).
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Quantitative ex-vivo analysis of atherosclerotic lesions is

typically done by microscopy on thin histological sections.

Two problems with this approach are the difficulty in

obtaining adjacent slices and the distorsions that occur

during the sectioning process. Histologic microscopy may be

limited in that it does not provide three-dimensional infor-

mation and – as a destructive technique – it does not allow

continuous measurements and in that it limits tissue quan-

tification to a small number of two-dimensional sections.

With micro-CT imaging, a complete digital data set of the

vessel wall is now available. As a non-destructive approach,

micro-CT allows three-dimensional analysis of the several

plaque characteristics such as plaque area, lumen size, calci-

fication, or lipid core over the entire length of the selected

vessel segment. Using tomographic reconstruction algo-

rithms, three-dimensional images of the vessel wall can be

generated which allow total stereoscopic visualization of the

plaques 3D micro-architecture. As tomography allows con-

venient extraction of appropriate slices from the 3 D-images,

micro-CT can also be used to analyze distinct regions of

interest more accurately (e.g. high-risk lesions with thin

fibrous caps can be detected prior to dissection of the speci-

men) thus ‘steering’ the pathologist’s knife to distinct local

alterations within the tissue specimen.
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Figure 38.2 Display of gray-scale attenuation by transverse micro-CT allows characterization of different plaque compo-
sitions (A: raw data; B: colored; D: thresholding technique). Comparison to the corresponding immunohistological cross-
section (C; stained for smooth muscle actin, bar = 500 µm) shows that micro-CT visualizes smooth muscle cell rich media
(1), plaque areas predominantly composed of smooth muscle cells (2) and areas containing no or sparse smooth muscle
cells (3) (with permission from Ref. 20).
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1.1 Vasa vasorum

Experimental and clinical data strongly suggest that vasa

vasorum play a role in proliferative vascular disorders.

Multiple studies have shown a high correlation between

number of VV and the degree of atherosclerotic stenoses.18–20

Recent studies have emphasized the involvement of VV in

the inflammatory aspect of atherosclerosis. Both number of

VV and the degree of inflammation in the adventitia are sig-

nificantly higher in advanced atherosclerotic plaques com-

pared to early stages.18 In apoE−/−/LDL−/− mice, this

relationship varies in different vascular beds.21 In this model,

the spatial distribution of VV, their density, and the magni-

tude of adventitial inflammation were strongly correlated

with advanced atherosclerotic lesion types.

Moreno and colleagues22 demonstrated a similar associa-

tion between presence of VV and inflammatory cells in

human aortas. Microvessel density was low in lesions with mild

plaque inflammation and increasingly higher in lesions with

moderate or severe inflammation. In normal arteries, inflam-

mation was absent, but once atheromas started to occur adven-

titial inflammation increased with plaque development.23,24

One study suggested that patients with symptomatic

atherosclerosis had a denser network of VV than patients

with asymptomatic disease. The increased number of VV

was accompanied by a strong inflammatory reaction of the

vascular wall.25 These findings are supported by several

other papers showing that the inflammatory response in the

adventitia with increased expression of IL-6, TNF-alpha,

MCP-1, VCAM-1 can alter atherogenesis.26,27

Further support comes from Judah Folkman’s group. In

apoE-deficient mice, VV density correlated better with the

number of inflammatory cells within the plaque than with

plaque size.28 These findings, based on micro-CT imaging

and histopathology, suggest a role of plaque neovasculariza-

tion in initiating and promoting atherosclerotic lesions. One

possible mechanism may be facilitation of the inflammatory

milieu within the vessel wall.

1.2 Vasa vasorum and 
intraplaque hemorrhage

Intraplaque hemorrhage is a marker of instability in

advanced atherosclerotic lesions.29 Iron, a main component

of red blood cells, can accumulate in the plaque after extrava-

sation of erythrocytes, whether isolated or within

macrophage-derived cells that have phagocytosed red blood

cells.30 Supporting this idea, Lee et al.31 suggested that hemo-

globin/heme released from the phagocytosed erythrocytes

may contribute to at least part of the iron deposition seen in

atherosclerotic lesions in apoE-deficient mice.

Recently, neoangiogenesis as a source of intraplaque

hemorrhage has been reported in carotid arteries in apoE-

deficient mice.32 In this study, CD31, a marker of endothe-

lial cells (Platelet Endothelial Cell Adhesion Molecle-1)

staining revealed colocalization of plaque microvessels and

sites of extravasated and degraded erythrocytes, consistent

with intimal neo-angiogenesis as a feasible source for

intraplaque hemorrhage.

Kolodgie et al.33 showed that the degree of glycophorin

A reactivity, a specific marker of erythrocyte membranes,

and the magnitude of iron accumulation in plaques corre-

sponded to the size of the necrotic core, indicating that iron

deposits may be a sign of plaque hemorrhage and instability.

