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  Preface V

Preface to the Second Edition

Despite worldwide efforts to assess and control cardiovascular risk factors, cardiac 
diseases and in particular coronary artery disease (CAD) are still the foremost causes 
of death in the developed countries of Western Europe, North America and Asia and 
are becoming increasingly common in Eastern Europe and the developing world 
(Deanfield 2001). Approximately one in five deaths is currently related to cardiac 
disease in Europe and the US. Nearly 500,000 deaths caused by CAD are reported 
every year in the US, over 600,000 in Europe, 170,000 of these in Germany alone. 
Over 12 million US citizens have a history of CAD, while every year 1.1 million US 
and 300,000 German citizens suffer a coronary attack and more than 40% will die as 
a result of these attacks. Every second patient dies without prior symptoms and, in 
most cases, myocardial infarction occurs without warning. Once a blockage of the 
coronary arteries has occurred, death may ensue within a few minutes, even before 
hospitalization is possible. These alarming statistics highlight an acute need for tools 
to diagnose cardiac and coronary artery disease. Presently, the gold-standard modal-
ity for diagnosis of CAD is invasive selective coronary angiography. More than 2.5 
million diagnostic coronary angiograms are performed every year in Europe and the 
US, but about 40% of them are not followed by subsequent interventional or surgical 
treatment and are conducted only for the purpose of ruling out CAD (Windecker 
1999). These data show the significant need for and importance of reliable non-inva-
sive imaging for early and preventive diagnosis of CAD and other cardiac diseases.

Since its introduction by G. Hounsfield in 1972, X-ray computed tomography (CT) 
has become a reliable and widely used non-invasive imaging modality for vascular 
diagnosis, starting in the early 1990s with the advent of spiral CT. The reliability, 
simplicity and reproducibility of CT scanning could have made it a very interesting 
modality for non-invasive cardiac diagnosis. However, at that time imaging the heart 
and coronary arteries was not possible with general purpose CT scanners due to the 
high demands in terms of spatial and temporal resolution. As a result of dedicated 
development in cardiac CT scanning electron beam CT (EBCT) was introduced in 
1984. With non-mechanical control and movement of the X-ray source, fixed detector 
system and ECG-correlated sequential scanning EBCT enabled extremely short image 
acquisition times to virtually freeze cardiac motion. However, the limited application 
spectrum of EBCT in general purpose use and in cardiac imaging has restricted dis-
tribution of the technology. The general purpose mechanical single-slice CT systems 
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with sub-second rotation and ECG-correlated scanning that were introduced in 1994 
have challenged EBCT in the domain of cardiac imaging. The early results were prom-
ising, but restrictions in spatial and temporal resolution have limited the application 
to cardiac work. In 1998 mechanical multi-slice CT systems with simultaneous acqui-
sition of four slices were introduced by all major CT manufacturers. For the first time 
these scanners enabled ECG-correlated multi-slice acquisition at considerably faster 
volume coverage and higher spatial and temporal resolution for cardiac applications 
compared to single-slice scanners. Since then multi-slice technology has become 
standard for general purpose CT diagnosis with over 10,000 multi-slice CT scanners 
installed to date. Within just 5 years major performance advances have taken place in 
terms of enhancing the number of slices acquired per rotation from 4 to 8, from 8 to 16 
and now even up to 64. With the recent introduction of dual-source CT a new develop-
ment is under way that will further enhance the reliability and expand the spectrum 
of CT in cardiac imaging in the near future (Flohr 2006; Scheffel 2006).

This book presents and discusses the technical concepts, the spectrum of clinical 
applications and the future developments of multi-slice CT in cardiac imaging based 
on the experience of internationally leading clinical institutions. It promises to serve 
as a comprehensive piece of literature that covers all aspects from the technical prin-
ciples of CT acquisition and image evaluation all the way to clinical indications and 
potential pitfalls of multi-slice cardiac CT imaging. The first edition that appeared 
in early 2002 outlined the basic technical concepts and early clinical experience with 
one specific 4-slice CT scanner from a single vendor (SOMATOM Volume Zoom, 
 Siemens, Germany), using special cardiac imaging test software (HeartView, Siemens, 
 Germany) that had been evaluated in various recognized academic clinical institu-
tions. Since the publication of the first edition multi-slice cardiac CT has attracted 
great interest among radiologists and cardiologists and advanced CT imaging prod-
ucts have become available from all major CT manufacturers based on common 
acquisition and reconstruction principles. The keen interest in the first edition of our 
book, combined with the extremely fast technical development in terms of both slices 
per rotation and rotation speed, as well as the increasing clinical acceptance of multi-
slice cardiac CT in radiology and cardiology, have motivated us to publish this new 
and entirely reworked second edition. We received many highly constructive recom-
mendations from readers, reviewers and clinical experts which have helped to further 
broaden the spectrum and improve the quality of this book and, as a result, we have 
tried to incorporate as many of these aspects as possible. 

In this second edition we discuss the technological principles of general purpose and 
cardiac multi-slice CT based on the new state-the-art CT scanners with  simultaneous 
acquisition of at least 16 and up to 64 slices per rotation. On the basis of these technical 
principles we have put emphasis on the discussion of scan and examination protocols 
from 4- to 16- and 64-slice CT and incorporated an extensive analysis of drawbacks 
and advantages of the various technology levels for certain clinical applications. Effi-
cient postprocessing of the acquired thin-slice image data has become an integral part 
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of successful cardiac CT examinations and we have therefore extended the relevant 
section of the first edition to give an extensive overview of the various available tech-
niques, including a chapter dedicated to their clinical usefulness.

A completely new section has been added to this second edition to provide the 
reader a comprehensive overview of the most recent clinical experience and recom-
mendations. In this section world-renowned clinical experts from Europe and the US 
share their experience with the most relevant clinical applications and indications of 
multi-slice cardiac CT. The reader also has the opportunity to learn more about some 
initial “hands-on” experience by means of representative 64-slice case studies based 
on CT image data sets included on the attached CD-ROM. Although the editors and 
guest authors are most familiar with the equipment from one particular vendor and 
the related cardiac CT imaging software, the introduction to technical principles and 
the discussion of clinical applications is also valid for equipment from other manu-
facturers. With regard to system and hardware design concepts and scan protocols 
special attention has been paid to potential differences between currently available 
CT scanner products from the different CT vendors. To allow newcomers to the field 
and readers without extensive experience in CT imaging or cardiac diagnosis a quick 
ramp-up, we have included chapters that address the fundamental principles of CT, as 
well as an introduction to cardiac anatomy and the most relevant cardiac diseases.

In the final section we discuss remaining limitations of the latest multi-slice CT 
scanners in cardiac imaging and present future directions in terms of scanner tech-
nology and clinical applications. In this section we will introduce, for the first time, 
the technical concept of and initial experiences with a new dual-source CT system 
which provides significant enhancements in terms of temporal resolution compared 
to conventional multi-slice CT scanners and which may soon represent the CT tech-
nology of choice for cardiac applications. 

Interdisciplinary collaboration between radiology and cardiology is particularly 
important for the successful implementation of this new method in a clinical environ-
ment and the editors would like to thank Dr. A. Knez, Dr. A. Leber, Dr. A. Becker and 
Prof. G. Steinbeck from the Department of Cardiology at the University of Munich, 
Klinikum Grosshadern, for their unflagging support. A global network of numerous 
world-leading institutions has been established for the early testing of new applica-
tions and protocols for multi-slice cardiac CT and for the evaluation of its use in clini-
cal practice. The open exchange of experience and ideas has contributed substantially 
to the comprehensive spectrum of information included in this book. Thus, the editors 
would like to express their special thanks to the extraordinary support from this edi-
tion’s guest authors, Dr. Roman Fischbach, Dr. Kai-Uwe Jürgens, Prof. Walter Heindel, 
Dr. Koen Nieman, Dr. Nico Mollet, Dr. Filippo Cademartiri, Prof. Pim de Feyter, Dr. 
Stephan Achenbach, Dr. Stephen Schröder, Dr. Axel Küttner, Dr. Andreas Kopp, Prof. 
Claus Claussen, Dr. Jean-Francois Paul, Dr. Steffen Fröhner, Dr. Jürgen Willmann, 
Dr. Bernd Wintersperger, Dr. Konstantin Nikoalou, Dr. Michael Poon, Dr. C. Learra 
and Dr. Uwe-Joseph Schöpf, for their extremely valuable contributions of outstanding 
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quality. The editors would also like to thank Dr. Katharina Anders, Dr. Ullrich Baum, 
Prof. Werner Bautz (University of Erlangen), Dr. Joachim Wildberger, Dr. Andreas 
Mahnken, Prof. R. Günther, Prof. Matheijs Oudkerk (University of  Groningen), Dr. 
Stephan Martinoff, Dr. Jörg Hausleiter (German Heart Center Munich), Prof. Schmidt, 
Prof. Kerber (Rhön-Klinikum, Bad Neustadt), Prof. Rick White (Cleveland Clinic), Dr. 
Cynthia McCollough, Dr. Joel Fletcher, Dr. David Hough (Mayo Clinic Rochester), 
Prof. Geoffrey Rubin, Prof. Gary Glazer (Stanford University), Dr. Udo Hofmann, Dr. 
Thomas Brady (MGH, Boston), Prof. Martine Remy-Jardin, Prof. Jaque Remy (Univer-
sity of Lille), Prof. Kunihiko Fukuda (Jikei University, Tokyo), Prof. Sato (Nihon Uni-
versity, Tokyo), Prof. Sim (Sarawak Heart Center, Kuching), Mrs. Karin Barthel, Mrs. 
Heike Theesen, Mrs. Sigi Scheuerer, Mr. Andreas Blaha, Mrs. Dominique Sandner, 
Mrs. Loke-Gie Haw, Dr. Karl Stierstdorfer, Dr. Herbert Bruder, Dr. Reiner Raupach, 
Dr. Lars Hofmann and Dr. Tobias Seyfarth (Siemens Medical Solutions) for their sup-
port and contributions to this work and to related clinical and technical studies.

This book aims to highlight that multi-slice cardiac CT has arrived in clinical 
practice and has the potential to become a reliable and widely available tool for non-
invasive cardiac and coronary diagnosis in day-to-day patient care. With this second 
edition of the book “Multi-slice and Dual-source CT in Cardiac Imaging” we hope 
to make a valuable and significant contribution to the education of radiologists, 
 cardiologists, technologists and physicists on this new, upcoming and exciting clini-
cal tool, covering a broad spectrum from comprehensive overviews of the basics for 
newcomers to the introduction of new imaging protocols using the latest technology 
and new clinical applications for experienced users and researchers.

Forchheim, Beijing Bernd M. Ohnesorge
 Thomas G. Flohr
Munich Christoph R. Becker
 Andreas Knez
 Maximilian F. Reiser
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Introduction 1
Bernd Ohnesorge

1.1 
Basic Principles of CT Imaging

In 1979, G. Hounsfield and A.M. Cormack received 
the Nobel Prize for their significant contributions 
to the development of computed axial tomogra-
phy. Using computer reconstruction techniques, 
Hounsfield demonstrated that the internal struc-
tures of an object could be reconstructed based on 
the attenuation pattern of an X-ray beam that had 
passed through the object at different angles. In 
1971, Hounsfield had constructed the first CT scan-
ner that could image the brain (Hounsfield 1972). 
Cormack’s contribution was the development of fast 
signal-processing algorithms that allowed for com-
puter-based CT image reconstruction according to 
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the mathematical fundaments published by Johann 
Radon in 1917. The first commercially available CT 
scanners were introduced in 1972 for brain imaging 
and in 1974 for body imaging (Fig. 1.1).

The basic principles in the acquisition of cross-
sectional image slices with newer single-slice CT 
scanners are shown in Figures 1.2 and 1.3. X-rays 
emitted by the X-ray source in the form of a fan 
beam pass through the cross-section of the patient, 
who is located within the scan field of view (Fig. 1.2). 
The patient’s anatomical structures attenuate these 
X-rays before they are registered by a detector array, 
which typically consists of 500–1000 detector ele-
ments in a row, located on the opposite side. Each 
of the detector elements measures the X-ray inten-
sity of an attenuated ray that has passed through 
the object. The electrical intensity signals from the 
detector are converted by analog-digital converters 
(ADC) into digital data, which are fed into a comput-
er. These intensity signals (I) are transformed using 
an “absorption equation” (Eq. 1.1) into attenuation 
values for each detector element and for every angu-
lar position of the X-ray source.

ln ,
I
I

x y dl
L0

⎛

⎝
⎜

⎞

⎠
⎟ = − ( )∫µ  (1.1)

In Eq. (1.1), I0 represents the intensity of the unat-
tenuated X-ray either in air or before entering the 
object.The natural logarithm (ln) of the ratio (I/I0) is 
equivalent to the accumulation of the X-ray attenua-
tion coefficients along a line through the object that 
is determined by the path of the X-ray. The integra-
tion path (L) corresponds to the path of the X-ray 
through the two-dimensional X-ray absorption dis-
tribution µ(x, y) of the object, while x and y repre-
sent the spatial coordinates within the image plane 
(Fig. 1.2). The attenuation values of all detector ele-
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ba c

Fig. 1.1a–c. The fi rst clinical CT scanners were introduced in 1972. a One of the earliest scanners, constructed by G. Hounsfi eld, 
can still be seen at the Mayo Clinic in Rochester, Minnesota (USA). b, c The fi rst commercial CT scanners dedicated to brain 
imaging (e.g., Siemens Siretom, 1974) were able to acquire images of the brain with an image matrix of 64×64 pixels in 7 min 
scan time per slice

ments of the detector array generate an attenuation 
profile of the object for a considered angular posi-
tion of the X-ray source and the detector array. This 
attenuation profile is called a “projection”.

A large number of different projections (~1000–
2000 per rotation) are generated by continuous 
mechanical movement of both the X-ray tube and the 
detector array around the patient (Fig. 1.2). These 
projection data serve as the basis for computation 
of the X-ray attenuation distribution of the patient’s 
morphology in the cross-section representing the 
image slice (Kak and Slaney 1984). Most modern 
reconstruction techniques use “filtered back-pro-
jection” algorithms for reconstruction of transaxial 
slices based on parallel-beam geometry (Kak and 
Slaney 1988). This requires numerical transforma-
tion of the acquired fan-beam projection data into 
parallel-beam projections prior to image reconstruc-
tion (Fig. 1.3). During filtered back-projection, the 
“reconstruction kernel” represents a high-pass filter 
for the projections and it determines both sharpness 
and noise appearance within the image plane.

The reconstructed cross-sectional image slices are 
represented by a pixel matrix (usually 512×512 pix-
els), with each pixel representing the X-ray attenu-
ation coefficient of the underlying anatomy. The 
X-ray attenuation coefficients of each pixel are 
transformed into Hounsfield units (HUs) (Fig. 1.2), 

ranging from –1024 to 3071, and these serve as the 
basis for displaying the images in either gray-scale 
or color-scale.

HU x y
x y water

water

,
,( ) = ⋅ ( ) −

1000
µ µ

µ
 (1.2)

In Eq. (1.2), µwater represents the X-ray attenua-
tion coefficient of water. Typical HU values of usual 
anatomical structures are: –1000 HU for air, –100 to 
–50 HU for fatty tissue, 0 HU for water, 30–70 HU 
for blood and muscle tissue, 130–500 HU for calci-
fications, 200–500 HU for contrast-enhanced blood, 
and 500–1500 HU for bone (Fig. 1.4). The width of 
the individual detector elements, the size of the fo-
cal spot, and the number of projections per rotation 
determine the spatial resolution in the image plane. 
The thickness of the fan beam in the patient’s longi-
tudinal direction determines the slice-thickness and 
thus the spatial resolution in the longitudinal direc-
tion. The detector array of conventional CT scan-
ners usually generates only one slice per rotation, as 
the detector supports only one row of detector ele-
ments. Modern CT scanners, called multi-slice CT 
scanners, are equipped with detector arrays consist-
ing of parallel detector rows that are adjacent in the 
longitudinal direction and thus have the capability 
of acquiring multiple slices and a larger amount of 
object volume in one rotation.
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Fig. 1.2a–d. a X-rays emitted by the X-ray tube in the form of a fan beam pass through the cross-section of the patient, who 
is located within the scan fi eld of view. The image plane is defi ned with the two spatial coordinates x and y. b Projections are 
acquired from 1000–2000 different positions of the X-ray source to construct a cross-sectional image of the scanned anatomy, 
e.g., of the chest. Within the chest, the lung tissue, which has low attenuation, is displayed in dark shades; the bronchi, medi-
astinum, lung lesions, and the ribs have high attenuation and appear as bright areas. Within the CT system (c), the tube and 
detector are mounted on a fast-rotating mechanical system, called a gantry (d)
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1.2 
Established Imaging Modalities for Cardiac 
Imaging

Various invasive and non-invasive imaging tech-
niques are in use for cardiac diagnosis, with the goal 
of visualizing the anatomical structures of the heart 
(Fig. 1.5) and obtaining information about cardiac 
function by means of monitoring cardiac motion 
and the blood supply of the heart muscles. The po-
tential role of CT imaging as a new modality in the 

management of patients with known or suspected 
cardiac disease derives from limitations in the clini-
cal application of techniques that are currently es-
tablished in clinical routine and their shortcomings 
in terms of economic efficacy.

1.2.1 
Invasive Imaging

Selective coronary angiography (CA) is considered 
to be the gold standard in the diagnosis of the coro-
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1. Fan Beam Projection Measurement 2. Parallel Beam Projections
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Fig. 1.3a–c. Fan-beam projections typically consist of 500–1000 individual data points that belong to individual ray projections. 
a A large number of fan-beam projections are generated for different angular positions of the measurement system, which 
consists of an X-ray source and an X-ray detector array. b For most reconstruction algorithms, the measured fan-beam projec-
tions are rearranged to parallel-beam projections by 2-dimensional interpolation algorithms. The minimum acquisition time 
per slice is achieved using only 180° of parallel-beam projections (typically 500–1000 parallel beam projections per 180°), which 
is the minimum number of projections required for reconstruction of the slice. c Final computation of the slice is done using 
a so-called back-projection of the fi ltered parallel-beam projections

Fig. 1.4. Typical attenuation values of body structures and 
other objects, measured in Hounsfi eld units (HUs)
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Fig. 1.5. a The coronary artery tree and the coronary segments according to AHA nomenclature: left main trunk 
(LM, AHA segment 5), left anterior descending (LAD, 6–10), circumfl ex (CX, 11–12), and right (RCA, 1–4) coronary 
arteries. A venous coronary bypass graft that originates from the ascending aorta supplies the peripheral LAD. 
Also shown is the general cardiac morphology, including the cardiac chambers and the cardiac valves (b), and the 
great thoracic vessels: ascending, transversal, and descending aorta and the pulmonary vessels (c). (Illustrations 
kindly provided by BayerVital AG, Leverkusen, Germany: www.cardio.bayer.com)

1.2 · Established Imaging Modalities for Cardiac Imaging
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Fig. 1.6a, b. Selective coronary angiography in two planes. a Left coronary tree (LM, LAD, CX) in a RAO/30-view 
and b RCA in RAO/30-view. (Images courtesy of Klinikum Grosshadern, Munich, Germany)

nary artery lumen. A catheter is inserted into the 
arterial system through a peripheral artery (Jud-
kins technique) and moved along the aorta into 
the origins of the coronary arteries. Contrast agent 
is then administered through the catheter into the 
coronary arteries and its distribution is imaged 
in several views with planar X-ray technique in 
order to identify narrowing of the vessel lumen. 
The maximum resolution that can be achieved in 
2D projections is about 0.15 mm, with a temporal 
resolution of about 20 ms (Fig. 1.6). Advanced im-
age-analysis tools employ quantitative coronary 
analysis (QCA) to provide quantitative informa-
tion regarding narrowing of the coronary artery 
lumen (Fig. 1.7). Basic cardiac function parameters 
(i.e., ejection fraction) and the size of the ventricle 
during diastole and systole can be derived after the 
administration of contrast agent into the ventricle. 
For patients with suspected coronary artery disease 
(CAD), the diagnostic procedure can be combined 
with PTCA or insertion of a stent in the same ses-
sion. Although evaluation of the vessel wall and of 
coronary plaques is not possible, CA is currently the 
standard technique to detect and evaluate coronary 
artery stenosis and is the basis for decision-mak-
ing regarding further work-up. Recent technologi-
cal advances in CA using the bi-plane technique 
and flat-panel detectors have contributed to fur-

ther enhancing image quality and performance. For 
example, the newest catheter angiography systems 
provide 3D modeling of the coronary arteries based 
on simultaneous acquisition of two projections of 
the same artery (Fig. 1.8). However, the invasive-
ness, with its subsequent complications (Harrison 
1995), the considerable amount of X-ray radiation 
(3–6 mSv on average) (Leung 1996), and the fact 
that hospitalization of the patient is usually re-
quired are persisting limitations of CA. In addi-
tion, CA-related complications include myocardial 
infarction, stroke, and peripheral embolism, with a 
risk that is estimated to be below 1% (Rees 2004). 
Therefore, there is great interest in exploring new, 
non-invasive imaging modalities with less X-ray ra-
diation, less direct interaction of the physician, and 
less hospital time for the patient.

Evaluation of the vessel wall and of atheroscle-
rotic plaques has become feasible with the advent 
of intravascular ultrasound (IVUS) (Ziada 1999). 
IVUS of the coronary arteries allows assessment of 
the lumen diameter and the dimension of the plaque 
(Nair 2002). Plaque morphology can be evaluated 
in terms of lipid content and the presence of fibrous 
and calcified material (Fig. 1.9). However, IVUS has 
not yet been established as a clinically routine tool 
because of its high degree of invasiveness, restriction 
to proximal coronary segments, and high costs.
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Fig. 1.8. Selective coronary an-
giography of the RCA. A 3D 
model was produced based on 
two simultaneously generated 
projections in LAD/30-view and 
RAO/30-view. The model re-
veals a 50% stenosis in the RCA 
(arrow) that could not be clearly 
depicted in 2D projections. (Im-
ages courtesy of the Department 
of Cardiology, University Hospi-
tal Münster, Germany)

Fig. 1.7. Selective coronary angiography: the left cor-
onary tree (LM, LAD, CX) in LAO/60-view. Quanti-
tative coronary analysis (QCA) reveals a high-grade 
stenosis in the CX coronary artery (arrow). (Images 
courtesy of the Department of Cardiology, Univer-
sity Hospital Münster, Germany)

1.2 · Established Imaging Modalities for Cardiac Imaging
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Fig. 1.9a, b. Cross-sectional intravascular ultrasound (IVUS) images of a left coronary artery showing 
non-calcifi ed atherosclerotic wall change (a) and a calcifi ed plaque causing elimination of the ultrasound 
signal (b). (Images courtesy of Klinikum Grosshadern, Munich, Germany)
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1.2.2 
Non-invasive Imaging

The non-invasive cardiac imaging tools routinely 
employed today are echocardiography, nuclear im-
aging, and magnetic resonance imaging.

Echocardiography (cardiac ultrasound) is used to 
assess the shape and thickness of the cardiac walls 
and heart valves. Cardiac function can be evaluat-
ed in terms of wall motion, and cardiac blood flow 
assessment is possible with Doppler sonography 
techniques. The presence of atherosclerotic disease 
can be determined in the carotid arteries and great 
thoracic vessels; however, imaging of the coronary 
arteries and detection of coronary plaques and ste-
nosis is not yet possible.

Nuclear imaging is used to evaluate cardiac func-
tion, myocardial perfusion, and myocardial viabil-
ity. Single photon emission CT (SPECT) uses the 
radioactive γ-isotope thallium-201 to mark areas 
of normal and reduced perfusion in the myocar-
dium. Positron emission tomography (PET) uses 
β-isotopes to depict areas of normal and reduced 
metabolism in order to identify and differentiate 
viable and necrotic myocardium. To date, nuclear 
imaging techniques are restricted to functional and 

perfusion information and cannot be used to assess 
cardiac and coronary artery morphology (Fig. 1.10). 
With the development of new high-resolution detec-
tors and radionuclides, PET may also become useful 
in the identification of plaques in larger vessels. The 
combination of CT technology with PET or SPECT 
can potentially provide information regarding car-
diac morphology and function with one non-inva-
sive imaging modality. These new approaches have 
been the focus of growing interest in the fields of ra-
diology and cardiology and will be addressed else-
where in this volume.

Magnetic resonance imaging (MRI) is routinely 
used for neuro-imaging, body imaging, and non-
invasive diagnosis of the vascular system. The ca-
pabilities of MRI in the different areas of cardiac 
diagnosis have been studied intensively throughout 
the last 20 years (Crooks 1984; Higgins 1989; Kim 
2001). Dedicated scan sequences have been devel-
oped for ECG-correlated imaging, and the high tem-
poral resolution, down to 20–50 ms, allows for true 
4D imaging of the heart. MRI is increasingly being 
used to evaluate cardiac morphology, cardiac func-
tion, myocardial perfusion, and myocardial viabil-
ity (Figs. 1.11, 1.12) (Kim 2004). Initial studies have 
shown very promising results in the practicability of 
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Fig. 1.11. Cardiac MRI of the left coronary artery (LCA) (a) and RCA (b) with 2D-breath-hold bright-blood technique (c) and of 
the general cardiac morphology, showing arteritis in the ascending aorta, with the TRUE-FISP black-blood technique. (Images 
courtesy of the MRI division, Siemens, Erlangen, Germany)

ba c
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Fig. 1.10. a Cardiac SPECT study displayed in short-axis view, long-axis view, bulls-eye plot, and 3D model reveals an inferio-api-
cal infarction with moderate peri-infarct ischemia. b Cardiac PET study with FDG and NH3 tracer radionuclides demonstrates 
a myocardial infraction of the posterior wall with a large area of necrotic myocardium. (Images courtesy of: a Page-Campbell 
Cardiology, Nashville, USA and b Cleveland Clinic Foundation, USA)
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MRI for monitoring coronary artery stenosis (Post 
1996) and coronary bypass grafts (White 1988; 
Wintersperger 1998). However, the 3D spatial 
resolution that can be achieved within reasonable 
examination times with today's technology does not 
yet allow for reliable evaluation of the coronary ar-
teries (Wielopolski 1998; Kim 2001). The develop-
ment of new contrast agents together with on-going 
improvements in MRI technology may fill this gap 
within a few years. Theoretically, MRI shows advan-

tages over CT, as no radiation exposure is required, 
very good resolution of soft tissue in atherosclerotic 
plaques can be achieved (Halliburton 1996; Fayad 
2000; Corti 2002), and evaluation of dynamic pro-
cesses is possible. Nonetheless, the long overall ex-
amination times and the shortcomings of MRI with 
respect to the spatial resolution needed to evaluate 
the coronary arteries have limited the application of 
MRI technology in the management of patients with 
suspected coronary disease.

Fig. 1.12. a, b TRUE-FISP cine and c, d delayed enhancement studies of a patient after myocardial 
infarction, as visualized in short-axis (a, c) and long-axis (b, d) views. The cine study clearly dem-
onstrates thinning of the myocardium (arrow), while the delayed enhancement study reveals strong 
enhancement, which indicates infarcted tissue that will likely not benefi t from revascularization 
(double arrow). (Images courtesy of the MRI division, Siemens, Erlangen, Germany)

a b

c d
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1.3 
Clinical Goals for CT in the Diagnosis of 
Cardiac and Thoracic Diseases

General-purpose CT imaging is frequently used for 
non-invasive angiographic diagnosis of abdominal, 
thoracic, cerebral, and peripheral vessels, i.e., where 
image quality is not substantially influenced by car-
diac motion or vessel pulsation. Dedicated cardiac 
CT acquisition techniques are needed for the diag-
nosis of cardiac and cardiovascular diseases where 
extensive cardiac motion is present. Here, the major 
fields of interest are the diagnosis of: (1) cardiac 
pathology, with special focus on coronary artery 
disease, and (2) thoracic vessel segments that show 
substantial pulsation.

1.3.1 
Coronary Artery Disease

The coronary arteries are small vessels, with a lu-
men diameter of ≤4 mm. They originate from the 
ascending aorta and cover the heart with a complex 
3D shape to supply the myocardium with blood and 
oxygen (Fig. 1.5a). The close proximity of the coro-
nary arteries to the heart muscles results in their 
strong movement during the cardiac cycle. Thus, CT 
imaging of the coronary arteries, including the ves-
sel walls, requires maximum performance in terms 
of 3D spatial resolution and temporal resolution. 
Diseases of the coronary arteries present as a re-
duction of blood supply to the heart muscle, which 
affects its function. Therefore, dedicated cardiac CT 
acquisition protocols are needed that eliminate car-
diac motion in order to facilitate the diagnosis of 
cardiac morphology and to visualize heart function 
during different phases of the cardiac cycle.

In western societies, CAD is one of the leading 
causes of death, accounting for about 20% of all 
deaths in Germany (Loewel 1999) and 25% of all 
deaths in USA (Jones and Eaton 1994). About 50% 
of CAD patients die after an acute myocardial in-
farction without prior symptoms (Anzai 1994). The 
main risk factors to develop CAD are age, sex (men 
are at higher risk than women), high blood pres-
sure, high blood lipid level, smoking, diabetes, over-

weight, family history, lack of exercise, and mental 
stress (Assmann 1999). CAD is the symptomatic pre-
sentation of coronary atherosclerosis, which causes 
narrowing of the coronary vessel lumen by the ad-
herence of lipid-rich, fibrous, or calcified plaques 
to the vascular walls. The reduction in blood and 
oxygen supply causes ischemia in the myocardium. 
The patient perceives this as an attack of chest pain 
(angina pectoris) and, in advanced stages, as acute 
myocardial infarction, with necrotic changes of the 
heart muscle if the coronary vessels are severely ob-
structed or totally occluded.

The pathological process of developing athero-
sclerosis is most likely triggered by injury of the 
endothelial cells, leading to an inflammatory reac-
tion and deposits of fat on the surface of the intima 
(Wyngaarden 1996). Due to the accumulation of 
defense cells, smooth muscle cells, and deposits of 
fat, the atherosclerotic plaque continuously grows. 
In its later stages, atherosclerosis may be character-
ized by lipid plaques with extracellular lipid and a 
fibrous cap, fibrous plaques, calcified plaques, and 
complex thrombotic lesions subsequent to rupture 
(Stary 1995). Fibrous plaques, calcified plaques, 
and complex lesions may cause substantial stenosis 
of the coronary arteries, leading to ischemia and 
reduced function of the heart muscle. By contrast, 
lipid plaques are usually non-stenotic, but they may 
rupture (Pasterkamp 2000) and form a thrombotic 
occlusion, resulting in an immediate coronary event 
(Fig. 1.13).

Significant coronary stenosis can be treated with 
interventional procedures. During percutaneous 
transluminal coronary angioplasty (PTCA), the ste-
nosis is dilated via an inflatable balloon that is in-
serted into the coronary artery through a catheter. 
In addition, metal stents can be inserted during di-
lation to maintain patency, thus reducing the risk of 
restenosis. Alternatively, a stenosis can be bridged 
via coronary bypass surgery. In this procedure, a 
peripheral leg vein is removed and connected proxi-
mally to the ascending aorta (venous graft) and 
distally to the affected coronary artery beyond the 
obstruction. The internal mammary artery is em-
ployed for arterial bypass grafts (IMA grafts). The 
grafts are connected to the coronary bed distal to 
the site of the narrowed lumen to allow blood flow 
into the undersupplied area downstream.

1.3 · Clinical Goals for CT in the Diagnosis of Cardiac and Thoracic Diseases



12 Chapter 1 · Introduction

The goal of CAD diagnosis with non-invasive CT 
imaging is to identify the location and degree of cor-
onary stenosis, both of which may be hemodynami-
cally relevant in terms of perfusion and viability of 
the myocardium, cardiac function, and coronary 
blood flow. Moreover, beyond the assessment of the 
coronary lumen, evaluation of the vessel walls and 
atherosclerotic plaques (i.e., identification of rup-
ture-prone lipid plaques) may offer very important 
information about the prognosis of the patient, with 
possible consequences for treatment. It has been 
demonstrated that the majority of acute coronary 
events occur at the site of angiographically non-sig-
nificant lesions (Virmani 2000; Deanfield 2001). 
In addition, the presence of atherosclerotic plaque 
does not necessarily correspond to lumen narrow-
ing due to remodeling mechanisms of the vessel wall 
(Glagov 1987). The use of non-invasive imaging to 
identify “vulnerable patients” in the intermediate 
risk group has been proposed by a leading interna-
tional expert panel and the American Association 
for Eradication of Heart Attack (Naghavi 2003). 
Analysis of atherosclerotic plaques, however, re-
quires a high-performance imaging system in order 
to distinguish slight density differences in small le-
sions. Non-invasive CT imaging may also be very 
useful for follow-up diagnosis after PTCA, stenting, 
or bypass surgery, as it allows the early detection of 
occlusion and restenosis.

Fig. 1.13. The different compositions of coronary 
atherosclerotic plaques: (A) non-stenotic non-cal-
cifi ed lesion with large lipid core, thin fi brous cap, 
and remodeling of the wall, which makes it prone 
to rupture; (B) stenotic stable fi brous lesion with 
calcifi ed deposit; (C) stenotic stable fi brous lesion
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Electron-beam CT (EBCT) and CT have proven to 
be very sensitive methods for detecting sites of coro-
nary artery calcification (Agatston 1990; Shemesh 
1995; Becker 1999), which are markers of coronary 
atherosclerosis. The finding of such sites confirms 
the presence of atherosclerosis; and indeed, the 
amount of coronary calcium has been shown to cor-
relate with both the presence of risk factors of CAD 
(Wong 1995) and the total burden of atherosclerotic 
plaque (O’Rouke 2000). Both EBCT and CT may 
thus be useful in assessing the presence of obstruc-
tive CAD and the probability of an individual being 
at risk to eventually suffer a myocardial event. Al-
though the absence of coronary calcium is a strong 
indicator for the absence of obstructive CAD, the 
presence of coronary calcification does not neces-
sarily correlate with the presence of obstructive 
CAD (O’Rouke 2000). Thus, a role for coronary cal-
cium measurements in the prediction and diagnosis 
of CAD has yet to be proven and it remains con-
troversially discussed in the scientific community 
(Wexler 1996; O’Rouke 2000). However, measure-
ment of coronary calcification to detect the regres-
sion or progression of atherosclerosis and CAD 
based on changing amounts of calcium appears to be 
promising (O’Rouke 2000). Nonetheless, this appli-
cation requires greater accuracy and reproducibility 
than has yet been achieved with EBCT. It has been 
recently suggested that coronary artery calcifica-
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Fig. 1.14. The “vulnerable patient” pyramid proposes the use of coronary calcium quantifi cation by 
CT and non-invasive CT angiography for the identifi cation of patients at intermediate risk of a heart 
attack, as determined by general risk scoring methods such as Framingham or PROCAM
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tion represents an independent emerging risk factor 
(Assmann 2004) and that the finding of advanced 
calcified and non-calcified atherosclerotic lesions 
in the coronary arteries may justify more aggressive 
treatment of patients at intermediate risk (Assmann 
2003). Therefore, the measurement of coronary cal-
cification, at least in intermediate-risk patients, may 
develop into a viable application for CT in preven-
tive cardiology (Fig. 1.14).

1.3.2 
Other Cardiac Diseases

Besides the coronary arterial tree and CAD-related 
disease, other cardiac structures, such as the cardiac 
chambers, cardiac valves, myocardium, and epicar-
dium, are important targets in the diagnosis of car-
diac diseases that may cause reduced cardiac output 
and reduced blood flow (Fig. 1.5b). In these cases, 
the imaged anatomy is usually larger in size so that 

the requirements for spatial resolution are less criti-
cal than in coronary artery imaging. However, there 
is still a need for dedicated cardiac CT acquisition 
protocols with sufficient spatial 3D resolution and 
the ability to eliminate cardiac motion, and which 
allow for imaging the heart in different phases of 
the cardiac cycle.