Capillary-like microvessels have been shown in very early

atherosclerotic lesions (type II) in human carotid artery sam-

ples, associated with accumulations of macrophages, mast

cells, and T-cells.34 Evidence of local microvascular damage

with subsequent intraplaque hemorrhage within the shoul-

der regions of human carotid arteries are demonstrated by

extravascular red blood cells, macrophages containing

hemosiderin, and perivascular fibrin deposition.35 Such

findings indicate that plaque neovascularization is a promi-

nent feature of plaque development, possibly providing an

important source of intraplaque hemorrhage.36

In Pedro Moreno’s study of human aortas,37 lesions with

intraplaque hemorrhage had increased numbers of

intraplaque microvessels. High-resolution synchrotron-

based micro-CT demonstrated iron deposits within plaques

that showed evidence of prior intraplaque hemorrhage.38

The strong spatial, punctate colocalization of the elements

Fe and Ca indicated that iron within the lesion resulted

from intraplaque hemorrhage. The schematic in Figure 38.5

summarizes the current paradigm of the role of vasa vaso-

rum in advanced atherosclerotic lesions.

1.3 Dual-energy computed
tomography of vulnerable 
plaques

Methological applications of dual-energy CT imaging have

been described over the last 20 years39,40 and have been used

to quantify iron deposits in the liver in an animal model of

hemochromatosis.41 Advanced iron accumulations in the

liver were visible using dual energy CT scanning at 80 and

120 kVp as a change of 24 HU/100mg% iron. Recently, first

experiences with a new, commercially available, clinical dual-

energy CT system have been reported.42 The ability to use
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two different tube voltages simultaneously to differentiate

two materials with different atomic number may open new

possibilities for detailed tissue and plaque characterization.

A high temporal and spatial resolution is a basic 

requirement to image increased vascularization by virtue of

enhanced lesion perfusion reflected by an increase of tran-

sient opacification of the artery wall during an intravascular

contrast injection. Contrast-enhanced multi-detector com-

puted tomography (MDCT) permits visualization of epicar-

dial coronary arteries. Recent studies showed high

sensitivity and specifity of 16- and 64-slice MDCT for the

detection of hemodynamically significant coronary stenosis.

It has bcome apparent that MDCT can also visualize 

atherosclerotic vessel walls in addition to luminal 

narrowings.43

The role of atherosclerotic calcifications has been inves-

tigated extensively during the past years, suggesting an asso-

ciation of overall calcium burden and cardiovascular event

risk. But up to now, although clinically very important, non-

invasive imaging of non-calcified ‘vulnerable’ plaque

remains elusive.

As discussed above, neoangiogenesis may be a source of

intraplaque hemorrhage. Using synchrotron-based micro-

CT at 2 µm voxel resolution, we have recently scanned the

aortic arch of old apoE-/-LDL-/-mice which develop severe

atherosclerosis and proliferation of vasa vasorum. Advanced

atherosclerotic plaques showed local accumulations of punc-

tate bright spots (~8µm diameter) consistent with iron

deposits resulting from individual extravascular erythrocytes38

(Figures 38.3 and 38.4). Comparisons of micro-CT and 
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Figure 38.3 A, representative, single transverse micro-CT cross-section of the descending aorta. Arrows indicate small,
unconnected, radiopaque spots within the lesion (superimposed gray circle demonstrates the border between media and
adventitia). B, Volume-rendered 3D-micro-CT image in the same region viewed axially, demonstrating arterial (red) and
venous (blue) vasa vasorum. The spots are not displayed in this image because they have no anatomic connection to the
vessels. C, Maximum intensity projection confirms the interconnectivity of adventitial VV and plaque microvessels (red
arrows). D, Volume-rendered micro-CT image show that small opacities are distributed (gold colored spots) between the
aortic lumen (red) and the VV. Bar = 200 µm, voxels size 2 µm (with permission from Ref. 38).
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histology showed that calcium and iron are frequently co-

localized in advanced plaques. Both appear bright white on

single energy CT which makes them undistinguishable and

computed tomography of iron deposits challenging. However,

the discrimination of iron and calcium is necessary because the

presence of calcium is not associated with vulnerability, unlike

iron, which appears to be specifically located in vulnerable

plaque.44

Based on the different attenuation coefficients of 

calcium and iron, dual energy micro-CT and dual-source

CT seems to be a suitable technology to discriminate 

these two elements. Images obtained from the aortic arch 

of the ApoE−/−LDL−/− mice at 16 and 20 keV were 

subtracted after the high-energy images were biased 

such that bone had the same gray scale as the lower-energy

images. Areas identified as calcified lesions cancelled out,

whereas bright spots identified as iron on histology

remained in the subtracted image. Because the attenuation

coefficient of calcium decreases more rapidly than iron at

higher energies, we achieved a ‘positive’ signal in the

descending aorta for iron using dual-energy 64-slice 

CT scanning.

1.4 Cinical implications and
conclusion

While these micro-CT and 64-slice CT data on plaque neo-

vascularization and intraplaque hemorrhage are encourag-

ing, clinical studies have to assess the in vivo accuracy,

sensitivity, and specifity in patients. Testing this hypothesis

in vulnerable and ruptured plaques will depend on
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Figure 38.4 Intraplaque hemorrhage in aortas of apoE−/−/LDL−/− double knockout mice at the age of 80 weeks. A, 
erythrocyte membranes are demonstrated by using antibodies against glycophorin A (CD23 A, ×100). VV are present
within the adventitia (black arrow). B, C, contrast-enhanced VV are present in the adventitia surrounded by clusters of
inflammatory cells stained for Movat pentachrome (×100) and HE (×100). Recent intraplaque hemorrhage at low (D, G, 
× 20; E, H, × 40) and high-power field magnification (F, I ×100) stained for Movat pentachrome (D, E, F) and Iron (Perls’
stain, G, H, I) demonstrated by extravasated erythrocytes and iron (hemosiderin) deposits in a lesion with a thin-fibrous
cap in serial sections.
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technologies that allow noninvasive serial imaging of

advanced lesions in appropriate animal models and humans.