As a consequence of CAD or other heart diseases, 
the heart chambers may be enlarged and the con-
tractility of the heart may be reduced (cardiac insuf-
ficiency). In addition to reduced cardiac output, the 
reduced pump function of the ventricles and of the 
atria (e.g., atrial fibrillation) may lead to the devel-
opment of a wall thrombus, which can embolize into 
the general or cerebral circulation. Another frequent 
cause of reduced cardiac output is stenosis or func-
tional defects of the cardiac valves subsequent to 
valve scarring or malformation. Inflammatory dis-
eases of the myocardium (myocarditis) and pericar-
dium (pericarditis) can lead to reduced contraction of 
the cardiac muscles. The affected areas show reduced 

1.3 · Clinical Goals for CT in the Diagnosis of Cardiac and Thoracic Diseases
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perfusion and may develop necrosis, discharges of 
fluid, and heavy calcification (Harrison 1995). Af-
ter heart transplantation, the coronary arteries and 
cardiac muscle are often sites of an intense immune 
reaction. This may lead to the rapid development of 
coronary atherosclerosis and calcification of the myo-
cardium – processes that can be monitored by imag-
ing techniques (Barbier 1994). Finally, the detection 
and diagnosis of congenital heart disease in adults or 
children, such as malformation of the coronary arter-
ies, cardiac valves, or the origins of the great vessels 
are important applications of non-invasive imaging.

Acute heart failure related to electrophysiological 
(EP) defects is an increasingly important cause of 
morbidity and mortality in industrialized nations. 
The usual treatment methods include pacemaker 
insertion and ablation of the pulmonary veins or 
cardiac chambers. Non-invasive CT imaging can be 
useful in visualizing cardiac anatomy related to the 
EP system, such as the cardiac venous system, the 
cardiac atria, and the pulmonary veins, and for the 
planning of subsequent EP-related interventions.

1.3.3 
Diseases of the Thoracic Vessels

The elasticity of the great thoracic vessels is essen-
tial to maintaining constant blood flow through-
out the cardiac cycle (Fig. 1.5c). Motion artifacts 
caused by transmitted cardiac pulsation frequently 
degrade thoracic CT studies in patients with acute 
chest pain. Thus, diagnosis will no doubt benefit 
from dedicated cardiac CT acquisition techniques 
that suppress cardiac motion.

The extremely high pulsation forces acting on the 
aorta can result in diseases of the vessel wall, such 
as dissections and aneurysms. The assessment or 
exclusion of dissections and the evaluation of an-
eurysms are particularly difficult in the ascending 
aorta due to strong vessel pulsation. A typical diag-
nostic pitfall is an artifactual intimal flap, which in 
the ascending aorta resembles dissection (Loubeyre 
1997). Distortion of paracardiac lung segments by 
cardiac pulsation often precludes the confident ex-
clusion of small peripheral pulmonary emboli in 
segmental and subsegmental arteries (Schöpf 2000) 
and an accurate assessment of pulmonary nodules.

1.4 
The History and Evolution of CT in Cardiac 
Imaging

Since its introduction in 1972, X-ray CT has become 
a robust and frequently used non-invasive imag-
ing modality for contrast-enhanced angiographic 
vascular diagnosis (Kalender 1990; Rubin 1993). 
Due to rapid cardiac motion and limitations in scan 
speed, temporal resolution, and volume coverage, 
CT imaging of the heart and coronary arteries con-
tinues to be a challenging field of research and de-
velopment.

1.4.1 
Principles and Applications of Electron-Beam CT

In order to achieve the very short image acquisition 
times that are needed to virtually freeze cardiac 
motion, fourth-generation CT systems with fixed 
detector arrays and non-mechanical movement of 
the X-ray source have been developed. This so-
called electron-beam CT (EBCT) technology was 
first introduced and used in clinical trials in 1982 
(Boyd 1982). An X-ray fan beam is emitted from a 
tungsten anode ring, fixed in space, that is hit by an 
electron beam. The electron beam is electromag-
netically controlled and sweeps continuously over 
the target ring, thereby covering the X-ray source 
positions that are required for reconstruction of 
axial slices (Fig. 1.15a). The anode ring and the 
detector ring have to cover an angle of about 270° 
in order to acquire a complete fan-beam data set for 
image reconstruction within a 500-mm scan field 
of view. The anode ring and the detector ring are 
located in adjacent planes and the emitted X-ray 
fan beams are tilted by a cone angle that may pro-
duce artifacts with high-contrast structures. The 
housing of the electron gun limits the movement of 
the patient table and thus the scan range. To cover 
the cardiac anatomy, ECG-synchronized sequen-
tial single-slice scans with a 50- to 100-ms exposure 
time at a fix-beam current of about 640 mA are 
used, providing an exposure of 32–64 mAs per slice 
(Stanford 1992). Synchronization of the acquisi-
tion with the movement of the heart is achieved 
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using ECG information and provides phase-consis-
tent slices during phases of low cardiac motion. For 
sequential imaging with EBCT, a prospective trig-
ger is derived from the ECG trace to initiate the CT 
scan with a specific user-selectable delay time after 
the R-wave (Fig. 1.15b). The delay time is calculated 
from a given phase parameter (e.g., a percentage of 
the RR-interval time as the delay after an R-wave) 
for each cardiac cycle and is individually based on 
a prospective estimation of the RR intervals. Usu-
ally, the delay is defined such that the scans are 
acquired during the diastolic phase of the heart, 
when motion of the cardiac chambers and the 
coronary arteries is at a minimum (Achenbach 
2000a; He 2001). High image-noise due to the very 
short exposure time limits the image quality, while 
single-slice acquisition restricts the longitudinal 

resolution. The typical voxel sizes of 0.8×0.8×3 mm 
are the product of an in-plane resolution up to 7 lp/
cm and a 3-mm slice-width, with typical scan times 
of 25–40 s for a 12-cm volume. Higher longitudinal 
resolution with overlapping slice acquisition and 
thinner slices (down to 1.5 mm slice-width) is pos-
sible, but often clinically not feasible due to the long 
scan times and increased image noise.

The major clinical applications of EBCT are the 
detection and quantification (“scoring”) of coro-
nary artery calcification (Agatston 1990; Arad 
1996; Becker 1999; Rumberger and Kaufmann 
2003) (Fig. 1.16a) and CT angiography (CTA) of the 
coronary arteries (Achenbach 1998a; Achenbach 
1998b; Budoff 1999; Ooijen 2000) (Fig. 1.16b, c). 
Current limitations of EBCT imaging include the 
limited reproducibility of coronary calcium quan-

Fig. 1.15. a The electron-beam CT acquisition system and b the principle behind prospectively ECG-
triggered sequential scanning. EBCT with prospective ECG-triggering can acquire one slice for every 
heartbeat, with a 50- to 100-ms temporal resolution. (Imatron C-150, Imatron, South San Francisco, 
USA and Evolution XP, Siemens, Forchheim, Germany)
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tification, the limited ability to detect non-calcified 
atherosclerotic plaques due to the compromised 
signal-to-noise-ratio, and the limited spatial reso-
lution of 3D visualizations of the coronary arteries 
(Flamm 1998; Leber 2003). Because of the restric-
tion to axial, non-spiral scanning in ECG-syn-
chronized cardiac investigations, acquisition of 3D 
volume images using EBCT can only provide limited 
z-resolution within a single breath-hold scan. In ad-
dition to scans of the cardiac anatomy, EBCT offers 
acquisition modes for cardiac function and cardiac 
perfusion imaging. The system includes four tar-
get rings and two detector rings for simultaneous 
scanning of eight slices. A volume of 64 mm can be 
covered with low in-plane spatial resolution and an 
8-mm slice-width (Rumberger 1989). These appli-
cations are rarely used because of the high radiation 
exposure and limited extra information they pro-
vide compared to other, established non-invasive 
imaging modalities for this purpose, such as MRI, 
SPECT, and PET.

On-going development efforts have been carried 
out since the early 1990s for EBCT-based systems, 
and increased beam currents, increased in-plane 
resolution, and increased body-scan ranges have 
been achieved by altering the construction of the 
electron gun. Special reconstruction algorithms 
were developed for continuous volume acquisition 

(Weisser 1999) and scatter artifact elimination 
(Ohnesorge 1999). Recently, new EBCT detector 
developments have been introduced that allow for 
simultaneous acquisition of two detector slices with 
a slice-width down to 1.5 mm and an increased in-
plane spatial resolution up to 9 lp/cm that is pro-
vided by finer sampling of the elements.

However, increased spatial resolution in the lon-
gitudinal direction within reasonable breath-hold 
times can only be provided with a multiple station-
ary detector ring at equivalent in-plane resolution 
for simultaneous ECG-synchronized acquisition 
of multiple slices. EBCT-based multi-slice detector 
concepts featuring four or more detector slices will 
be accompanied by substantially increased hardware 
costs and the increased impact of cone-beam geom-
etry problems, as the additional detector rings have 
to be moved even further away from the plane of the 
X-ray source. Furthermore, new, advanced recon-
struction algorithms will be needed that reduce the 
cone-beam-induced artifacts and allow for ECG-gat-
ed reconstruction from non-helical continuous ac-
quisition, such as provided by the stationary partial 
detector and anode rings. An electron-beam current 
significantly higher than 640 mA is needed to im-
prove contrast resolution at lower image noise and to 
support slice collimations thinner than 3 mm at an 
appropriate contrast-to-noise ratio. The realization 

ba c

Fig. 1.16. Electron-beam CT acquisition allows the display of coronary calcifi cation in a transaxial image planes and b, c coronary 
CT angiography. Transaxial image slices of coronary CT angiography by EBCT are compromised due to limited signal-to-noise-
ratio (b). 3D display (3D volume rendering) for visualization of the coronary arteries is possible in selected cases (c). Severe 
LAD and RCA stenoses (arrows in c) can be detected in proximal coronary segments. (Images courtesy of (a, b) Klinikum 
Grosshadern, Munich, Germany and (c) Erasmus University Rotterdam, Netherlands)
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of higher electron-beam currents, however, remains 
a technical challenge with regard to the power-sup-
ply requirements and anode heat development.

In conclusion, EBCT may undergo further tech-
nological improvement in the future. Significant 
research and development efforts and, most likely, 
substantially higher hardware costs will be neces-
sary to considerably enhance the performance of 
EBCT in cardiac imaging. However, all major CT 
manufacturers currently are focusing on the tech-
nological enhancement of mechanical multi-slice 
CT systems, as EBCT-based systems may not be 
able to catch up with mechanical multi-slice CT as 
applied to general vascular and body imaging. It is 
therefore likely that the distribution of EBCT tech-
nology will always be limited to dedicated cardiac 
imaging centers.

1.4.2 
Cardiac Imaging with 
Conventional Mechanical CT

The advantages in acquisition geometry and the 
ability of continuous spiral scanning confer conven-

tional mechanical CT systems with superior general 
image quality and spatial resolution compared to 
EBCT. However, temporal resolution, which is one of 
the most important parameters for cardiac imaging, 
depends on the system rotation time, which should 
be as fast as possible but is nonetheless limited by 
mechanical forces.

Preliminary cardiac imaging results with me-
chanical CT using a 2-s rotation, third-generation 
scanner (Lackner 1981) were reported in 1981. 
Scan data segments of a single slice were collected 
from several heartbeats in corresponding phases of 
the cardiac cycle using ECG information. Images 
were obtained with an effective temporal resolution 
of about 0.5 s, and acquisition of the data segments 
was controlled by a foot switch in the scan room. 
Since the collection of data from several cardiac 
cycles requires desynchronization of the heartbeat 
and rotation of the measurement system, the scan-
ner rotation speed was selected individually and 
controlled interactively according to the patient’s 
heart rate. This technique allowed for acquisition 
of a few thick slices without the coverage of larger 
volumes, thus enabling a coarse diagnosis of large 
cardiac structures (Fig. 1.17). Application in clinical 

ba

Fig. 1.17. Cardiac CT images acquired in 1981 on a mechanical CT scanner with a 2.0-s rotation speed. Images 
were generated in the diastolic and systolic phases of the cardiac cycle to demonstrate cardiac motion. Scan data 
segments of a single slice were collected from several heartbeats in corresponding phases of the cardiac cycle 
using ECG information. (Images courtesy of Siemens Medical Solutions, CT Division, Forchheim, Germany)
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routine, however, was very limited due to the need 
for intensive user interaction and the lack of stan-
dardized scan protocols.

With the advent of sub-second rotation combined 
with ECG-synchronized scanning, mechanical 
single-slice CT with spiral capability and superior 
general image quality has challenged EBCT in the 
domain of cardiac imaging. Early promising re-
sults were achieved in 1997 and were based on sys-
tems with a 0.75-s rotation time and prospectively 
ECG-triggered or retrospectively ECG-gated (Fig. 
1.18) acquisition. Partial scan techniques (Parker 
1982) combined with new ECG-correlated acquisi-
tion techniques yielded a temporal resolution of 
500-ms (Becker 1999; Schöpf 1999; Becker 2000). 
However, ECG-triggered single-slice acquisition 
(Fig. 1.18a) did not allow for imaging of the entire 
heart in a single breath-hold with higher longitu-
dinal resolution. Scan times were about 60 s with 

voxel sizes of about 0.6×0.6×3 mm. Sub-second 
mechanical spiral CT systems offer the new cardiac 
acquisition technique of retrospectively ECG-gated 
spiral scanning (Woodhouse 1997; Kachelriess 
1998; Carr 1999; Bahner 1999). A continuous spi-
ral scan with slow table-feed is acquired with the 
ECG signal recorded simultaneously. The acquired 
scan data are selected for image reconstruction 
with respect to a pre-defined phase of the cardiac 
cycle. Similar to ECG-triggered sequential scan-
ning, a specific R-wave delay time defines the 
starting point of data to be used for image recon-
struction (Fig. 1.18b).

The initial clinical studies clearly demonstrated 
the ability of ECG-triggered single-slice CT to de-
tect coronary artery calcification (Becker 1999) 
and basic cardiac morphology (Fig. 1.19). However, 
it was also shown that a single-slice spiral CT sys-
tem hardly allows for continuous ECG-gated volume 
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Fig. 1.18. a Sequential volume coverage with prospectively ECG-triggered single-slice scanning and 
b coverage with retrospectively ECG-gated single-slice spiral scanning. Mechanical CT with 0.75-s 
rotation and prospective ECG-triggering can acquire one slice during every second heartbeat, with 
a 500-ms acquisition time. With retrospective ECG-gating, images can be reconstructed at every 
heartbeat with a temporal resolution equal to half the rotation time
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Fig. 1.19. Transaxial image display of coronary calcifi cation in 
LAD using ECG-triggered acquisition with subsecond single-
slice mechanical CT. (Images by courtesy of Klinikum Gros-
shadern, Munich, Germany)

Fig. 1.20. 3D volume rendering of a coronary CT angiogra-
phy examination using the latest 64-slice CT generation with 
0.4-mm voxel resolution and 0.33-s rotation time. The entire 
heart could be covered in a 9-s breath-hold (SOMATOM Sen-
sation 64, Siemens, Forchheim, Germany). (Image courtesy of 
University of Erlangen, Germany)
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coverage with overlapping slice acquisition of the 
entire heart with reasonable longitudinal resolution 
within reasonable scan times.

The introduction of mechanical multi-slice CT 
systems, in 1998, with simultaneous acquisition 
of four slices and an increased rotation speed up 
to 0.5 s per rotation, opened new horizons for gen-
eral-purpose CT imaging and new opportunities in 
cardiac CT imaging. These scanners allow for con-
siderably faster coverage of the heart volume and at 
higher temporal resolution than obtained with sin-
gle-slice scanning. The increased scan speed allows 
for thinner collimated slice widths (i.e., 1 mm), thus 
increasing the z-resolution of ECG-correlated exam-
inations of the heart. For the first time, multi-slice 
CT scanners with four slices can cover the heart in 
a single breath-hold and with a temporal resolution 
of about 250 ms, which essentially freezes cardiac 
motion (Ohnesorge 2000; Nieman 2001). Despite 

all these promising advances, some challenges did 
remain for ECG-gated multi-slice CT examinations 
of the heart and the coronary arteries with 4-slice 
detectors: adequate visualization of calcified and 
smaller coronary artery segments and examination 
of patients with higher heart rates as well as those 
who cannot adequately hold their breath for at least 
30 s.

With the newest generation of multi-slice CT sys-
tems, offering simultaneous acquisition of 16 and, 
more recently, up to 64 sub-millimeter slices as 
well as gantry rotation times as low as 0.33 s, both 
axial and temporal resolution have been further 
improved, while examination times have been con-
siderably reduced (Küttner 2004) (Fig. 1.20). This 
new performance level together with ongoing fast 
technical developments (Fig. 1.21) has the potential 
to establish multi-slice CT as a clinical tool for car-
diac imaging.
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2.1 
Topography

The human body can be viewed in three standard 
anatomic planes, which are oriented perpendicu-
lar to each other: sagittal, coronal, and transverse. 
These planes are aligned with the thoracic midline 
structures, the aorta and esophagus. In contrast, the 
heart is oriented obliquely in the chest and there-
fore imaging in standard anatomic planes is subop-
timal to visualize cardiac anatomy and pathology 
(Edward 1984a, Edwards 1984b). The heart’s three 
standard planes are its vertical and horizontal long 
axis and its so-called short axis. These cardiac axes 
are tilted against the standard anatomic planes, as 
shown in (Fig. 2.1).

Modern cross-sectional imaging techniques such 
as echocardiography, magnetic resonance imaging 
(MRI), and multi-slice CT provide high-resolution 
visualization of cardiac morphology and function 
(Ooijen 2004). All of these modalities permit imag-
ing of the heart in 2D and, at least to some extent, 
in 3D. While transthoracic echocardiography is de-
pendent on an acoustic window, which sometimes 
permits imaging in every desired plane, MRI can be 
performed in any orientation. Multi-slice CT of the 
heart relies on an axial data acquisition; however, 
the high-resolution spiral data sets obtained with 
modern systems allow for display of small anatomi-
cal structures of the heart (Fig. 1.5) and for reforma-
tion in virtually any imaging plane. This chapter 
will introduce cardiac and cardiothoracic anatomy, 
as displayed by new multi-slice high-resolution CT 
scanners based on standard 2-dimensional views, 
which have been established with cardiac catheter-
ization (Bittl 1997), echocardiography, and cardiac 
MRI and based on 3-dimensional surface recon-
structions. The image data used for illustration 
have primarily been acquired with 4- and 16-slice 
CT with 0.5-s and 0.42-s rotation time, respectively. 
Of course, the described anatomical relations are 
also true for data obtained from multi-slice CT with 
more than 16-slices or from dual-source CT.