If iron deposits can be identified and quantified noinva-

sively in hemorrhagic plaques it may be possible to selec-

tively treat asymptomatic patients who are at high risk for

rupture and myocardial infarction. Outcome studies need to

prove that early imaging and subsequent therapeutic inter-

vention improve long-term morbidity and survival.

One other imaging marker of vulnerable lesions could

be the vasa vasorum themselves. It may be possible to detect

and quantify enhanced plaque vascularization due to 

proliferation of vasa vasorum by virtue of increased lesion

perfusion, reflected by the increase in transient opacification

of the arterial wall during an intravascular contrast injec-

tion. Consequently, combined imaging of plaque perfusion

as an index of vasa vasorum density and iron deposits as a

marker of plaque hemorrhage in atherosclerotic plaques

may form a basis for advanced CT imaging of vulnerable

plaques.
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Behçet’s disease 314, 381
biplane angiography 4
Bland–White–Garland syndrome 186, 188
blood flow, CT measurement 11-13, 14
blunt trauma 381
bolus tracking techniques 156-7
breast cancer 294
bronchial carcinoma 294
bronchoalveolar carcinoma 294
Buerger’s disease 381

calcium blooming 461
calcium scoring 40-1, 40, 419-20, 420
carcinoid syndrome 243, 244
cardiac bypass assessment 172
cardiac catheterization 1

cardiac chambers 243-4
CT vs MRI 224-5
incidental congenital anomalies 224
multislice CT of 268-9, 269

cardiac CT see cardiovascular CT
cardiac hemangiomas 221, 222
cardiac masses 219-22
cardiac PET/CT imaging 463-71

contrast CT scan in attenuation correction 467
PET cardiac imaging 467-9, 468
PET/CT cardiac imaging 469-71, 469-70
respiratory-gating technique 466, 467
technical considerations 465-7

cardiac resynchronization therapy 277
cardiac sarcoidosis 436
cardiac veins 57-62, 56-60, 63-73, 76
cardiomyopathies 216-19, 436

dilated (DCM) 216 216, 244, 244
eosinophilic 217, 217
hypertrophic (HCM) 216-17
restrictive 217

cardiovascular CT
dual-source CT (DSCT) 22-3, 22-3, 25
kymogram-correlated cardiac CT 23-4, 24
optimal reconstruction phase 24-5
physics 20-5, 20
prevalence of noncardiac findings 292-6, 292-3
prospective gating 20-1
retrospective gating 21-2, 21-2

multi-segment approach 22, 25
single segment/single phase/partial scan approach

22, 23, 25
scan technique 291-2, 292

cardiovascular CT/PET hybrid imaging 463-71
carotid artery atherosclerotic disease 393-400

factors affecting accuracy of CTA 397
plaque morphology 398-9, 398
poststenotic collapse 397, 398
rationale 393-5
validation studies of CTA 396-7

carotid artery dissections 400, 401-2
carotid artery occlusions 397-8, 399
carotid artery stenosis 395-6
carotid artery trauma 400-1
carotid endarterectomy (CEA) 393, 394
carotid intima-media thickness (C-IMT) 138
Carto electro-anatomic map 278, 281
cerebral aneurysms 309
cervical neurovasculature, CTA of 391-402

digital subtraction angiography (DSA) 391
image acquisition 392
image postprocessing 393

MIP 393, 394-5
MPR 393, 394-5
shaded-surface display (SSD) 393, 395
VR 393

image reconstruction 392-3
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intravenous contrast 392
magnetic resonance angiography (MRA) 391
technique 392-400

chordae tendinae 65, 67
chronic mesenteric ischemia (CMI) 355-7, 356
cine-angiocardiography 1
circumflex artery 56-9, 65-7, 67, 72-3, 75-6
circumflex coronary artery 58-9, 64-6, 67, 71-2
clinical CT scanners 

physics 18-19, 18
slices 18, 18

coarctation of the aorta 265, 265, 309-10
Cogan’s syndrome 350
collagen vascular disease 213, 358
Computed Tomography Dose Index (CDTI) 28-30, 29

CTDI100 29, 30
CTDIFDA 29, 30
CTDIvol 30, 31, 30-1
CTDIw 29, 30

computerized transmission tomography (CTT) vs autopsy 9, 9
congenital heart disease, CT and 13
congenital heart disease, multislice CT of 261-70

aorta 363-6
cardiac chambers and coronary arteries 268-9, 269
coronary arteries 269-70, 270
pulmonary arteries and veins 266-8, 267-8

connective tissue disorders, primary 311-14
constrictive pericarditis 214-15, 214
contrast resolution, upper limit 408-9

due to partial volume effect 408
atherosclerotic plaque’s fatty and fibrous components 409
iron accumulation following intramural hemorrhage 409
transient opacification of myocardium and arterial 