Fig. 2.1. Orientation of the vertical long axis and the short axis 
of the heart in relation to the standard anatomic planes of 
the body
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The apex of the heart points to the left while the 
base of the heart is oriented dorsally and to the 
right, when viewed from above (Fig. 2.2). The right 
atrium and the right ventricle are to the right and 
anterior, and the left ventricle and left atrium are 
located to the left and posterior. A groove between 
atrium and ventricle marks the cardiac base. The 
right coronary artery (RCA) courses within the 
adipose tissue of the right atrioventricular groove. 
The left atrioventricular groove contains the left 
circumflex artery and great coronary vein. The in-
terventricular septum, which separates right and 
left ventricles, is marked by less prominent inden-
tations, the anterior and inferior interventricular 
grooves. The left anterior descending (LAD) coro-
nary artery follows the anterior interventricular 
groove and the posterior descending artery cours-
es along the inferior (posterior) interventricular 
groove (Fig. 2.2). Atrioventricular and interven-
tricular grooves meet at the inferior base of the 
heart, the cardiac crux.

2.2 
Standard Views

Even though the axial plane is not optimal for visual-
ization of cardiac anatomy, it is the primary imaging 
plane in CT and usually gives a good overview of car-
diac and coronary anatomy (Fig. 2.3). The angulations 
of the standard views for cardiac imaging correspond 
to the axis from base to apex and are oriented either 
parallel (horizontal or vertical long axis) or perpen-
dicular (short axis) to this plane (Figs. 2.4–2.6).

Vertical Long Axis. The vertical long axis or two-
chamber view is easily produced from the axial plane. 
It corresponds to a vertical plane through the cardiac 
apex and the middle of the mitral valve plane into the 
left atrium (Fig. 2.4) and is similar to the right anterior 
oblique view used with fluoroscopy or left ventricu-
lography. The vertical long axis view displays the left 
ventricular inflow tract with the left atrium and the 
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Fig. 2.2a, b. Three-dimensional display of the heart. a Arrow indicates right atrioventricular groove 
and right coronary artery. b Great cardiac vein (GCV) and posterior interventricular vein at the 
inferior aspect of the heart. The right coronary artery (RCA) bifurcates slightly proximal of the 
cardiac crux (arrow in b). LA left atrium, RA right atrium, Ao aorta, PV pulmonary vein, Laur left 
auricle, PA pulmonary artery, D1 fi rst diagonal branch, RV right ventricle, LAD left anterior descend-
ing coronary artery, LV left ventricle, CS coronary sinus
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Fig. 2.3a–h. Axial anatomy of the heart in the craniocaudal direction. Visualization starts above the origin of the coronary 
arteries and displays the ascending aorta and pulmonary artery (Ao and PA, respectively, in a). The right atrial appendage 
(* in b) shows pronounced trabeculation. The LAD passes between the pulmonary trunk and the left atrial appendage and 
follows the anterior interventricular groove (small white arrowhead in b and c) down to the apex. The RCA (large arrowhead 
in c, e, and f) is depicted in the right atrioventricular groove, and the left circumfl ex artery is seen as a small vessel in the 
left atrioventricular groove (small arrow in c). The pericardium is identifi ed as a thin tissue band (small white arrows in d). 
The mitral valve is well-delineated (black arrow in e) while the tricuspid valve is only faintly shown (black arrowheads in f). 
Also, separation of the right and left atria can be visualized (black arrowhead in e). The crista terminalis is seen in the right 
atrium (white arrow in e) and a small ridge at the orifi ce of the coronary sinus marks the thebesian valve (black arrow in g). 
Visualization of a slice at the apex of the heart reveals the distal segments of the RCA (h). RVOT Right ventricular outfl ow 
tract, IVC inferior vena cava, PM papillary muscle
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Fig. 2.4a–f. Vertical long axis views of the heart. a Vertical long axis orientation is shown as a line from 
the cardiac apex through the middle of the mitral valve plane. The tubular confi guration of the RA and 
the more triangular shape of the RV are well-appreciated. Note the smooth appearance of the RVOT as 
opposed to the trabeculated inferior portion of the RV and the marked thinning of the left ventricular 
myocardium at the apex. White arrow in b and c RCA, white arrowhead in e left circumfl ex coronary 
artery, black arrows in f left atrioventricular groove, white arrowhead in b internal mammary artery. 
rAAp right atrial appendage, SVC superior vena cava, Sep septum
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Fig. 2.5a–f. Short axis view of the heart. a Short axis orientation as planned from a vertical long axis 
view. The mitral valve is depicted as a thin soft-tissue structure in the left ventricular lumen in (c). 
Note the round confi guration of the left ventricular cavity. White arrow (in c, d, and f) LAD, white 
arrowhead (in f) posterior descending artery. The RCA has an orientation parallel to the cardiac base 
and its descending segments are well-seen in this orientation. Note the anterior pericardium (arrow-
heads in c). As aortic sinus
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Fig. 2.6a–f. Horizontal long axis views of the heart. a Horizontal long axis orientation as planned 
from a vertical long axis view. Note the S-shape of the interventricular septum and the thin membra-
nous part of the septum close to the cardiac base. The different coronary arteries can be delineated: 
LAD (arrow in b), RCA (long arrow in c and e), and LCx (short arrow in c). The moderator band (M) 
is well seen in the apical RV in (c). The anterior mitral valve leafl et (white arrow in d) forms part 
of the left ventricular outfl ow tract (LVOT) 
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mitral valve as well as parts of the left outflow tract; 
the right outflow tract is obliquely depicted. This view 
is particularly well-suited to delineate the configura-
tion of the left ventricle and to assess the contrac-
tion of the anterior and inferior segments of the left 
ventricular myocardium. A vertical long axis view 
adapted to the course of the LAD along the anterior 
interventricular groove can be used to depict the LAD 
in almost its entirety. Maximum-intensity projection 
(MIP) images in this orientation also give an overview 
of the obtuse marginal branches of the left circumflex 
artery and the descending segment of the RCA.

Short Axis. The short axis view is oriented perpen-
dicular to the vertical long axis and is parallel with 
the mitral valve plane and the cardiac base (Fig. 2.5). 
The short axis therefore has a double-oblique angu-
lation to account for the dorsoventral and medio-
leftlateral tilt of the heart. Due to the alignment of 
the short axis view with the atrioventricular grooves, 
it can be used to display the RCA down to the cardiac 
crux, the posterolateral branches of the distal RCA, 
and the left circumflex coronary artery in its course 
in the left atrioventricular groove. The inferior facet 
of the right ventricle is parallel with the diaphragm 
and thus the transverse plane has a sharp angle (also 
called the acute margin), with the anterior free wall 
and the outflow tract of the right ventricle giving 
the right ventricle an almost triangular shape in 
this view. The left ventricle has a circular aspect on 

short axis view. Right and left ventricular motion 
can also be visualized with the short axis view and 
it is the basis for volumetric measurements used in 
global ventricular function evaluation.

Horizontal Long Axis. The horizontal long axis corre-
sponds to a tilted plane from cardiac apex through the 
middle of the mitral valve plane to the cardiac base. It 
is perpendicular to the vertical long axis and displays 
both ventricles and atria in their largest diameters. 
This view is a frontal view onto the heart from the ante-
rior aspect directed to the inferior wall and thus gives 
a good overview of the size and configuration of both 
ventricles. It can be used to delineate the mitral and 
tricuspid valves. As shown in Figure 2.6, the horizontal 
long axis imaging plane displays the left main coro-
nary artery and the LAD with its diagonal branches. 
The RCA, like the proximal left circumflex coronary 
artery, is depicted in an orthogonal cut plane.

Left Ventricular Outflow Tract. In addition to the 
standard cardiac planes, several other views are used 
to depict motion or special anatomic or pathologic 
features. The left ventricular outflow tract (LVOT) 
view delineates the left inflow and outflow tracts 
and is useful to assess motion of the mitral and 
aortic valves or septum changes in hypertrophic ob-
structive cardiomyopathy. The LVOT view can be 
planned on a coronal view by tilting the imaging 
plane according to the ascending aorta (Fig. 2.7).

2.2 · Standard Views
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Fig. 2.7a, b. Left ventricular outfl ow tract view as planned from a true coronal view. Note the bulging of 
the aortic sinus (As) and the aortic valve in closed position (a). The anterior mitral valve leafl et is well-
depicted (black arrowheads in b) with its relation to the LV infl ow and outfl ow tracts 
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Table 2.1. Coronary artery segments and corresponding ana-
tomic names

Segment Anatomic name and location

AHA 
1999

AHA 
1976

1 1 RCA, proximal segment

2 2 RCA, middle segment

3 3 RCA, distal segment

4 4 PDA, right posterior descending artery

6 Right posterolateral branch 

10 Acute marginal branch

11 5 LM, left main coronary artery

12 6 LAD, proximal segment

13 7 LAD, middle segment

14 8 LAD, distal segment

15 9 First diagonal branch

16 10 Second diagonal branch

18 11 LCx, proximal segment

19 13 LCx, middle/distal segment

20 12 First obtuse marginal branch

21 Second obtuse marginal branch

22 Third obtuse marginal branch

24 14 First left posterolateral branch

27 15 Left posterolateral descending artery

28 Ramus intermedius
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Fig. 2.8. Coronary artery anatomy and segmental 
classifi cation as summarized in Table 2.1

2.3 
Coronary Arteries and Veins

This section gives an overview of the relevant 
anatomy for coronary artery angiography with CT. 
Figure 2.8 provides a schematic overview of the 
coronary artery anatomy and Table 2.1 summariz-
es the segmental nomenclature of the major coro-
nary vessels according to AHA recommendations 
(Scanlon 1999) For a more detailed description 
of coronary artery anatomy, including its many 
variations, the reader is referred to the literature 
(Mc Alpine 1975).

Right Coronary Artery. The right and left coronary 
arteries arise from the right and left aortic sinus. 
The RCA arises from the aorta slightly caudal from 
the origin of the left coronary artery. The RCA takes 
its course down the right atrioventricular groove to-
ward the cardiac crux, where it usually bifurcates into 
the posterior descending artery (PDA) and the right 
posterolateral ventricular (PLV) branches (Fig. 2.2b). 
The artery that crosses the cardiac crux and gives 
rise to the PDA represents the dominant coronary 
artery. In most people (>70%), the PDA arises from 
the distal RCA and supplies the inferior portion of 
the ventricular septum. Right PLV branches supply 
the inferior left ventricular wall and the inferior pap-
illary muscle. A left dominance is found in 10% of 
persons, with the PDA arising from the left circum-
flex coronary artery. In this case, the RCA remains 
a very small vessel and terminates before it reaches 
the cardiac crux. In 20% of human hearts, there is an 
equal coronary distribution, so that the PDA arises 
from the RCA but the left coronary artery supplies 
the inferior segments of the left ventricle.

In a majority of people (50–60%), the first branch 
of the RCA is the conus artery. It passes upward and 
anteriorly to supply the right ventricular outflow 
tract. Otherwise, the conus artery arises as a sepa-
rate vessel from the right aortic sinus just above the 
right coronary ostium. This vessel can be depicted 
with short axis MIP images (Fig. 2.9a). The second 
RCA branch in 60% of human hearts is the sino-
atrial node artery. This vessel is rather tiny, but can 
be identified in a significant number of CT reforma-
tions as a vessel that courses dorsally toward the 
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Fig. 2.9. a Right coronary artery displayed with curved maximum intensity projection (MIP) over 
its entire course. The conus artery is seen as the fi rst branch of the RCA (arrowhead in b). The 
sinus node artery passes between the Ao and right atrial appendage (arrows in b). Proximal and 
middle segment including the acute marginal branch (AM) in 3D display is shown in (c). Curved 
multiplanar reformation (MPR) allows display of all four main segments in one view (d) 
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lateromedial aspect of the right atrium (Fig. 2.9b). 
Several marginal (or right ventricular) branches 
supply the anterior free wall of the right ventricle. 
The right ventricular branch originates from the 
middle RCA segment (Fig. 2.9c). The largest mar-
ginal branch usually travels along the acute mar-
gin from base to apex and thus is called the acute 

marginal branch. Despite the tortuous course of the 
RCA, the entire vessel can be displayed in one view 
using curved multiplanar reformations (Fig. 2.9d).

Left Coronary Artery. The left main coronary artery 
takes a short course along the epicardium, between 
the pulmonary trunk and left atrium. It then divides 

2.3 · Coronary Arteries and Veins
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into the LAD and the left circumflex (LCx) arteries. 
A third artery, the intermediate artery, may also 
arise at this division, thus forming a trifurcation 
in 20–30% of hearts (Figs. 2.9c, 2.10). This ramus 
intermedius is analogous to a diagonal branch and 
it usually supplies the anterolateral free wall.

The LAD passes down the cardiac midline along 
the anterior interventricular groove to the cardiac 
apex. Its major branches are the septal and diagonal 
branches. The septal branches, which supply the an-
terior and apical septum, vary in size, but they are 
rarely identified on CT. There is a wide variability in 
the number and size of the diagonal branches. Unlike 
the septal branches, one to three diagonal branches, 
which supply the anterior left ventricular free wall, 
are usually well seen on CT (Figs. 2.9c, 2.11).

The left circumflex artery follows the left atrio-
ventricular groove and gives off one to three large 
obtuse marginal branches. The distal LCx beyond 
the obtuse marginal branch tends to be a rather 
small vessel that is difficult to delineate on CT. The 
LCx and its obtuse marginal branches supply the 
lateral left ventricular wall. This artery commonly 
terminates beyond its large obtuse marginal branch. 
The length and caliber of the LCx coronary artery 
varies with the caliber and distribution of the right 
coronary artery, as described above.

Coronary Veins. The coronary venous circulation 
comprises the cardiac veins, coronary sinus, and 
thebesian veins (venae cordis minimae). The great 
cardiac vein courses in the anterior interventricu-
lar groove along the LAD and then follows the LCx 
coronary artery in the left atrioventricular groove. 
The great cardiac vein and the left posterior and 
middle cardiac veins drain into the coronary sinus 
(Fig. 2.2b). The coronary sinus drains the coronary 
blood into the right atrium.

2.4 
Pericardium

The parietal pericardium is a fibrous sac that envel-
ops the heart and attaches onto the great vessels. The 
visceral pericardium forms the serous inner lining 
of the fibrous pericardium as well as the outer lining 
of the heart and great vessels. The pericardium is 
usually seen as single thin layer of a soft-tissue-den-
sity structure (Fig. 2.3d). It contains the epicardial 
coronary arteries and veins, autonomic nerves, lym-
phatics, and adipose tissue. The junctions between 
the visceral and parietal pericardium lie along the 
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Fig. 2.10a, b. Normal left coronary artery. The left main coronary artery (LM) bifurcates and gives off the LAD and left cir-
cumfl ex (LCx) coronary arteries. An intermediate ramus is depicted in b. The GCV is seen adjacent to the LAD (a) and in the 
atrioventricular groove (b)
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inlet and trabecular outflow components. The myo-
cardium of the right ventricular free wall ranges 
between 1 and 3 mm in CT and is much thinner than 
that of the left ventricle. The inlet portion extends 
from the tricuspid annulus to the insertions of the 
three papillary muscles. A trabecular zone extends 
beyond the attachments of the papillary muscles to-
ward the ventricular apex. There, an intracavitary 
muscle, the moderator band, forms a prominent 
trabecular structure that connects the septum with 
the anterior tricuspid papillary muscle (Fig. 2.3d). 
The right outflow tract, or conus, is a smooth-walled 
muscular subpulmonary channel.

Left Atrium. The left atrium is dorsally located and 
collects the blood from the valveless pulmonary 
veins. Anterolaterally, the left atrial appendage over-
lies the LCx coronary artery and sometimes the left 
main coronary artery. The left atrial appendage is 
tubular in shape and less trabeculated than the right 
atrial appendage. The atrial septum consists of the 
interatrial and atrioventricular regions. The inter-
atrial portion is characterized by the fossa ovalis, 
a shallow depression at the position of the former 
foramen ovale, which is usually not delineated with 
CT.

Left Ventricle. The left ventricle has an inlet com-
ponent and a subaortic outflow component. The 
interventricular septum bulges towards the right 
ventricle, which results in the round configuration 
of the left ventricular cavity seen on short axis views 
(Fig. 2.5). The left ventricular free wall is normally 
thickest toward the base, where it measures between 
6 and 12 mm, and thinnest toward the apex, where 
it averages only 1–2 mm in thickness (Fig. 2.4). The 
trabeculae of the left ventricle are more densely 
packed than those of the right ventricle, which result 
in a rather smooth appearance of the left ventricular 
cavity. The two papillary muscles are distinct soft-
tissue structures seen in the cavity of the left ven-
tricle. The anterior papillary muscle attaches to the 
anterior leaflet of the mitral valve, while the inferior 
muscle extends to the posterior leaflet. The ven-
tricular septum may be divided into the muscular 
septum and a short membranous portion at the base. 
The membranous septum lies beneath the right and 
posterior aortic cusps and contacts the mitral and 
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Fig. 2.11. Three-dimensional display of the left coronary sys-
tem. Note a proximal occlusion of the LCx artery. OM Obtuse 
marginal branch

great vessels and form the pericardial reflections. 
Almost the entire ascending aorta and main pulmo-
nary artery as well as portions of both venae cavae 
and all four pulmonary veins are intrapericardial.

2.5 
Cardiac Chambers

Right Atrium. The right atrium has a tubular shape 
and with its smooth-walled posterior portion forms 
an almost straight continuation of the upper and 
inferior venae cavae. The posterior component that 
receives the venae cavae and the coronary sinus is 
separated by a prominent muscle ridge, the crista ter-
minalis (Fig. 2.3e), from a muscular anterior region 
from which the right atrial appendage emanates. 
The right atrial appendage lies in close proximity to 
the right aortic sinus and overlies the proximal right 
atrioventricular groove and the RCA.

Right Ventricle. The right ventricle occupies the 
sternocostal surface of the heart. It is made up of 

2.5 · Cardiac Chambers
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tricuspid annuli. The septum has a slightly S-shaped 
configuration due to the different orientations of the 
infundibular and ventricular components, which is 
well-appreciated on images in the axial plane or the 
horizontal long axis view. The majority of clinical-
ly significant ventricular septal defects involve the 
membranous septum.

The left ventricle can be divided into specific 
segments with reference to the long axis and short 
axis views (Cerqueira 2002). The location of a seg-
ment along the long axis is defined as basal, mid-
cavity, and apical. In the short axis view, the basal 
and mid-cavity slices are further subdivided into six 
equal segments: anterior, anteroseptal, inferoseptal, 
inferior, inferolateral, and anterolateral. The appro-
priate names for each segment are the combination 
of the long axis location and the circumferential po-
sition, e.g., basal anteroseptal or mid-inferolateral. 
The apical slices are dived into only four segments, 
the apical anterior, apical septal, apical inferior, 
and apical lateral segments. The apical cap, which 
represents the left ventricular myocardium of the 
extreme tip of the left ventricle, is called the apex. 
Using this scheme, the left ventricular myocardium 
can be divided into 17 segments, which are used for 
bulls-eye plots of the left ventricular myocardium 
(Fig. 2.12). Although there is tremendous variability 
in the coronary artery blood supply to myocardial 
segments, individual segments have been assigned 

to specific coronary artery territories. The LAD usu-
ally supplies the anterior and anteroseptal segments, 
the RCA is assigned to the inferior and inferolateral 
segments, while the LCx supplies the anterolateral 
and inferolateral segments. The apex may derive its 
supply from any of the three vessels.

2.6 
Cardiac Valves

The four cardiac valves are anchored to fibrous 
rings, which comprise their annuli at the base of the 
heart. The annuli join to form the fibrous skeleton of 
the heart. The aortic valve is located centrally, and 
its fibrous ring extensions abut each of the other 
three valves (Fig. 2.13).

Tricuspid Valve. The tricuspid valve consists of the 
anterior, septal, and posterior leaflets. The anteri-
or leaflet is the largest and forms an intracavitary 
separation of the inflow and outflow tracts of the 
right ventricle. The septal leaflet has many direct 
chordal attachments to the ventricular septum, and 
the posterior leaflet is usually the smallest. The tri-
cuspid valve is a rather thin structure and, due to 
either small attenuation differences between blood 

17 1614

15

13

7

1

10

4

8
2

3
9 11

5

6
12

Fig. 2.12. a Bulls-eye plot of the left ventricle segments. 1 basal anterior, 2 basal anteroseptal, 3 basal inferior, 4 basal inferior, 
5 basal inferolateral, 6 basal anterolateral, 7 mid-anterior, 8 mid-anteroseptal, 9 mid-inferior, 10 mid-inferior, 11 mid-infero-
lateral, 12 mid-anterolateral, 13 apical anterior, 14 apical septal, 15 apical inferior, 16 apical inferior, 17 apex. b, c Examples of 
color coded bulls-eye plots. b PET perfusion study, c MR regional ejection fraction
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and valve tissue or streak artifacts related to high-
density contrast agent in the right atrium, it is rarely 
well-delineated on CT images (Fig. 2.3f).

Mitral Valve. In contrast to the other cardiac valves, 
the mitral valve has only two leaflets. The ante-
rior leaflet is large and semicircular, and, like the 
anterior tricuspid leaflet, it partially separates the 
ventricular inflow and outflow tracts. Unlike its 
right-sided counterpart, the mitral valve leaflets are 
usually well-depicted on CT. Beneath the two mitral 
commissures – the separations of the leaflets – lie 
the anterior and inferior papillary muscles, which 
arise from the left ventricular free wall. Commis-
sural chords arise from each papillary muscle and 
extend in a fan-like array to insert into both leaflets 
adjacent to the commissures.

Aortic Valve. The aortic valve comprises the annu-
lus, cusps, and commissures and, like the pulmo-
nary valve, has no tensor apparatus. The left, right, 
and posterior half-moon-shaped (semilunar) aortic 

cusps form pocket-like tissue flaps. The commis-
sures between the cusps reach the level of the aortic 
sinotubular junction, where the sinus and tubular 
portions of the ascending aorta meet. The compo-
nents of the aortic valve are well-visualized by CT 
and may be depicted in open and closed positions 
with appropriate reconstructions. There is a close 
relation between the mitral valve and the aortic 
valve as the intervalvular fibrosa at the level of the 
left and posterior aortic cusps is merged with the 
anterior mitral leaflet.

2.7 
Great Vessels

Vena Cava. The right and left subclavian veins 
merge with the corresponding internal jugular veins 
to form the right and left brachiocephalic veins. The 
left brachiocephalic vein is longer than its right-
sided counterpart and travels anterior to the aortic 
arch and the ascending aorta until it merges with 
the right brachiocephalic vein to form the superior 
vena cava. The superior vena cava lies anterior to 
the right pulmonary artery and receives the azygos 
vein posteriorly before it drains into the right atrium 
(Fig. 2.14). A left superior vena cava may persist. 
This vessel then usually drains into the coronary 
sinus (Fig. 2.15a).

Pulmonary Artery. The pulmonary trunk arises 
from the conus of the right ventricle and ascends 
obliquely ventral and then to the left of the as-
cending aorta (Fig. 2.15b). It bifurcates near the 
undersurface of the aortic arch into right and left 
branches. The left pulmonary artery courses over 
the left bronchus, whereas the right pulmonary ar-
tery, which is longer and slightly larger than the 
left, travels horizontally beneath the aortic arch 
and ventral to the right bronchus. At the root of the 
lung, it divides into the upper lobe artery and the 
intermediate artery. The upper lobe artery divides 
into the apical and posterior segmental branches 
and the anterior branch. The intermediate artery, 
or interlobar trunk, gives rise to the middle lobe 
artery and the segment artery of the apical seg-

Fig. 2.13. Anatomy of the cardiac base and cardiac valves. The 
aortic valve (AV) is centrally located. The coronary arteries rise 
at the right (rC) and left (lC) aortic cusps. The posterior cusp is 
the non-coronary cusp. TV Tricuspid valve with anterior (aL) 
and septal (sL) leafl ets. MV Mitral valve with anterior (aML) 
and posterior (pML) leafl ets. LCA Left coronary artery
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Fig. 2.14. Anatomy of the superior vena cava. The internal jug-
ular (white arrowhead) and right subclavian veins form the 
short right brachocephalic vein (black arrow). The azygos vein 
(black arrowheads) courses over the right bronchus and drains 
into the SVC from posterior. Note the right internal mammary 
vein (white arrow) draining into the cranial vena cava

ment of the right lower lobe. The continuation of 
the intermediate artery divides into the four basal 
segment arteries. The left pulmonary artery gives 
rise to the apical and posterior arteries of the apico-
posterior segment and the anterior segment artery 
of the left upper lobe. The lingular artery and the 
superior segmental artery of the lower lobe arise 
from the interlobular portion of the left pulmonary 
artery. The remainder of the artery divides into the 
four basal segment arteries.

Pulmonary Veins. In conventional normal anatomy, 
single right and left superior and inferior pulmo-
nary veins drain into the left atrium (Fig. 2.16). 
Their orifices lie on the posterior aspects of the left 
atrial cavity and are well-visualized using 3D vol-
ume-rendering technique (Lacomis 2003). A large 
atriovenous junction is created when upper and 
lower lobe veins merge proximal to the left atrium. 
This variant is found more frequently on the left 
than on the right. Accessory pulmonary veins with 
independent junctions with the left atrium are seen 
more frequently on the right (Fig. 2.17). A vein that 
drains into a structure other than the left atrium 
is termed an anomalous pulmonary vein. With the 

RV

PA

Ao

CS

PA

ISVC

Fig. 2.15. 3D volume-rendering displays of a persistent left-sided vena cava draining into the enlarged coronary 
sinus and b the PA originating from the conus of the RV

a b



37

LA

PA

CV

lPV rPV

RI

RM
RS

LS

LI

LAAp

Fig. 2.16. Pulmonary venous anatomy as seen from a left pos-
terior view. Single inferior and superior pulmonary veins are 
seen on the left and right. lpV, rPV Left and right pulmonary 
veins, CV coronary vein

Fig. 2.17a–d. Endocardial views and corresponding reference images of the LA with pulmonary 
ostia. a, b A small intervenous saddle separates the accessory right middle vein from the right su-
perior vein. RI Right inferior vein. c, d On the left, the superior and inferior veins are depicted with 
the adjacent orifi ce of the left atrial appendage (LAAp)

a b

c d

2.7 · Great Vessels
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evolution of pulmonary vein ablation therapy for 
atrial fibrillation, precise demonstration of pul-
monary vein anatomy is becoming increasingly 
important. Virtual endoscopic views can easily be 
generated to display pulmonary vein anatomy as 
seen from the left atrium (Fig. 2.17) and may help 
to guide catheter ablation.

Aorta. The thoracic aorta arises at the level of the 
aortic valve and is divided into three segments: 
ascending aorta, aortic arch, and descending tho-
racic aorta. The ascending aorta is about 3 cm in 
diameter and consists of sinus and tubular portions, 
which are demarcated by the sinotubular junction. 
The entire ascending aorta is covered by the vis-
ceral pericardium. The aortic arch travels over the 
left main bronchus and the right pulmonary artery 

and gives rise to the brachiocephalic (innominate), 
the left common carotid, and the left subclavian 
arteries. In about 10% of persons, the innominate 
and left common carotid share a common ostium; 
in 5%, the left vertebral artery arises directly from 
the aortic arch in between the left common carotid 
and the left subclavian artery instead of from the 
subclavian artery (Fig. 2.18a). The remnant of the 
ductus arteriosus botalli, which, when patent, con-
nects the proximal left pulmonary artery with the 
aortic arch, forms the ductal artery ligament. The 
descending thoracic aorta lies adjacent to the left 
atrium and the vertebral column. An ECG-gated 
scan of the entire chest using the latest 64-slice CT 
scanners enables display of the great thoracic ves-
sels, the greater cardiac anatomy, and the coronary 
arteries from a single scan (Fig. 2.18b).

Fig. 2.18. a 3D volume rendering of the thoracic vessels from an ECG-gated spiral CT. The left brachiocephalic 
vein passes ventral to the aortic arch to drain into the SVC. The aortic arch gives off the brachiocephalic trunk, 
the left common carotid, and subclavian arteries, and a variant left vertebral artery. The PA ascends from the 
RVOT and rises ventral to the ascending aorta to bifurcate underneath the aortic arch. The left PA branches 
(arrow) are posterior to the left PVs. b An ECG-gated spiral scan of the chest using the latest 64-slice CT scan-
ners reveals the great thoracic vessels, the internal mammary arteries (IMA), the greater cardiac anatomy, and 
the coronary arteries from the same scan

PA
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Abbreviations used in figure legends

aL Anterior leaflet

AM Acute marginal branch

aML Anterior mitral valve leaflet

Ao Aorta

As Aortic sinus

AV Aortic valve

CS Coronary sinus

CV Coronary vein

D1 First diagonal branch

GCV Great coronary vein

IMA Internal mammary arteries

IVC Inferior vena cava

LA Left atrium

LAAp Left atrial appendage

LAD Left anterior descending artery

Laur Left auricle

lC Left aortic cusp

LCA Left coronary artery

LCx Left circumflex coronary artery

lPV Left pulmonary vein

LV Left ventricle

LVOT Left ventricular outflow tract

M Moderator band

MV Mitral valve

OM Obtuse marginal branch

PA Pulmonary artery

PM Papillary muscle

pML Posterior mitral valve leaflet

PV Pulmonary vein

RA Right atrium

rAAp Right atrial appendage

rC Right aortic cusp

RCA Right coronary artery

RI Right inferior vein

rPV Right pulmonary vein

RV Right ventricle

RVOT Right ventricular outflow tract

Sep Septum

sL Septal leaflet
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and-shoot» mode, the so-called sequence-scan 
technique. Consequently, axial scanning required 
long examination times because of the inter-scan 
delays necessary to move the table incrementally 
from one scan position to the next, and it was prone 
to misregistration of anatomical details due to the 
potential movement of relevant anatomical struc-
tures between two scans, e. g., by patient motion, 
breathing, or swallowing. With spiral CT, the patient 
table is continuously translated while scan data are 
acquired. The prerequisite for the success of spiral 
scanning was the introduction of slip-ring gantries, 
which eliminated the need to rewind the gantry 
after each rotation and enabled continuous data 
acquisition during multiple rotations. For the first 
time, volume data could be acquired without the 
danger of misregistration or double-registration of 
anatomical details. Images could be reconstructed 
at any position along the patient axis (longitudinal 
axis), and overlapping image reconstruction could 
be used to improve longitudinal resolution. Volume 
data became the very basis for applications such as 
CT angiography (Rubin 1995), which has revolu-
tionized non-invasive assessment of vascular dis-
ease. The ability to acquire volume data also paved 
the way for the development of 3D image-process-
ing techniques, such as multi-planar reformations 
(MPR), maximum intensity projections (MIP), sur-
face-shaded displays (SSD), and volume-rendering 
techniques (VRT) (Napel 1993). These have become 
vital components of medical imaging today.

Ideally, volume data are of high spatial resolu-
tion and isotropic in nature, i.e., the data element 
(«voxel») of each image is of equal dimensions in 
all three spatial axes, and forms the basis for image 
display in arbitrarily oriented imaging planes. For 
most clinical scenarios, however, single-slice spiral 

3.1 
Evolution from 1 to 64 Slices

Computed tomography (CT) was introduced in the 
early 1970s and has revolutionized not only diag-
nostic radiology, but also the entire practice of 
medicine. In the early 1990s, the introduction of 
spiral CT constituted a further evolutionary step 
in the development and ongoing refinement of CT 
imaging techniques (Kalender 1990, Crawford 
1990). Until then, the examination volume had to 
be covered by subsequent axial scans in a «step-
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CT with 1-s gantry rotation time is unable to fulfill 
these prerequisites. To avoid motion artifacts and 
to optimally use the contrast bolus, spiral CT body 
examinations need to be completed within a certain 
timeframe of, ordinarily, one patient breath-hold 
(25–30 s). If a large scan range, such as the entire 
thorax or abdomen (30 cm), has to be covered with 
single-slice spiral CT within a single breath-hold, a 
thick collimation of 5–8 mm must be used. While 
the in-plane resolution of a CT image depends on the 
system geometry and on the reconstruction kernel 
selected by the user, the longitudinal (z-) resolution 
is determined by the collimated slice width and the 
spiral interpolation algorithm. A thick collima-
tion of 5–8 mm results in a considerable mismatch 
between the longitudinal resolution and the in-plane 
resolution, which is usually 0.5–0.7 mm depending 
on the reconstruction kernel. Thus, with single-slice 
spiral CT, the ideal of isotropic resolution can only 
be achieved for very limited scan ranges (Kalender 
1995).

Strategies to achieve more substantial volume 
coverage with improved longitudinal resolution 
have included the simultaneous acquisition of more 
than one slice at a time and a reduction of the gantry 
rotation time. Interestingly, the very first medical CT 
scanners were 2-slice systems, such as the EMI head 
scanner, introduced in 1972, or the Siemens SIRE-
TOM, introduced in 1974. With the advent of whole-
body fan-beam CT systems for general radiology, 
2-slice acquisition was no longer used. Apart from 
a dedicated 2-slice system for cardiac applications, 
the IMATRON C-100, introduced in 1984, the first 
step towards multi-slice acquisition in general radi-
ology was a 2-slice CT scanner introduced in 1993 
(Elscint TWIN) (Liang 1996). In 1998, all major CT 
manufacturers introduced multi-slice CT (MSCT) 
systems, which typically offered simultaneous 
acquisition of 4 slices at a rotation time of down to 
0.5 s. This was a considerable improvement in scan 
speed and longitudinal resolution and offered better 
utilization of the available X-ray power (Klingen-
beck 1999, McCollough 1999, Ohnesorge 1999, 
Hu 2000). These developments were quickly recog-
nized as revolutionary improvements that would 
eventually enable users to do real isotropic 3D imag-
ing. Consequently, all vendors pushed towards more 
and more slices, turning the number of slices into 

the most important performance characteristic of 
a CT scanner. Figure 3.1 shows the performance of 
new CT systems, measured by the number of slices 
per rotation, at the time of their market introduc-
tion. Interestingly, analogous to “Moore’s Law” in 
the computer industry, the increase in the number of 
slices has been exponential, approximately doubling 
every 18 months.

Simultaneous acquisition of N slices results in an 
N-fold increase in speed if all other parameters, such 
as slice thickness, are unchanged. This increased 
performance of multi-slice CT compared to single-
slice CT allowed for the optimization of a variety 
of clinical protocols. The examination time for 
standard protocols could be significantly reduced, 
which proved to be of immediate clinical benefit for 
the quick and comprehensive assessment of trauma 
victims and non-cooperative patients. Alternatively, 
the scan range that could be covered within a cer-
tain scan time was extended by a factor of N, which 
is relevant for oncological staging or for CT angiog-
raphy with extended coverage, for example, of the 
lower extremities (Rubin 2001). The most important 
clinical benefit, however, proved to be the ability to 
scan a given anatomic volume within a given scan 
time with substantially reduced slice width, at N-
times-increased longitudinal resolution. This way, 
for many clinical applications, the goal of isotropic 
resolution was within reach with 4-slice CT systems. 
Examinations of the entire thorax (Schoepf 2001) or 
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Fig. 3.1. The number of slices of new CT scanners at the time 
of market introduction. Performance in terms of slice number 
doubles about every 18 months
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abdomen (Klingenbeck 1999) could now routinely 
be performed with a collimated slice width of 1 mm 
or 1.25 mm. Multi-slice CT also expanded into areas 
previously considered beyond the scope of conven-
tional spiral CT scanners, such as routine vascular 
diagnosis (Ohnesorge 2001, Schoepf 2003), high-
resolution low dose CT of the lung (Swensen 2002), 
virtual CT colonography (Macari 2002, Wessling 
2003), and cardiac imaging with the addition of ECG 
gating capability. The introduction of 4-slice CT with 
a gantry rotation time of 0.5 s and dedicated image-
reconstruction approaches represented a break-
through for mechanical CT in cardiac imaging. The 
temporal resolution for the acquisition of an image 
was improved to 250 ms and less (Kachelriess 
2000, Ohnesorge 2000), sufficient for motion-free 
imaging of the heart in the mid- to end-diastolic 
phase at slow to moderate heart rates (Hong 2001). 
With four simultaneously acquired slices, coverage 
of the entire heart volume with thin slices and ECG-
gating within a single breath-hold became feasible, 
enabling non-invasive visualization of the cardiac 
morphology and coronary arteries (Ohnesorge 
2000, Achenbach 2000, Knez 2000, Nieman 2001).