wall 409, 409
cor triatriatum 225
coronary aneurysms 182
coronary angiography scanning 33-4, 34
coronary arteries 67-8

multislice CT of 269-70, 270
tomographic imaging 86

coronary artery aneurysms 187-8
coronary artery anomalies 179-89

acquired 182, 187-8
classification and clinical significance 179-82
CT angiography of 182-8

acquired coronary anomalies 187-8
anomalous coronary arteries with other pathology 188
anomalous left anterior descending artery 186
anomalous left circumflex coronary artery 184-6, 185
anomalous left coronary artery 183, 184-5
anomalous right coronary artery 182-3, 183
coronary artery anomalies with shunt physiology 186
myocardial bridging 186, 187

diagnosis 188-9
motion artifact 188, 189
potential pitfalls 188, 189
prevalence 179

coronary artery bypass grafts
bypass imaging with EBCT 194
CT scanning 198-9
evaluation of 46, 46
evaluation with multislice CT 193-9
MSCT visualization 194-7, 194-5

contrast media 196
evaluation 196
idiosyncracies 197
impact of heart rate and heart rhythm 197
multislice CT vs. invasive angiography 196
radiation exposure 196
venous vs. arterial bypass grafts 197, 197

patient preparation and CT scanning 199
practical management 198-9
technical requirements 193-4

coronary artery calcification (CAC) 89, 92-7
acute coronary heart disease and 129-30
in diabetes 95-6, 95
in estimation of all-cause mortality 132-5, 133, 134
in estimation of CHD death or nonfatal MI 135-8, 136, 137
imaging in risk/targeting therapy 130
measurement 92
in metabolic syndrome 95-6
pathophysiology 92
prediction of major adverse cardiovascular events 129-40
in premature coronary heart disease 95-6, 95
prescan clinical risk 131
prevalence 92
prognosis by measurements 132, 133
prognostic evidence 139-40
risk stratification 92-3, 93
scoring and estimation of CV events 138
serial testing with CT and SPECT MPI 96-7, 96
SPECT MPI in 93-5, 94
see also coronary artery calcification measurement

coronary artery calcification measurement 107-15
cardiac CT for 107-8, 108
protocol standardization 110-11, 111
quantification 108-9

algorithms for 111-12
calcium mass 111-12
variability 108-9, 109
volume score 111

reporting scores 113, 113-14
scanner types 112-13, 112
slice thickness, overlap and timepoint for trigger or 

gating 110
technical minimum requirements 109, 110

coronary artery calcium progression
in chronic kidney disease 151
current state 151-2
in end-stage renal disease 146-7, 149
factors influencing 148-9, 148
measuring 144-5
natural history 145-6, 146, 147
non-lipid influences 149

Index 511

9781841846255-Idx  10/12/07  5:55 PM  Page 511



coronary artery calcium progression (Continued)
pharmacologic modulation 149-51
prognostic significance 147, 147

coronary artery calcium scanning 32-3, 32-3
coronary artery CT angiography (CCTA) 89
coronary artery disease (CAD) 39

diagnosis using MPI 101
risk stratification in 102-3
using SPECT MPI 101-2

coronary artery fistulas 181
coronary artery stenoses, CT angiography for 163-74

artifacts 166-8
beam hardening 166, 167
blooming artifact 168
coronary calcification 167-8
misregistration or slab artifacts 166, 166
respiratory artifacts 167, 168

assessable and unassessable segments 165-6
clinical applications 172-3
cost-effectiveness of cardiac MDC 171-2
definition of stenosis 165
diagnostic accuracy 165-8
future directions 174
impact of MDCT on different patient populations 169-71, 171
implications of current data for clinical use 169-74
overall population 168
results from current literature 168-9
scanner specific analysis 168-9

EBCT 168
4/8-slice MDCT 168-9
16-slice MDCT 169
64-slice MDCT 169, 170

segment vs. patient-based analysis 165
study methodology 165-8
study population 165
technical development 164, 164

coronary artery stents, assessment 201-8
4-slice MDCT 203
16-slice MDCT 203
64-slice MDCT 203-4
diameter and location 204-5
drug-eluting (DES) 201-2
dual-source (DSCT) 204
EBCT 202-3
history 201
image reconstruction and visualization 204
imaging 202, 203
indications for CT examination after stent treatment 205-6
Multidetector CT 203
patency 201-2, 206
restenosis 206
types 202, 206, 207-8
visualization of different stent types 204

coronary artery termination, abnormalities of 181-2
coronary atherosclerotic plaque, CT angiography in 173-4
coronary bypass graft occlusion 172

detection with EBCT 194

coronary calcium measurement
and acute coronary syndrome (ACS) 125-6, 126
in cardiomyopathy 125
diagnosis of patients with possible CAD 120-5, 122-4
in prediction of coronary stenoses 119-26

coronary CTA (CCTA)
diagnostic testing 97-103, 97-9
as initial test 99-100
after SPECT MPI 100, 100

coronary flow reserve 418
coronary obstruction, chronic 85-6
coronary ostia abnormalities 179-80
coronary ostial stenosis 85
coronary stem abnormalities 180-1, 180
coronary sinus (CS) 57
crista terminalis 56, 59, 62
crux of the heart 67
CT coronary angiography (CTA) 11