Despite all these promising advances, clinical 
challenges and limitations remained for 4-slice 
CT systems. True isotropic resolution for routine 
applications had not yet been achieved, since a lon-
gitudinal resolution of about 1 mm does not fully 
match the in-plane resolution of about 0.5–0.7 mm 
in a routine scan of the chest or abdomen. For large 
volumes, such as CT angiography of lower-extrem-
ity run-off (Rubin 2001), thicker (i.e. 2.5 mm) col-
limated slices had to be chosen to complete the scan 
within a reasonable timeframe. Scan times were 
often too long to allow image acquisition during 
pure arterial phase. For CT angiography of the circle 
of Willis, for instance, a scan range of about 100 mm 
must be covered (Villablanca 2002). With 4-slice 
CT, at a collimated slice width of 1 mm, a pitch of 1.5, 
and 0.5.s gantry rotation time, this volume can be 
covered in a scan time of about 9 s, which is not fast 
enough to avoid venous overlay assuming a cerebral 
circulation time of less than 5 s. For ECG-gated cor-
onary CT angiography, stents or severely calcified 
arteries constituted a diagnostic dilemma, mainly 
due to partial volume artifacts as a consequence of 
insufficient longitudinal resolution (Nieman 2001). 

For patients with higher heart rates, careful selec-
tion of separate reconstruction intervals for differ-
ent coronary arteries has been mandatory (Kopp 
2001). The breath-hold time of about 40 s required to 
cover the entire heart volume (~12 cm) with 4-slice 
CT is almost impossible for patients with manifest 
heart disease to comply with.

As a next step, the introduction of an 8-slice 
CT system in 2000 enabled shorter scan times, but 
did not yet provide improved longitudinal resolu-
tion (thinnest collimation 8 × 1.25 mm). The latter 
was achieved with the introduction of 16-slice CT 
(Flohr 2002a, Flohr 2002b), which made it pos-
sible to routinely acquire substantial anatomic vol-
umes with isotropic sub-millimeter spatial resolu-
tion. Improved longitudinal resolution goes hand 
in hand with the considerably reduced scan times 
that enable high-quality examinations in severely 
debilitated and severely dyspneic patients (Fig. 3.2). 
Clinical practice suggests the potential of 16-slice 
CT angiography to replace interventional catheter 
angiography in the evaluation of carotid artery ste-
nosis (Lell 2002). For patients with suspicion of 
ischemic stroke, both the status of the vessels sup-
plying the brain and the location of the intracranial 
occlusion can be assessed in the same examination 
(Ertl-Wagner 2002). Additional brain-perfusion 
CT permits differentiation of irreversibly dam-
aged brain tissue from reversibly impaired tissue at 
risk (Tomandl 2003). Examining the entire thorax 
(350 mm) with sub-millimeter collimation requires 
a scan time of approximately 11 s. Due to the short 
breath-hold time, central and peripheral pulmonary 
embolism can be reliably and accurately diagnosed 
(Remy-Jardin 2002, Schoepf 2003). Whole-body 
angiographic studies with sub-millimeter resolu-
tion in a single breath-hold are also possible with 
16-slice CT. Compared to invasive angiography, 
the same morphological information is obtained 
(Wintersperger 2002a, Wintersperger 2002b). 
ECG-gated cardiac scanning with 16-slice CT sys-
tems benefits from both improved temporal reso-
lution achieved by gantry rotation times down to 
0.375 s and improved spatial resolution (Nieman 
2002). As a consequence of the increased robustness 
of the technology, characterization and classifica-
tion of coronary plaques are becoming feasible even 
in the presence of calcifications (Ropers 2003).

3.1 · Evolution from 1 to 64 Slices
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ba c

Fig. 3.2a–c. Case study consisting of axial slices and coronal multi-planar reformations (MPRs) of a thorax examination illus-
trating the clinical performance of a single-slice CT (7-mm slices, 30 s), b 4-slice CT (1.25-mm slices, 30 s) and c 16-slice CT 
(0.75-mm slices, 10 s). The difference in diagnostic image quality is most obvious in the MPRs. The single-slice and 4-slice images 
were synthesized from the 16-slice CT data. (Case courtesy of the Medical University of South Carolina, Charleston, USA)

Currently, the race for more slices is on-going. 
In 2004, all major CT manufacturers introduced 
the next generation of multi-slice CT systems, with 
32, 40, and even 64 simultaneously acquired slices, 
which brought about a further leap in volume 
coverage speed. Whereas most of the scanners 
increase the number of acquired slices by increas-
ing the number of the detector rows, some of the 
new scanners use additional refined z-sampling 
techniques with a periodic motion of the focal 
spot in the z-direction (z-flying focal spot). This 
so-called double z-sampling technique can further 
enhance longitudinal resolution and image qual-
ity in clinical routine (Flohr 2003). With gantry 
rotation times down to 0.33 s, temporal resolution 
for ECG-gated examinations is again markedly 
improved. The progress in longitudinal spatial 
resolution from 4-slice to 64-slice CT can best be 
demonstrated with a z-resolution phantom, which 

consists of a Lucite plate with rows of cylindrical 
holes of different diameters aligned in the z-direc-
tion. The 4-slice CT scanner with 4 × 1-mm colli-
mation can resolve 0.8-mm objects. With 16 × 0.75-
mm collimation, 0.6-mm objects can be delineated. 
The latest 64-slice CT scanner technology using 
0.6-mm collimation and double z-sampling can 
routinely resolve 0.4mm objects, as demonstrated 
in Figure 3.3.

The most recent generation of CT systems will 
make CT angiographic examinations with sub-mil-
limeter resolution feasible in the pure arterial phase 
even for extended anatomical ranges. CT angiogra-
phy of the carotid arteries and the circle of Willis with 
64 × 0.6-mm slice, 0.375-s rotation time, and pitch 
1.5 requires only 5 s for a scan range of 350 mm, as 
shown in the clinical example in Figure 3.4. Whole-
body sub-millimeter CT angiography with a 1500-
mm scan range, 64 × 0.6-mm slice, 0.375-s rotation 



45

Object Size in mm
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5

4 x 1.0mm

16 x 0.75mm

64 x 0.6mm Double Z-Sampling

z

Scan Direction

z

Scan Direction

z

Scan Direction

Fig. 3.3. Spatial resolution in the longitudinal (z-) di-
rection for different multi-slice CT scanner technolo-
gies. A special resolution phantom containing cylin-
drical air-fi lled holes of different defi ned diameters in 
a Lucite plate was used. Whereas 16-slice CT scanners 
can resolve objects approximately 0.6 mm in size in 
the longitudinal direction, the latest 64-slice CT scan-
ners employing “double z-sampling” techniques can 
resolve objects down to 0.4 mm size in this direction

Fig. 3.4. Clinical example of a CT angiography of the carotid 
arteries and the circle of Willis in 3D volume-rendering display 
to illustrate the performance of the new 64-slice CT scanners 
with z-fl ying focal spot. Scan parameters: 120 kV, 150 effective 
mAs, 0.6-mm collimation, 0.375-s gantry rotation time, pitch 
1.4, scan time 6 s for 350-mm scan range. The arrow indicates a 
severe carotid artery stenosis. (Case courtesy of the University 
of Erlangen, Germany)

time, and pitch of 1.2–1.4 will be completed in only 
22–25 s (Fig. 3.5). Cardiac scanning will again ben-
efit both from increased spatial and temporal reso-
lution, facilitating the successful integration of CT 
coronary angiography into routine clinical algo-
rithms. The improved temporal resolution obtained 
with a gantry rotation time of 0.33 s has the poten-
tial to increase clinical robustness at higher heart 
rates, thereby significantly reducing the number of 
patients requiring heart-rate control.

Table 3.1 shows examples of scan protocols for 
different generations of CT scanners for illustra-
tion. Very useful up-to-date information regarding 
multi-detector row CT is also readily available on 
the Internet, for example, at the UK MDA CT website 
(www.medical-devices.gov.uk or at www.ctisus.org).

3.2 
Principles of Multi-slice CT System Design

The fundamental demands on a modern multi-
slice CT scanner for large-volume coverage can be 
summed up in the following two requirements:

3.2 · Principles of Multi-slice CT System Design
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Fig. 3.5. Example of a whole-body CT angiography examination using a 64-slice CT with 
z-fl ying focal spot. Blow-up displays of the individual anatomical regions demonstrate the 
uncompromised regional resolution. Scan parameters: 120 kV, 150 effective mAs, 0.6 mm 
collimation, 0.375-s gantry rotation time, pitch 1.4, scan time 24 s for 1570-mm scan range. 
(Case courtesy of the University of Erlangen and the University of Tübingen, Germany)

Table 3.1. Scan protocols for thorax scans for different generations of CT scanners. With 
older single-slice CT scanners, users had to trade-off longitudinal resolution in favor of 
scan speed

Collimation Rotation time Typical scan time 
for 35-cm range

Single-slice spiral (1992) e.g., 1 mm e.g., 0.75 s 175 s

e.g., 10 mm e.g., 0.75 s 17.5 s

Four slice (1998) e.g., 4 × 1 mm e.g., 0.5 s 29 s

16-slice (2001) e.g., 16 × 0.75 mm e.g., 0.5 s 10 s

64-slice (2003) e.g., 64×0.6-mm 
sampled at 0.3 mm

e.g., 0.33 s 5 s
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projections. Most modern CT scanners use “rebin-
ning”, which is an interpolation of the measured 
fan-beam data to parallel data, since parallel geom-
etry simplifies image reconstruction.

The overall performance of a CT system depends 
on several key components. These include the X-
ray source; a high-powered generator, detector, and 
detector electronics; data transmission systems 
(slip-rings); and the computer system for image 
reconstruction and manipulation.

State-of-the-art X-ray tube/generator combina-
tions provide a peak power of 60–100 kW, usually at 
various user-selectable voltages, e. g., 80, 100, 120, 
and 140 kV. Different clinical applications require 
different X-ray spectra and hence different kV set-
tings for optimum image quality and/or best pos-
sible signal-to-noise ratio at the lowest radiation 
dose. As an example, CT angiographic examinations 
generally benefit from a lower tube voltage (Schöpf 
2003). In a conventional tube design, an anode plate 
that is typically 160–220 mm in diameter rotates in a 
vacuum housing (Fig. 3.7a). The heat-storage capac-
ity of the anode plate and tube housing – measured 
in mega heat units (MHU)–determines the perfor-
mance level: the bigger the anode plate is, the larger 
the heat-storage capacity, and the more scan-seconds 
can be delivered until the anode plate reaches its 
temperature limit. Typically, a conventional state-of-
the-art X-ray tube has a heat-storage capacity of 5–9 
MHU, realized by thick graphite layers attached to 

1. Continuous data acquisition (the possibility to 
reconstruct images at any z position)

2. Ability to scan a long range in a short time with-
out compromising longitudinal (z) resolution

The first requirement calls for a spiral acquisition. 
The breakthrough in multi-slice spiral CT brought 
about in 1998 was due to the fact that it was able to 
fulfill the second requirement: maximum z resolu-
tion is defined by the longitudinal detector pixel size 
alone rather than by a combination of spiral pitch 
and detector collimation as in single-slice spiral 
scanners. Moreover, multi-slice spiral scanners pro-
vide the new feature of allowing the z-resolution to 
be specified in the image-reconstruction step, i.e., 
after the scan has been done.

The technical challenges of multi-slice CT are 
manifold: A detector capable of measuring several 
thousand channels at a time has to be built; the data 
have to be transferred to the image-reconstruction 
system, and a suitable reconstruction algorithm has 
to be provided.

The basic system components of a modern “third-
generation” CT system are shown in Figure 2.2. 
Third-generation CT scanners employ a “rotate/
rotate” geometry, in which both the X-ray tube and 
the detector rotate about the patient (Fig. 2.2d). In a 
multi-slice CT system, the detector comprises many 
rows of 700 and more detector elements that cover a 
scan field of view (SFOV) of usually 50 cm. The X-ray 
attenuation of the object is measured by the individ-
ual detector elements. Each measurement value is 
characterized by: (1) its projection angle α, i. e., the 
angular coordinate of the line connecting the center 
of the detector and the focal spot of the X-ray tube; 
(2) the fan angle β, i. e., the angle between each indi-
vidual detector element and this center-line; and (3) 
the slice-index m. All measurement values acquired 
at the same angular position of the measurement 
system, that is, at the same α, are called a projection 
of view. Typically, 1000 projections are measured 
during each 360° rotation. An alternative set of vari-
ables characterizing the measurement rays is θ, b, 
and m, where θ is the azimuthal angle and b denotes 
the distance of a ray from the iso-center (Fig. 3.6). α 
and β are used when projection data are in the form 
of fan-beam projections, θ and b are used to label 
rays when projection data are in the form of parallel 
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βobject
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Fig. 3.6. Defi nition of variables used to characterize the mea-
surement rays of a CT scanner. A parallel projection is ob-
tained by assembling rays from several fan-beam projections
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Anode
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X-rays

Fig. 3.7. A conventional X-ray tube (a) and a rotating-envelope tube (b). The electrons emitted by the cathode are represented 
by green lines, the X-rays generated in the anode are depicted as purple arrows. In a conventional X-ray tube, the anode plate 
rotates in a vacuum housing. Heat is mainly dissipated via thermal radiation. In a rotating-envelope tube, the anode plate con-
stitutes an outer wall of the tube housing and is in direct contact with the cooling oil. Heat is effectively dissipated via thermal 
conduction, and the cooling rate is signifi cantly increased. Rotating-envelope tubes have no moving parts and no bearings in 
the vacuum
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the backside of the anode plate. The heat produced in 
the anode during X-ray emission is mainly dissipated 
via thermal radiation, with only a small percent-
age released via thermal conduction (Fig. 3.7a). The 
moderate heat dissipation rates of 0.5–1.8 MHU/min 
usually limit the rate at which scans can be repeated 
as well as the maximum available power for each 
scan. Constructive efforts aim at increasing both the 
heat-storage capacity and the heat-dissipation rate, 
e.g., by increasing the anode diameter, using circular 
grooves in the anode support to increase the contact 
area for improved cooling, or by employing special 
liquid-metal vacuum bearings that allow for faster 
anode rotation. An alternative design is the so-called 
rotating-envelope tube, as illustrated in Figures 3.7b 
and 3.8. The anode plate constitutes an outer wall 
of the rotating tube housing; it is therefore in direct 
contact with the cooling oil and can be effectively 
cooled by thermal conduction. In this way, a very 
high heat-dissipation rate of 5 MHU/min is achieved, 
eliminating the need for heat storage in the anode, 
which consequently has a heat-storage capacity close 
to zero. Due to the rapid cooling of the anode, rotat-
ing-envelope tubes can perform high-power scans 
in rapid succession. With rotating-envelope tubes, 

Anodez-axis

Cathode

12 cm

Fig. 3.8. A rotating-envelope X-ray tube (STRATON tube, Sie-
mens, Forchheim, Germany). The tube design is very compact; 
the anode diameter is only 12 cm

up to five full-power 10-s spirals are possible within 
100 s (Schardt 2004). Ultimately, the performance 
of both conventional and rotating-envelope tubes is 
limited by the maximum heat dissipation of the CT 
system itself. Since there are no moving parts and 
no bearings in the vacuum, the tube design can be 
small and compact (anode diameter 12 cm) so that it 
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has the potential to better withstand the high gravi-
tational forces associated with gantry rotation times 
of < 0.4 s. Due to the central rotating cathode, per-
manent electromagnetic deflection of the electron 
beam is needed to position and shape the focal spot 
on the anode. Versatile electromagnetic deflection is 
a prerequisite for the flying focal spot in the z-direc-
tion that has been used in most of the recent 64-slice 
CT-systems.

With the increasing number of detector rows and 
decreasing gantry rotation times, the data-trans-
mission systems of multi-slice CT scanners must be 
capable of handling significant data rates. A 4-slice 
CT-system with 0.5-s rotation time roughly generates 
1000 × 700 × 4 × 2 Bytes = 5.6 MB of data per rotation, 
corresponding to 11.2 MB/s; a 16-slice CT-scanner 
with the same rotation time generates 45 MB/s, and 
a 64-slice CT-system can produce up to 180–200 MB/
s. This stream of data is a challenge for data trans-
mission off the rotating part of the gantry and for 
real-time data processing in the subsequent image-
reconstruction systems. In modern CT systems, con-
tactless transmission technology is generally used 
for data transfer; that is, either laser transmission or 
electromagnetic transmission with coupling between 
a rotating transmission ring antenna and a station-
ary receiving antenna. In the image-reconstruction, 
computer images are reconstructed at a rate of up to 
40 images/s using special array processors.

Modern CT systems generally use solid-state 
detectors. Each detector element consists of a radia-
tion-sensitive solid-state material (such as cad-
mium tungstate, gadolinium-oxide, or gadolinium 
oxisulfide with suitable dopings), which converts 
the absorbed X-rays into visible light. The light is 
then detected by a silicon photodiode. The resulting 
electrical current is amplified and converted into a 
digital signal. Key requirements for a suitable detec-
tor material are good detection efficiency and very 
short afterglow time to enable the fast gantry rota-
tion speeds that are essential for ECG-gated cardiac 
imaging. Gas detectors, such as the xenon detectors 
used in previous generations of single-slice CT sys-
tems, have meanwhile become obsolete due to their 
limited detection efficiency.

A CT detector must provide different slice widths 
to adjust the optimum scan speed, longitudinal res-
olution, and image noise for each application. With 
a single-slice CT detector, different collimated slice 
widths are obtained by pre-patient collimation of 
the X-ray beam (Fig. 3.9). Figure 3.9 shows a very 
elementary model of a 2-slice CT detector consisting 
of two detector rows generating 2 slices per rotation. 
Different slice widths are obtained by pre-patient 
collimation as the detector is separated midway 
along the z-extent of the X-ray beam.

For acquisition of more than 2 slices per rotation, 
this simple design principle must be replaced by a 
more flexible one, in which the number of detector 
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Fig. 3.9. Pre-patient collimation of the 
X-ray beam to obtain different colli-
mated slice widths with a single-slice CT 
detector or a dual-slice CT detector
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rows is greater than the number of simultaneously 
acquired slices. In order to be able to select different 
slice widths, several detector rows are electronically 
combined into a smaller number of slices according 
to the selected beam collimation and the desired 
slice width.