contrast administration 299-302
early arterial contrast medium dynamics 300-2

current and future applications 305-6
body/cardiac/neuro 305-6
future perspectives 306

data acquisition 155-8
contrast administration protocols 156-8
patient selection and preparation 155-6
scan parameters 158, 160

image acquisition and display techniques 299-305
image evaluation and post-processing techniques 161-2, 161
image reconstruction 158-9, 159
vs. MR angiography 338-9
Multislice CT technology 155
post-processing techniques 304-5, 304-5
scan acquisition 303
scan parameters 303-4

gantry rotation speed 303
pitch 303
scan coverage area 303
scan duration 303
slice collimation (SC) 303
table feed per rotation (TF) 303

scan reconstruction 303-4
reconstruction interval 303
slice width 303

technique 339-40
timing options 299-300

bolus tracking 300
fixed time delay 300
test bolus 300, 301

CT fluoroscopy 306
CT scanning of the heart, requirements 9-11, 10
CT value 19
curved multiplanar reconstructions (cMPR) 162
curved planar reformations (CPR) 375, 376, 378

degenerative aneurysm 314-15, 315
dermatomyositis 381
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diabetes
CAC in 95-6, 95, 134, 134
coronary disease in 85

DICOM format 494
dilated cardiomyopathy (DCM) 216, 244, 244
dissecting aortic hematomas (DAH) 346-7, 347
double aortic arch 263
dual energy index 457
dual-energy subtraction 412-14, 413
Dual Energy X-ray Absorptiometry (DEXA) 452
dual source CT (DSCT) 17, 22-3, 22-3, 25, 164, 306, 451-61

attenuation coefficients 451-2, 452
basic principles 451-3
blood pool imaging 459-61
bone/plaque removal 458-61, 459-60
clinical examples 457-61
image based methods and three material decomposition 457
limitations 454-5
limitations 456-7
new approaches 455-61
projection-based two-material decomposition 453-5, 453, 454
scanners 497, 497
technical implementation 455-6, 456

dynamic MDCT perfusion imaging 444-5, 445
dynamic spatial reconstructor (DSR) 443
dyskinesis 232, 232

Ebstein’s anomaly 279
ECG-gated CT 6-7
Ehlers Danlos syndrome 311, 350, 357
electrical injuries 383
electron beam CT (EBCT) 10, 11, 39, 164

blood flow measurement 12, 14
capability 11
congenital heart disease 13
left ventricular remodeling 11, 11-12

end-stage renal disease (ESRD) 387
endocarditis, infective 243
eosinophilic cardiomyopathy 217, 217
equivocal stress test 173
Eustachian valve 57
exertional angina 85
exercise electrocardiogram 138-9
exposure injuries 381-3
extremity CT arteriography 367-88

in arterial occlusive disease 377-9
acute ischemia 379, 381
chronic ischemia 377-9, 380

clinical applications 377-88
contrast medium administration 373

injection parameters 373-5, 374, 375
saline flush 375
synchronization 373

in end-stage renal disease (ESRD) 387
exam transfer and storage 373
extremity CT angiogram 371-3

acquisition parameters 371-3, 372

lower extremity coverage 371
upper extremity coverage 371

hemodialysis access 387-8, 388
image acquisition 370-3
image display 375-6
patient preparation 368-70, , 369, 370
protocol series 370-1
protocols 368
in reconstruction surgery 384-7
source images 376
technique 368
in trauma 381-4, 383

exposure injuries 381-3
blunt and penetrating 381
electrical injuries 383
thermal injury 383
gunshot wounds 383
proximity injury 383

in vascular masses 384, 386
in vasculitis 379-81, 382
in venous occlusive disease 384, 385
in venous thrombosis 384
visualization techniques 375-6, 376

curved planar reformations (CPR) 375, 376, 378
maximum intensity projection (MIP) 375-6
multiplanar reformations (MPR) 375, 376, 378
vessel analysis 376, 378
vessel tree overview 375-6, 377
volume rendering (VR) 375, 376

extremity runoff protocols 383, 384
lower 368, 368, 371
upper 368, 368, 371

familial aortic aneurysm syndrome 350, 350
Feldkamp algorithm 493
fibroma 48, 220-1
fibromuscular dysplasia (FMD) 357, 357, 358, 361-2, 362
filtered back projection (FBP) 19, 491
flat-panel volume CT design 473-87

advantages and applications 482-6
dynamic imaging 484-5, 485
high resolution imaging 482-4
omni-scanning 485-6, 486, 487
volumetric coverage 484, 485

design 473-5
EKG gating 479
flat-panel detector 474-5
gated cardiac reconstructions 480-2, 481, 482
half-sector reconstruction for MDCT 479-80
multi-sector reconstruction for MDCT 480, 480, 481
performance characterization 475-7

contrast resolution 476, 476, 477
spatial resolution 475-6, 476
X-ray dose 476-7

reconstruction algorithm 475
system gantry 473-4, 474
variations 477-9
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flat-panel volume CT design (Continued)
C-arm based systems 477-9, 486
O-arm detector system 479, 479
systems with multiple flat-panel detectors 477, 478

X-ray tube 474
cone angle 474
filter 474
focal spot size 474
pulsed operations 474

foramen ovale 57-9, 62-3, 73
fractal analysis 412, 413
Framingham risk score 40, 101, 131

limitations 131-2

giant cell arteritis 350, 381
Glagov phenomenon 92
global and regional left ventricular function, CT 

of 229-38
Gorlin syndrome 220
graft aneurysm 315
great cardiac vein (GCV) 57
gunshot wounds 383

hairline residual lumen 398
hamartoma 220
healed plaque formation 144
heart valve disease 243-57
heart wall, image conducting tissue within 411
hemorrhage within arterial wall, imaging 411, 412
hepatic artery aneurysms 359-60
hiatal hernia, incidental 293
history of cardiovascular CT 1-15, 3
Hounsfield values 19
hybrid array detectors 299
hydroxyapatite 107, 111

density 112
hyperlipidemia 80, 81
hypertrophic cardiomyopathy (HCM) 216-17
hypokinetic contraction 232, 232
hypoplastic aortoiliac syndrome 348
hypothenar hammer syndrome 383

idiopathic fibrosis 357
indicator curves 443
indicator dilation theory 11
infective aneurysm 314, 314
infective endocarditis 254-5, 256
in-situ aneurysm thrombosis 379
interventricular septum 59-60, 62, 64, 68-71
intracardiac masses, evaluation 47-8, 47-8
intramural hematoma 317-19, 317-18
intravascular ultrasound (IVUS) 44-5
invasive angiocardiography 1-2
iterative voxel sizing 412

Kawasaki disease 187
kymogram-correlated cardiac CT 23-4, 24

left aortic arch with aberrant right subclavian 263-4, 264
left atrial appendage 55-6, 64-6, 66-7, 71-3, 243
left atrium 58-9, 63-6, 66-7, 72-4, 76
left circumflex artery (LCX) 67
left dominant circulation 67
left main coronary artery (LMCA) 55-6, 64-5, 67, 73
left ventricle 58, 60, 65, 67, 69-70
left ventricular ejection fraction 4, 20
left ventricular function, CT assessment 229-38

global LV function
area–length method 230
assessment of physiology 230
MDCT accuracy and reproducibility 234-6
MDCT data post-processing and analysis 233-6, 233-5
MDCT protocol 232-3
Simpson’s method 230
threshold-based direct volume measurements 230, 231

region LV function 230-2, 232
MDCT accuracy and reproducibility 237-8
MDCT protocol, data post-processing and analysis

236, 237-8
left ventricular hypertrophy (LVH) 246, 247
left ventricular remodeling 11, 13
left ventricular systolic function 244
leiomyosarcomas 351
LeRiche syndrome 348
linear attenuation coefficient 18
lipomas 219-20, 221

intramyocardial 47, 48
lipomatous hypertrophy of the interatrial septum 

(LHIS) 219-20, 221
liver transplantation 360, 360
lower extremity indirect CT venography 368, 371
lower extremity runoff 368, 368, 371
luminography, limitations of 418-19
lung cancer 293, 294

magnetic resonance imaging (MRI) 261
Marfan’s disease 311, 312, 350
mass scoring 419
matrix detectors 298-9, 298
maximum intensity projections (MIP) 162, 263, 305, 305, 353,

354, 375-6, 393, 394-5
MDCT coronary angiography 10, 11, 39, 337

accuracy of 41-4, 41-3
acquisition and reconstruction 353-4
atherosclerotic plaque volume and morphology, 

evaluation 44-6, 44-5
beam collimation in 31-2
contrast medium administration 354
coronary artery bypass grafts, evaluation of 46, 46
in electrophysiology 49
future directions 49
intracardiac masses, evaluation 47-8, 47-8
intravascular ultrasound (IVUS) 44-5
myocardial function and perfusion, evaluation 46-7, 47
pericardium, evaluation of 48-9, 48
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technology development 297-9
early development 297
spiral/helical scanning 297-8, 298
multi-detector CT 298-9, 298

MDCT scanners 10-11, 14
median arcuate ligament syndrome 357, 357
mesenteric CTA 354-61

in acute mesenteric ischemia (AMI) 354-5, 354, 355, 356
in chronic mesenteric ischemia (CMI) 355-7, 356
clinical applications 354-61
in liver transplantation 360, 360
in pre and post-oncologic intervention 360-1
in visceral artery aneurysms 357-60, 357-8

metastatic cardiac disease 219
micro CT 491-7, 492

in assessment of atherosclerotic plaques 499-505, 500
clinical implications 504-5
dual-energy CT 502-4
intraplaque hemorrhage 502
vasa vasorum 502

design 494
geometry 491-3, 492
image quality and dose 494-6, 496
measurement, reconstruction, display 493-4
temporal resolution 496-7

mitral annulus, calcification of 219, 220
mitral insufficiency 223
mitral regurgitation

causes 249, 250-1, 251
CT assessment 252
MDCT reporting 252, 252
pathophysiology and natural history 251-2

mitral stenosis
causes 249-50, 249
CT assessment 260, 250
pathophysiology and natural history 250

mitral valve 67, 249
anatomy and function 249
MDCT reporting of 253-4

mixed connective tissue disorders 381
monochromatic x-ray, energy-selective photon detection and

counting 412
multidetector CT see MDCT
multiplanar reconstruction (MPR) 162, 263, 304, 304, 353, 354,