For the 4-slice CT systems introduced in 1998, two 
detector types have been commonly used. The fixed 
array detector consists of detector elements with 
equal sizes in the longitudinal direction. A represen-
tative example for this scanner type has 16 detector 
rows, each of them defining a collimated slice width 
in the center of rotation of 1.25 mm (Hu 1999, Hu 
2000, McCollough 1999). The total coverage in the 
longitudinal direction is 20 mm at iso-center; due 
to geometric magnification, the actual detector is 
about twice as wide. By pre-patient collimation and 
combination of the signals of the individual detector 
rows, the following slice widths (measured at iso-
center) are realized: 4 × 1.25, 4 × 2.5, 4 × 3.75, and 
4 × 5 mm (Fig. 3.10a). The same detector design can 
be used for an 8-slice version of this system, with 
collimated slice widths of 8 × 1.25 and 8 × 2.5 mm.

A different approach uses an adaptive array 
detector design, which comprises detector rows with 
different sizes in the longitudinal direction. Scan-
ners of this type have eight detector rows that can 
be combined to yield different slice-collimation set-
tings (Klingenbeck 1999, Ohnesorge 1999). Slice 
widths in the longitudinal direction range from 1 
to 5 mm (at iso-center) and allow for the following 
collimated slice widths: 2 × 0.5, 4 × 1, 4 × 2.5, 4 × 5, 
2 × 8, and 2 × 10 mm (Fig. 3.10b).

The selection of the collimated slice width deter-
mines the intrinsic longitudinal resolution of a 
scan. In a ""step-and-shoot"" axial mode, any mul-
tiple of the collimated width of one detector slice 
can be obtained by adding the detector signals 
during image reconstruction. In a spiral mode, the 
effective slice width – which is usually defined as 
the full width at half maximum (FWHM) of the 
spiral slice sensitivity profile (SSP) – is adjusted 
independently in the spiral interpolation process 
during image reconstruction. Hence, from the 
same data set, both narrow slices for high-resolu-
tion detail or 3D post-processing and wide slices 
for better contrast resolution or quick review and 
filming may be derived.

The established 16-slice CT systems generally 
have adaptive array detectors. One representative 
example for this scanner type uses 24 detector rows 
(Flohr 2002). The 16 central rows define a 0.75-mm 
collimated slice width at iso-center; the four outer 
rows on both sides define a 1.5-mm collimated slice 
width (Fig. 3.10c). The total coverage in the longitudi-
nal direction is 24 mm at iso-center. By appropriate 
combination of the signals of the individual detector 
rows, either 12 or 16 slices, each with a collimated 
slice width of 0.75 mm or 1.5 mm, can be acquired 
simultaneously. Most commercially available 16-
slice CT scanners use similar detector designs, 
partly with different collimation settings (e.g., 16 ×
 0.625 mm/16 × 1.25 mm or 16 × 0.5 mm/16 × 1mm/
16 × 2 mm collimated slice width).

In 2004, the latest generation of multi-slice CT 
systems providing more than 16 slices, up to 64 
slices per rotation, was introduced. One of the new 
scanners employs an adaptive array detector with a 
total of 40 detector rows and a special double z-sam-
pling technique that doubles the number of slices 
acquired per rotation. The 32 central detector rows 
of this scanner define a 0.6-mm collimated slice 
width at iso-center; the four outer rows on both sides 
define a 1-mm collimated slice width (Fig. 3.10d). 
When all 40 detector rows are illuminated, the total 
coverage in the longitudinal direction is 28.8 mm. 
Using a periodic motion of the focal spot in the 
z-direction (z-flying focal spot), two subsequent 
32-slice readings with a collimated slice width of 
0.6 mm are slightly shifted in the z-direction and 
combined to yield one 64-slice projection with a 
sampling distance of 0.3 mm at iso-center. With 
this double z-sampling technique, 64 overlapping 
0.6-mm slices per rotation are acquired. Alterna-
tively, 24 slices, each with a 1.2-mm slice width, can 
be obtained to provide the full longitudinal detec-
tor coverage of 28.8 mm.

Another 40-slice system design provides 40 slices 
based on an adaptive array detector design with 
40 × 0.625-mm or 32 × 1.25-mm collimation, with 
a coverage of 40 mm at iso-center (Fig. 3.10e). Other 
recently introduced 64-slice scanners employ fixed 
array detectors with 64 detector rows, with a thinnest 
collimated slice width of 0.5–0.625 mm, thus provid-
ing a total volume coverage of 32–40 mm (Fig. 3.10f). A 
direct comparison of the two different 64-slice detec-
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Fig. 3.10a–f. Examples of fi xed array detectors and adaptive array detectors used in commercially 
available multi-slice CT systems. a Fixed array detector of a 4- to 8-slice CT scanner, GE LightSpeed 
Plus and Ultra; b adaptive array detector of a 4-slice CT scanner (Siemens SOMATOM Sensation 
4 and Philips MX 8000); c adaptive array detector of a 16-slice CT scanner (Siemens SOMATOM 
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tor designs with 32 rows and double z-sampling vs. 
straight 64-row geometry is shown in Figure 3.11a–c. 
Whereas the straight 64-row concept can acquire 
four times more volume per rotation with sub-mil-
limeter slices than the previous 16-slice CT scan-
ners, double z-sampling can still allows the acquisi-
tion of two times more volume per rotation but also 
twice the amount of data per volume. This results in 

improved resolution and image quality compared to 
previous 16-slice CT scanners. Figure 3.11d shows a 
representative example of a detector module of a 64-
slice CT scanner that employs the double z-sampling 
technique. Each module consists of 40 × 16 detector 
pixels and the corresponding electronics. The anti-
scatter collimators are diagonally cut to open the 
view of the detector ceramics.

3.2 · Principles of Multi-slice CT System Design
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3.3 
Multi-slice CT Acquisition and 
Reconstruction for Body Imaging

With the advent of multi-slice CT, axial sequential 
scanning ("step-and-shoot" scanning) has remained 
in use only for few clinical applications, such as 
standard head scanning, high-resolution lung scan-
ning, perfusion CT, and interventional applications. 
A detailed theoretical description to predict the per-
formance of multi-slice CT in sequential mode can 
be found in (Hsieh 2001). However, spiral (or "heli-
cal") scanning is the method of choice for the vast 
majority of multi-slice CT examinations.

3.3.1 
Defi nition of the Pitch

An important parameter to characterize a spiral/
helical scan is the pitch. According to IEC (Interna-
tional Electrotechnical Commission 2002) specifica-
tions, the pitch is given by:

pitch = table feed per rotation / total width of the 
collimated beam (3.1)

This definition holds for single-slice CT and 
for multi-slice CT. It shows whether data acquisi-
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Fig. 3.11. Direct comparison of two different 64-slice detector designs shows that the 32-row design with double 
z-sampling (a) acquires double the amount of data per volume compared to a straight 64-row geometry (b). 
The double z-sampling technique with 0.6-mm detector collimation provides data samples at 0.3-mm sam-
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tion occurs with gaps (pitch > 1) or with overlap 
(pitch < 1) in the longitudinal direction. For a 4-
slice CT scanner with 4 × 1-mm collimation and 
a table-feed of 6 mm per rotation, pitch = 6/(4 × 1) 
= 6/4=1.5. With 16 × 0.75-mm collimation and a 
table-feed of 18 mm/rotation, pitch = 18/(16 × 0.75) 
= 18/12=1.5, too. In the early days of 4-slice CT, the 
term “detector pitch” was additionally introduced, 
and it accounts for the width of one single slice in the 
denominator. For a beam collimation of 4 × 1 mm, 
the beam consists of four sub-beams, each 1-mm 
wide at the center of rotation. With 6-mm table-feed 
per rotation, the detector pitch is pitchvol = 6/1=6. 
For the sake of clarity, the detector pitch should no 
longer be used.

3.3.2
The Cone-Angle Problem in Multi-slice CT

The 2D image-reconstruction approaches used in 
commercially available, single-slice CT scanners 
require that all measurement rays contributing to an 
image run in a plane perpendicular to the patient’s 
longitudinal axis. In multi-slice CT systems, this 
requirement is violated. For illustration of the cone-
beam effect, Figure 3.12 shows the geometry of a 
4-slice scanner in an exaggerated manner. The mea-
surement rays are tilted by the so-called cone-angle 
with respect to the center plane. The cone-angle is 
largest for the slices at the outer edges of the detec-
tor and it increases with an increasing number of 
detector rows if their width is kept constant. As a 
first approximation, the cone-angle is neglected in 
multi-slice CT reconstruction approaches. Then, 
the measurement rays are treated as if they travel 
perpendicular to the z-axis, and modified two-
dimensional image-reconstruction algorithms are 
used. The data, however, are then inconsistent, and 
cone-beam artifacts will be produced. These are 
most pronounced at high-contrast structures and 
increase with increasing distance of the object from 
the iso-center. Typical sources of cone-beam arti-
facts in medical images are the ribs or the pelvic 
bones (Fig. 3.13).

It has been demonstrated that cone-beam arti-
facts can be tolerated if the slice blurring δS does 
not exceed the half-slice collimation SWcoll/2 

(Klingenbeck 1999, Ohnesorge 1999, Ohnesorge 
2001) (for definitions, see Fig. 3.12). This condition 
holds generally true if the maximum number N of 
simultaneously acquired slices does not signifi-
cantly exceed N = 4 (Saito 1998). As a consequence, 
the image-reconstruction approaches of all commer-
cially available CT-systems with 4–6 slices, and of 
some with even more slices, neglect the cone-angle 
of the measurement rays and either extend 180° or 
360° single-slice spiral interpolation techniques to 
multi-slice spiral scanning (180° or 360° multi-slice 
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Fig. 3.12. Geometry of a 4-slice CT scanner demonstrating 
the cone-angle problem: the measurement rays are tilted by 
the so-called cone-angle with respect to the center plane. Top 
and bottom Two different view angles in an axial scan that are 
shifted by 180° so that the positions of X-ray tube and detector 
are interchanged. With a single-slice CT system, identical mea-
surement values would be acquired whereas with a multi-slice 
CT system, different measurement values are acquired
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linear interpolation; see Hu 1999) or they introduce 
generalized z-filter approaches (Taguchi 1998, 
Schaller 2000). While these approaches are fully 
adequate for 4–6 slice CT scanners, they will lead to 
artifacts and image-quality degradation if applied 
to spiral scanning with 16 and more slices. In this 
context, ECG-gated cardiac scanning requires spe-
cial attention. The heart is usually sufficiently cen-
tered and does not contain extended high-contrast 
structures that could be the source of cone-beam 
artifacts. Indeed, adequate results without cone cor-
rection are obtained for cardiac scanning with 16 
slices; only with 64 slices do cone-beam reconstruc-
tion approaches also become mandatory for ECG-
gated spiral CT (Flohr 2003) (Fig. 3.14).

3.3.3 
Multi-slice Spiral Reconstruction Neglecting the 
Cone-Beam Geometry

3.3.3.1 
180° and 360° Multi-slice Linear Interpolation

The 360° and 180° linear interpolation (LI) single-
slice spiral reconstruction approaches can be 
extended to multi-detector row spiral scanning in 
a straightforward way (Hu 1999, Schaller 2000, 
Hsieh 2003). Both 360° and 180° multi-slice linear 
interpolation (MLI) are characterized by a projec-
tion-wise linear interpolation between two rays on 
either side of the image plane. The cone-angle of 

Fig. 3.13. Typical cone-beam artifacts demonstrated for a CT system with 16 × 1.5-mm collimation. Axial 
slice (top) and MPR (bottom) for a spiral scan of a pelvic phantom at pitch 1. Left Conventional multi-slice 
spiral reconstruction neglecting the cone-angle of the measurement rays. Cone beam-artifacts at the pelvic 
bones are indicated by arrows. Right Cone-beam reconstruction adaptive multiple plane reconstruction 
(AMPR). Cone-beam artifacts are suppressed
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the measurement rays is not taken into account. In 
the 360° MLI spiral reconstruction approach, either 
rays measured at the same projection angle by dif-
ferent detector rows or rays measured in consecu-
tive rotations of the scanner (i.e., 360° apart) are 
used for spiral interpolation. In the 180° MLI spiral 
reconstruction approach, both direct and comple-
mentary rays are considered. At iso-center, direct 
and complementary rays interleave in the z-direc-
tion for selected pitch values. In this way, the dis-
tance between measured samples is significantly 
reduced and equals half the collimated slice width, 
SWcoll, which results in the desired narrow SSPs. 
Appropriate pitch values are 0.75 for 4-slice scan-
ning (Hu 1999) and 0.5625 or 0.9375 for 16-slice 
scanning (Hsieh 2003). Figure 3.15 schematically 
illustrates 180° and 360° MLI for the example of a 
4-slice CT scanner.

In general, scanners relying on 180° or 360° MLI 
techniques and extensions thereof provide selected 

discrete pitch values to the user – such as 0.75 and 
1.5 for 4-slice scanning (Hu 1999), or 0.5625, 0.9375, 
1.375, and 1.75 for 16-slice scanning (Hsieh 2003). 
The user has to be aware of pitch-dependent effec-
tive slice widths (s). For low-pitch scanning (at pitch 
= 0.75 using 4 slices and at pitch = 0.5625 or 0.9375 
using 16 slices), SW ~ SWcoll, and for a collimated 
1.25-mm slice the resulting effective slice width stays 
at 1.25 mm. The narrow SSP, however, is achieved by 
a 180° MLI reconstruction using conjugate inter-
polation at the price of increased image noise (Hu 
1999, Hsieh 2003). For high-pitch scanning (at p = 
1.5 using 4 slices and at pitch = 1.375 or 1.75 using 
16 slices), SW ~ 1.27SWcoll, and a collimated 1.25-
mm slice results in an effective 1.5- to 1.6-mm slice. 
When comparing dose and image noise for differ-
ent pitch values, widening of the SSP has to be taken 
into account. To obtain the same image noise as in 
an axial scan with the same collimated slice width, 
0.73–1.68 times the dose depending on the spiral 

4 x 1 mm 16 x 0.75 mm

32 x 0.75 mm 64 x 0.75 mm

Fig. 3.14. Cone-beam artifacts in cardiac CT. MPRs along the left anterior descending (LAD) coronary 
artery of an anthropomorphic heart phantom for virtual scanner geometries with collimations of 4 × 1, 
16 × 0.75, 32 × 0.75, and 64 × 0.75 mm. ECG-gated reconstruction neglecting the cone-angle of the mea-
surement rays. Deviating from general radiology applications, the MPRs show no signifi cant cone-beam 
artifacts for up to 16 slices. For 32 slices, the MPRs begin to suffer from such artifacts; see the stents in the 
LAD. For 64 slices, MPRs show severe cone-beam artifacts
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pitch is required, with the lowest dose at the highest 
pitch (Hsieh 2003). Some manufacturers provide a 
semi-automatic adaptation of the mA value to keep 
the image noise constant if the pitch is changed. 
When selecting the scan protocol for a particular 
application, scanning at low pitch optimizes image 
quality and longitudinal resolution at a given colli-
mation, yet at the expense of increased dose of radia-
tion to the patient. To reduce patient dose, high pitch 
values should be chosen

3.3.3.2 
z-Filter Approaches

In a z-filter multi-slice spiral reconstruction (Tagu-
chi 1998, Schaller 2000), the spiral interpolation 
for each projection angle is no longer restricted to 
the two rays in closest proximity to the image plane. 
Instead, all direct and complementary rays within a 
selectable distance from the image plane contribute 
to the image. The weighting function for the rays 
is selectable, which allows adjustment of both the 
functional form and the FWHM of the spiral SSP. 
Still, the cone-angle is neglected. A representative 
example for a z-filter approach is the adaptive axial 
interpolation (Schaller 2000), which is illustrated 
in Figure 3.16. Another example is the MUSCOT algo-
rithm (Taguchi 1998). With z-filtering, the system 
can trade-off z-axis resolution (SSP) for image noise 
(which directly correlates with required dose). With 
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Fig. 3.15. Schematic illustration of 180° and 360° multi-slice 
linear interpolation (MLI) for a 4-slice CT system at pitch 0.75. 
The projection angle of the central channels of the 4 detector 
rows (in degrees) is indicated as a function of their relative 
z-positions (in multiples of the collimated slice width). In a 
full rotation (360°), the detector travels three collimated slice 
widths, and the z-positions that were sampled by detector row 
4 are now again sampled by detector row 1. For 360° MLI, rays 
measured at the same projection angle are used; these may 
be either taken from subsequent rotations or from different 
detector rows in the same rotation. For the projection angle in-
dicated in this example (90°), data from detector rows 2 and 3 
are used, and the sampling distance equals the collimated slice 
width (two dark arrows). For 180° MLI, complementary rays 
from opposite directions are used; these are shifted by 180° in 
the center of rotation. In this example, the direct interpolation 
partner from row 3 at 90° is replaced by a complementary one 
from row 1 and row 4 at 270° (dashed light-gray line). The 
sampling distance is now half the collimated slice width, which 
results in the desired narrow slice sensitivity profi le
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Fig. 3.16. A z-fi lter reconstruction (adaptive axial interpolation) for a 
4-slice CT system at pitch 0.75 (similar to Fig. 3.14). Contributions from 
all projections at corresponding or opposite projection angles within a 
selectable distance from the image plane are used, as indicated by the 
two boxes at 90° and 270°. The weight of the contribution depends on 
the distance of the respective measurement ray from the image plane. 
The weighting function h(z) (right) is selectable
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the adaptive axial interpolation, the spiral pitch 
is freely selectable in the range 0.5–2.0, and the 
same effective slice width, defined as the FWHM 
of the spiral SSP, is generated at all pitch values 
(Klingenbeck 1999, Schaller 2000, Fuchs 2000). 
Therefore, longitudinal resolution is independent of 
the pitch, deviating from single-slice spiral CT and 
from multi-slice CT relying on 180°and 360°MLI (Hu 
1999, Hsieh 2003). Figure 3.17 shows the SSPs of the 
2-mm slice (for 4 × 1-mm collimation) and MPRs of a 
spiral z-resolution phantom for selected pitch values. 
As a consequence of the pitch-independent spiral 
slice width, the image noise for fixed mA (fixed tube 
current) would decrease with decreasing pitch due 
to the increasingly overlapping spiral acquisition. 
Instead, the user selects an “effective” mAs value, 
and the tube current (mA) is then automatically 
adapted to the pitch of the spiral scan to compensate 
for dose accumulation. The dose for fixed effective 

mAs is independent of the spiral pitch and equals the 
dose of an axial scan with the same mAs.