375, 376, 378, 393, 394-5
thick MPR 304

multiple circle scan 20
multislice CT 

of congenital heart disease 261-70
evaluation of coronary artery bypass grafts with 193-9
of pulmonary veins 266-8, 267-8

muscular dystrophies 216
myocardial blood flow (MBF) measurement 441, 442
myocardial blood volume (MBV) 442
myocardial bridging 181, 186, 187
myocardial contraction, local, imaging of 411
myocardial function and perfusion, evaluation 46-7, 47

myocardial infarction 8
contrast enhancement of 8-9, 8-10

myocardial ischemia 8, 144
complications of 222-4

myocardial perfusion, CT assessment of 441-8
using fast CT 443
multidetector CT imaging 443-7

dynamic 444-5
helical 445-7, 445, 446, 447

myocardial perfusion SPECT 89-103
myocardial viability and infarction 429-38

CT imaging of myocardial ischemic injury 431-8
arterial phase CT imaging 432-3, 433
first-pass CT perfusion imaging 431-2, 432
late phase CT imaging 433-8

pathophysiological basics 430-1
irreversible – acute (acute MI) 431
irreversible – chronic (chronic MI) 431
reversible – acute (stunning) 430
reversible – chronic (hibernation) 430-1

myocardial wall dimensions and mass 5, 6
myocarditis 216, 436
myocardium 216-19

CT of 211-25
CT vs MRI 224-5
incidental congenital anomalies 224
infarcted region, surface area of 411
technical considerations 211-12

myxomas 47, 219, 220

NavX mapping 278, 281
near-occlusion stenoses 398
neurofibromatosis 357
non-invasive vessel wall imaging 419-25

clinical studies 422-5
ex-vivo and animal models 421-2

normokinesis 232
nuclear scintigraphy 4

obesity, MDCR coronary angiography in 42
osteopontin 82

pancreatitis 358
papillary fibroelastomas 221
paragangliomas 221
parietal pericardium 54, 59, 60, 68, 69-73
partial anomalous pulmonary venous return (PAPVR) 267
partial scan 22, 25, 32
patent ductus arteriosus 215
patient selection 39-40

radiation dose and patient safety 40
technical considerations 39-40

pectinate muscles 58-61, 63
penetrating atherosclerotic ulcers (PAU) 317, 319
penetrating trauma 381
percentile rankings 138
pericardial cysts 215, 215
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pericardial effusion 213, 213
pericardial malignancies 215-16
pericarditis 213, 214-15, 214

post-infarction 223-4
pericardium 68

anatomy and physiology 212, 212
congenital absence of 215
CT vs. MRI 224-5
evaluation of 48-9, 48
incidental congenital anomalies 224

peripheral atherosclerotic disease (PAD) 377-9
pitch value 19, 19
pneumonia, incidental bilateral 292
polyarteritis nodosa 357, 381
polymyositis 381
positron emission tomography (PET) 464-5

attenuation correction 465
coincidence scanning 464-5
radiopharmaceuticals 465

post-irradiation arteritis 357
post-stenotic dilatation 311-12
posterior descending artery (PDA) 67
postinfarction syndrome 213
pravastatin 149-50
preoperative assessment, CT angiography in 173
Prospective Cardiovascular Münster (PROCAM) 131
prospective ECG-triggered CT - coronary artery calcium

scanning 32-3, 32-3
prospective gating 7-8, 8, 20-1
prosthetic valve endocarditis (PVE) 254-5, 256
prosthetic valves 254
proximity injury 383
pseudo-aneurysm 312-14, 314, 358
pseudo-occlusion 398
pulmonary arteries 64-5

multislice CT of 266-8, 267-8
pulmonary artery atresia 266
pulmonary emboli 294

acute 324-7
CT findings 325, 325-6
false negative findings 326, 328
false positive findings 325, 327
image display/review 325
non-PE/incidental findings 324
pulmonary artery sarcoma mimicking 326-7, 328
suboptimal/uninterpretable examinations 328

chronic 327-30
laminar 329
mosaic perfusion 329-30, 330
webs and bands 329, 329

in combination with aorta and coronaries 333
CT in 321-33
diagnostic accuracy of CT 321

clinical outcomes when CT negative for PE
322-3, 323

MDCT vs. catheter pulmonary angiography 321-2
MDCT vs. combined reference standard 322

history 321, 322
prognosis 330

CT 330-3, 332
echocardiography 330, 331

technique 323-4
contrast 323-4
motion 323
protocols 324

pulmonary hypertension 14
pulmonary valve 54, 56, 62-3, 71, 74-6
pulmonary valve disease 253-6
pulmonary veins 273-88

anatomic variants 274-6, 277-8
anatomy 54-6, 62-3, 65-6, 66, 73-7
CT measurement 284-5
imaging protocol 285-6
limitations of MDCT 285
multislice CT of 266-8, 267-8
normal anatomy 274, 274
relationship to thoracic structures 274, 274-5
stenosis after ablation 280-3

MDCT in ischemic VT ablation 281, 282
MDCT in diagnosis and complications of catheter 

ablation 280-3, 282-4

radiation arteritis 383
radiation dose 27-37

beam collimation 31-2
beam energy (kVp) 30
beam width 31-2, 32
CTDI (Computed Tomography Dose Index) 28-30, 

29, 30-1
dose reduction technologies 36-7
dual source CT 35-7
effective dose 28
exposure 27
pitch 31
radiation dose 27-8
terms 27-30
tube current-time product (mAs) 30
tube current modulation (automatic exposure control 

for CT) 34-5, 35
conventional methods 35¸ 35
ECG-gated tube current modulation 35, 36

Remodeling Index 424
renal angiomyolipomas (AML) 364
renal artery aneurysms 362-3
renal artery stenosis 361
renal cell carcinoma (RCC) 363-4
renal CT angiography 361-4
renal oncology 363-4
renal transplantation 362, 363
renovascular hypertension 361-2
respiratory-gating technique 466, 467
restrictive cardiomyopathy 217
resting ECG 39
retroperitoneal fibrosis (RPF) 350, 350
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retrospective gating 7-8, 8, 21-2, 21-2, 33-4, 34
multi-segment approach 22, 25
single segment/single phase/partial scan approach 22, 23, 25

rhabdomyomas 220, 221
rheumatic valve 246
rheumatoid arthritis 381
right aortic arch with aberrant left subclavian 263, 264-5, 264
right atrial appendage 55-6, 61-2, 63, 72-3, 74-7
right atrium 56-64, 62-3, 71-5, 77
right coronary artery (RCA) 56-66, 67, 69-73, 74-7
right dominant circulation 67
right ventricle 58-61, 63-4, 69-70, 75
right ventricular outflow tract 55-8, 62, 71, 75-7
roentgenology 1

sarcoidosis 216
sarcoma 48
scleroderma 381
secundum septum 63
segmental mediolytic arteriopathy 357
sevelamer 151
shaded-surface display (SSD) 393, 395
shock aorta 349
Simpson’s approach 233, 280
sinoatrial node artery 67
Sjögren’s syndrome 381
slip-ring scanning 10
smoking, CAC prognostic value in 134
spatial resolution, upper limit 408

arterial wall thickness 408
basic functional unit diameter 408
microvessel diameter 408
partial volume effect, reconstruction algorithm 

characteristics, etc. 408
SPECT 463-4
SPECT myocardial perfusion imaging (MPI) 89

CT, clinical management strategies using 101
risk stratification in CAD 102-3
stress-induced ischemia on 89-90
risk stratification with 90-2, 91

SPECT/CT, hybrid applications 100-1
spiral CT 10-11, 337

physics 19-20
splenic artery aneurysms 358-9, 359
step-and-shot scan 20
stress ECG 39
string sign 398
stroke 393-4
superior vena cava 53, 54-7, 62, 74, 77
Systematic Coronary Risk Evaluation (SCORE) 131
systemic lupus erythematosus 381

Takayasu’s arteritis 314, 350, 357, 381
temporal resolution, upper limit 409-10

reproducibility of CT gray-scale values 410, 410
scan aperture time 410
scan frame rate 410

test-bolus injection 373
Tetralogy of Fallot 215, 266
thebesian veins 62
thermal injury 383
thoracic aorta, CT angiography of 307-19

adult presentations of congenital diseases 309-11
aortic aneurysms 311-15, 311, 314-15
aortic dissection 315-17, 316-17
aortic stenosis 310-11, 310
clinical applications 309
coarctation 309-10
intramural hematoma 317-19, 317-18
intravenous contrast considerations 308-9, 309
normal anatomy 309
penetrating atherosclerotic ulcers (PAU) 317, 319
technical considerations 307-9

thoracic outlet–inlet syndromes 383
three material decomposition 457, 458
threshold-based 3D volumetry 233
thromboangiitis obliterans 381
time attenuation curves 443
time-of-flight PET 412
tracheomalacia 263, 264
transcatheter embolization (TACE) 360
transesophageal echocardiography (TEE) 262
transient ischemic dilation (TID) of left ventricle 91
trauma 381-4, 383
traumatic aortic tears 312-14, 313
tricuspid valve disease 253-6

anatomy, causes and pathophysiology 253, 253
MDCT reporting 255-6

tricuspid valve 59, 61-2, 63, 64, 70
tuberous sclerosus 312
Turner syndrome 309, 312, 350

Uhls disease 268
upper extremity indirect CT venography 368, 371
upper extremity runoff 368, 368, 371

value of scan, increased
use of a priori information 411
use of subject-specific scan characteristics 411

angle-dependent mA 411
local reconstruction 411
PI-line reconstruction 411

vasa vasorum 81, 82, 309, 409, 422, 499-505
vascular masses 384, 386
vascular remodeling 82-3, 82-3
vasculitis 379-81, 382
venous occlusive disease 384, 385
venous thrombosis 384
ventricular cast measurement 4, 4-5
ventricular pseudoaneurysms 223
ventricular thrombus 223, 224
ventricular volume estimation 4
ventricular wall estimation 4
vertebral artery dissections 400, 401-2
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vertebral artery trauma 400-1
visceral artery aneurysms 357-60, 357-8
volume-rendering (VR) 305, 305, 353, 354, 375, 376, 393
volume scoring 419

Wegener’s granulomatosis 381
Williams syndrome 265, 266

X-ray imaging (1895-1972) 1-2
limitations 2-3

X-ray refractive index imaging 414, 414
X-ray scatter imaging 414

z-interpolation 19
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