In conclusion, when using z-filter multi-slice 
spiral reconstruction approaches, changing the 
pitch in multi-slice CT does not change the radiation 
dose to the patient, which is not the case in single-
slice spiral CT. Accordingly, using higher pitch in 
multi-slice CT does not result in dose reduction, 
which is an important practical consideration with 
CT systems, in particular those applying adaptive 
axial interpolation reconstruction algorithms.

The intrinsic resolution of a multi-slice spiral CT 
scan is determined by the choice of collimation, e.g., 
4 × 1 or 4 × 2.5-mm. With z-filtering, retrospective 
reconstruction of images with different slice widths 
from the same CT raw data set is possible. Only slice 
widths equal to or larger than the collimation of 
one slice can be obtained. In many cases, both thick 
slices for initial viewing and filming and thin slices 
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of the 2-mm slice (for 4 × 1-mm collimation) at selected pitch values. The functional forms of the 
SSPs, and hence the slice widths, are independent of the pitch. Bottom MPRs of a spiral z-resolution 
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for detail diagnosis or as an input for advanced 3D 
post-processing are routinely reconstructed. For 
a 1.25-mm spiral slice width reconstructed from a 
4 × 1-mm collimation, only a factor 0.61–0.69 of the 
dose is required to maintain the image noise of an 
axial scan at the same collimation, depending only 
slightly on the spiral pitch (Fuchs 2000). In contrast 
to 180° and 360° MLI, image noise is therefore prac-
tically independent of the pitch at constant dose.

For optimum image quality, a narrow collima-
tion relative to the desired slice width is preferable 
(Schaller 2000). Except for a minor dose increase 
due to the different relative contributions of the pen-
umbra zones of the dose profile, scanning at narrow 
collimation does not result in a higher radiation 
dose to the patient, as long as the effective mAs is 
kept constant. Narrow collimation scanning should 
therefore be the protocol of choice for all applica-
tions that require 3D post-processing as part of the 
clinical evaluation. In the clinical management of 
uncooperative patients or trauma victims, or for 
protocols such as routine oncological staging, the 
use of wider collimation can be considered. Opti-
mal suppression of spiral artifacts is achieved by 
using narrow collimation relative to the desired slice 
width and by reducing the spiral pitch. In general, 
more challenging clinical protocols, such as exami-
nations of the spine and base of the skull, rely on a 
combination of narrow collimation and low pitch.

Some manufacturers who use z-filter approaches 
do not provide completely free selection of the spiral 
pitch, but recommend a selection of fixed pitch 
values aimed at optimizing the z-sampling scheme 
and reducing spiral artifacts, such as pitch 0.625, 
0.75, 0.875, 1.125, 1.25, 1.375, and 1.5 for 4-slice scan-
ning (Taguchi 1998).

3.3.4 
Multi-slice Spiral Reconstruction with 
Cone-Beam Algorithms

3.3.4.1 
Overview of Cone-Beam Reconstruction 
Algorithms

For CT scanners with 16 and more slices, modified 
reconstruction approaches accounting for the cone-

beam geometry of the measurement rays have to be 
considered. All commercially available multi-slice CT 
systems providing cone-beam reconstruction rely on 
approximate algorithms. Although these algorithms 
are theoretically not exact, image artifacts may be 
controlled for moderate cone-angle and moderate 
number of simultaneously acquired slices and kept 
at a level tolerable for medical CT. Some manufactur-
ers extend the Feldkamp algorithm (Feldkamp 1984, 
Grass 2000), an approximate 3D filtered back-projec-
tion reconstruction originally introduced for axial 
scanning, to multi-slice spiral scanning (Wang 1993, 
Schaller 1998, Hein 2003). Other manufacturers 
use variations and extensions of nutating slice algo-
rithms (Larson 1998, Turbell 1999, Proksa 2000, 
Kachelrieß 2000, Bruder 2000), which split the 3D 
reconstruction task into a series of conventional 2D 
reconstructions on tilted intermediate image planes. 
Representative examples are the adaptive multiple 
plane reconstruction (AMPR) (Schaller 2001, 
Flohr 2003) and the weighted hyperplane recon-
struction (WHR) (Hsieh 2001, Hsieh 2003).

3.3.4.2 
3D Filtered Back-Projection

An example of a 3D convolution-back-projection 
reconstruction is the true cone-beam tomography 
(TCOT) algorithm implemented in some of the newer 
16-slice and 32-slice scanners. In this approach, the 
measurement rays undergo a filter operation (con-
volution) in the fan-angle direction and are then 
back-projected into a 3D volume along the lines of 
measurement, thus accounting for their cone-beam 
geometry. To reconstruct a pixel i located at the 
co-ordinates (xi, yi) on the image plane of interest 
(Fig. 3.6), the ray that passes from the X-ray source 
through the pixel to the detector array is selected 
for each projection angle (Hein 2003). The filtered 
detector values for all ray sums passing through the 
pixel for all views are summed up and normalized 
to create the final reconstructed image. However, 3D 
back-projection is computationally demanding and 
requires dedicated hardware to achieve acceptable 
image-reconstruction times.

Recently, it has been shown that the choice of the 
proper direction along which the data should be fil-
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tered is of critical importance for the image quality 
achieved with 3D filtered back-projection (Stier-
storfer 2004). If the fan-beam projections are fil-
tered along the fan-angle direction β, as proposed 
in the original Wang algorithm (Wang 1993), severe 
artifacts appear for larger cone angles. Filtering of 
the data in the direction of the spiral tangent can 
markedly improve image quality. A good approxi-
mation is filtering of the data in the p-direction after 
rebinning to parallel geometry.

3.3.4.3 
Adaptive Multiple Plane Reconstruction 

The AMPR-approach (Schaller 2001, Flohr 2003) is 
an extension and generalization of advanced single-
slice rebinning (ASSR) (Larson 1998, Kachelrieß 
2000). AMPR allows for free selection of the spiral 
pitch with optimized dose utilization, which is ben-
eficial for medical applications. With ASSR, a partial 
scan interval (~ 240° of scan data) is used for image 
reconstruction. The image planes are no longer per-
pendicular to the patient axis; instead, they are tilted 
to match the spiral path of the focal spot (Fig. 3.18a). 

For every view angle in this partial scan interval, the 
focal spot is positioned in or nearby the image plane, 
i.e., measurement rays running in or very close to 
the image plane are available. These conditions need 
to be fulfilled for a standard 2D reconstruction. In a 
final z-reformation step, the traditional axial images 
are calculated by an interpolation between the tilted 
original image planes. ASSR encounters its limita-
tions when the spiral pitch is reduced to make use 
of the overlapping spiral acquisition and the result-
ing dose accumulation When a range of projection 
angles much larger than π (in parallel geometry) for 
an image are used, it becomes impossible to opti-
mally fit the image plane to the spiral path. The 
AMPR algorithm (Schaller 2001, Flohr 2003) 
addresses this problem: instead of using all available 
data for one single image, the data are distributed 
to several partial images on double-oblique image 
planes, which are individually adapted to the spiral 
path and fan out like the pages of a book (Fig. 3.18b). 
To ensure full use of the dose, both the number of 
partial images (the number of "pages" in the book) 
and the length of the data interval per image depend 
on the spiral pitch (Fig. 3.19a). The final axial (or 
arbitrarily oriented) images are calculated by a z-
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Fig. 3.18. The advanced single-slice rebinning (ASSR) (a) and AMPR (b) approaches. a In the ASSR approach, the image plane 
is attached to the focus at reference projection angle θr = 0 (left side). It is tilted by an angle γ around the x-axis. A parallel 
projection at projection angle θ = π/2 is indicated. The dots represent the focus positions for selected rays within this parallel 
projection. The reconstruction plane optimally fi ts the spiral path in a projection angle range [-π/2 , π/2]. b The AMPR approach 
for a 16 slice detector at pitch = 0.75 using the same perspective as in a. Three double-oblique image planes are attached to the 
focus at reference projection angle θr = 0 (left side). The three image planes fan out like the pages of a book. A parallel projec-
tion at projection angle θ = π/2 is indicated

a b
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interpolation between the tilted partial image planes 
(Fig. 3.19b). The shape and the width of the z-inter-
polation functions are selectable. Different SSPs and 
different slice widths can therefore be adjusted, so 
that z-axis resolution (SSP) can be traded off with 
image noise. The spiral pitch is freely selectable and 
slice width, and consequently z-axis resolution, are 
independent of the pitch. The concepts of effective 
mAs and automatic adaptation of the tube current 
to the pitch also apply to AMPR.

With the AMPR approach, good image quality 
is obtained for all pitch values between 0.5 and 1.5 
(Flohr 2002). Figure 3.20 shows an axial slice and a 
MPR of an anthropomorphic thorax phantom. Scan 
data for 16 × 0.75-mm collimation at pitch 1 was 
reconstructed with 1-mm slice width, using z-filter-
ing (top), the AMPR algorithm (center), and 3D back-
projection (bottom). If the cone-angle is neglected, 
artifacts are created for high-contrast objects and 
geometric distortions occur, particularly in MPRs 
(top). Both AMPR (center) and 3D back-projection 
(bottom) restore the spatial integrity of high-con-
trast objects, reduce cone-beam artifacts, and are 
fully equivalent for 16-slice scanning. Recent studies 

have demonstrated the adequacy of extended ver-
sions of AMPR for medical CT systems with up to 64 
rows (Stierstorfer 2002). The remaining artifacts 
shown in Figure 3.20 are spiral interpolation artifacts 
(“windmill” artifacts), as opposed to cone-beam arti-
facts. Windmill artifacts are not related to the cone-
beam geometry but result from the finite width of 
the detector rows, which thus requires interpolation 
between them for image reconstruction. Hence, they 
occur independently of the reconstruction approach. 
They are exaggerated in the mathematical phantom 
shown and can be reduced by either decreasing the 
pitch and/or increasing the reconstruction slice width 
relative to the collimation.

Multi-slice spiral scanning using AMPR is char-
acterized by the same key properties as adaptive 
axial interpolation, as discussed above for z-filter 
reconstruction. Thus, all recommendations regard-
ing the selection of collimation and pitch that were 
discussed above also apply for AMPR. In particular, 
changing the pitch does not change the radiation 
exposure to the patient, and using higher pitch does 
not result in dose saving. Narrow collimation scan-
ning should be performed whenever possible.

Fig. 3.19a, b. Adaptive multiple plane reconstruction AMPR. a Multi-slice spiral data are divided into over-
lapping pitch-dependent segments. As an intermediate step for each of these segments, partial images are 
reconstructed on double-oblique image planes that are adapted to the local curvature of the spiral and open 
like the pages of a book. b The resulting images on axial planes are generated via z-reformatting, similar 
to MPR post-processing

a b
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Fig. 3.20. Axial slice and MPR of an anthropomorphic thorax phantom. Scan data 
for 16 × 0.75-mm collimation at pitch 1 was reconstructed with 1-mm slice width 
and z-fi ltering, neglecting the cone-angle of the measurement rays (top), with the 
AMPR algorithm (center), and with 3D back-projection with optimized fi lter direc-
tion (bottom). Neglecting the cone-angle leads to artifacts for high-contrast objects, 
particularly in MPRs (top). Both AMPR (center) and 3D back-projection (bottom) 
reduce cone-beam artifacts and are fully equivalent for 16-slice scanning

3.3.4.4 
Weighted Hyperplane Reconstruction

The concepts used in WHR, (described in Hsieh 
2001, Hsieh 2003) are related to those used in AMPR, 
yet are derived in a different way. Similar to AMPR, 
3D reconstruction is split into a series of 2D recon-
structions. Instead of reconstructing traditional 
axial slices, convex hyper planes are proposed as 
the region of reconstruction. The increasing spiral 
overlap with decreasing pitch is handled by intro-
ducing subsets of detector rows, which are sufficient 

to reconstruct an image at a given pitch value. At 
pitch = 0.5625 with a 16-slice scanner, the data col-
lected by detector rows 1–9 form a complete projec-
tion data set. Similarly, projections from detector 
rows 2–10 can be used to reconstruct another image 
at the same z-position; projections from detector 
rows 3–11 yield a third image, and so on. In a way, 
these “sub-images” are related to the “book pages” 
of AMPR. The final image is based on a weighted 
average of the sub-images. In Hsieh (2003), good 
image quality for a 16-slice CT system is demon-
strated using the WHR approach.
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3.3.4.5 
Double z-Sampling

In 2004, a new concept for multi-slice spiral scan-
ning was introduced that makes use of a periodic 
motion of the focal spot in the longitudinal direction 
to improve data sampling along the z-axis (Flohr 
2004). By permanent electromagnetic deflection of 
the electron beam in a rotating-envelope X-ray tube 
(see above), the focal spot is wobbled between two 
different positions on the anode plate. Due to the 
anode angle of typically 7–9° this translates into 
motion both in the radial direction and the z-direc-
tion (Fig. 3.21). The radial motion is a side-effect 
that has to be taken care of by the image-recon-
struction algorithms, most favorably in the “rebin-
ning” procedure, which is the interpolation of the 
measured fan-beam data to parallel geometry. The 
amplitude of the periodic z-motion is adjusted such 
that two subsequent readings are shifted by half a 
collimated slice width in the patient’s longitudinal 
direction (Fig. 3.22). Therefore, the measurement 
rays of two subsequent detector read-outs with col-
limated slice width SWcoll interleave in the z-direc-
tion, and every two N-slice readings are combined 
to one 2N-slice projection with a sampling distance 
of SWcoll/2 (Fig. 3.22).

The most recent multi-slice CT system using 
double z-sampling has a detector that provides 32 
collimated 0.6-mm slices. Two subsequent 32-slice 

detector read-outs are combined to one 64-slice pro-
jection with a sampling distance of 0.3 mm at iso-
center. With this technique, 64 overlapping 0.6-mm 
slices per rotation are acquired. The sampling scheme 
is identical to that of a 64 × 0.3-mm detector, and the 
AMPR algorithm is used for image reconstruction. 
In this way, spatial resolution in the longitudinal 
direction is increased, thus providing a measur-
able longitudinal spatial resolution of 0.33 mm, and 
objects below 0.4 mm in diameter can be routinely 
resolved at any pitch (Fig. 3.23). Another, clinically 
even more relevant benefit of double z-sampling is 
the suppression of spiral windmill artifacts at any 
pitch (Fig. 3.24, 3.25). Double z-sampling provides 
a sampling distance of SWcoll/2 independent of the 
pitch. The improved sampling along the z-direction 
is not restricted to the iso-center, but is maintained 
over a wide range of the SFOV. Longitudinal resolu-
tion is therefore not severely degraded for off-center 
objects. This is a major difference in approaches 
that attempt to improve longitudinal resolution by 
the choice of optimized small pitch values, so that 
data acquired in different rotations interleave in 
the z-direction. In this case, a sampling distance of 
SWcoll/2 is achieved close to iso-center only.

In conclusion, 16- and 64-slice spiral scanning 
with cone-beam reconstruction techniques enables 
scanning of large scan ranges with sub-millimeter 
resolution and superb image quality. The ability 
to provide sub-millimeter volume coverage repre-

Electron beam

Cathode

Housing Anode

X-rays

z

Fig. 3.21. A rotating-envelope X-ray tube (Siemens STRATON, 
Forchheim, Germany) with z-fl ying focal spot technique. The 
entire tube housing rotates in an oil bath. The anode plate 
is in direct contact with the cooling oil. The central cathode 
also rotates, and permanent electromagnetic defl ection of the 
electron beam is needed to control the position and the shape 
of the focal spot. The electromagnetic defl ection unit can be 
used to switch the focal spot between two different positions 
on the anode plate (indicated by two asterisks). Due to the 
anode angle of typically 7–9°, this translates into a motion 
both in the radial direction and the z-direction
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Fig. 3.22a, b. Principle of improved z-sampling with the z-fl ying focal spot technique. a Due to a 
periodic motion of the focal spot in the z-direction, two subsequent N-slice readings are shifted by 
half a collimated slice width (SWcoll/2) at iso-center and can be interleaved to one 2N-slice pro-
jection. Improved z-sampling is not only achieved at iso-center, but maintained over a wide range 
of the SFOV. The simultaneous radial motion of the focal spot in an actual X-ray tube has been 
omitted to simplify the drawing. b The improved z-sampling with the z-fl ying focal spot technique 
provides consistent resolution of smaller objects due to a fi ner sampling scheme

b

a

sents a significant performance enhancement over 
4-slice CT systems. The latest 64-slice CT scanners 
even allow for coverage of arbitrarily large scan 
ranges without compromising on spatial resolu-
tion. Therefore, 16-slice CT scanners and, even 
more, 64-slice CT scanners are very well-suited 
for angiographic applications in all body regions 
(Figs. 3.26–3.28), which represents one of the most 
rapidly emerging applications. The use of the latest 
16- and 64-slice CT scanners in cardiac applica-
tions requires special ECG-gated scan and recon-
struction techniques, which will be introduced in 
the following chapters.
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Fig. 3.23. Demonstration of spatial resolution at 
iso-center for the evaluated 64-slice CT scanner 
(SOMATOM Sensation 64, Siemens, Forchheim, 
Germany). The bar patterns of the high-reso-
lution insert of the CATPHAN (computer-as-
sisted tomography phantom, standardized for 
contrast and resolution measurements) have 
been aligned in the longitudinal direction (at 
iso-center). Scan data have been acquired with 
64 × 0.6-mm slices using the z-fl ying focal spot 
and a sharp body reconstruction kernel (B70). 
Independent of the pitch, the bar patterns down 
to 0.33 mm bar diameter are visible

Fig. 3.24. Reduction of 
spiral artifacts with the 
z-fl ying focal spot tech-
nique. Left Head specimen 
scanned with 32 × 0.6-
mm collimation at pitch 
1.4, without z-fl ying focal 
spot. Right Head speci-
men scanned at the same 
pitch with 64 × 0.6-mm 
slices using the z-fl ying 
focal spot technique. Due 
to the improved longi-
tudinal sampling, spiral 
interpolation artifacts 
(the windmill structures 
indicated by the arrows) 
are suppressed without 
degradation of z-axis 
resolution
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Fig. 3.25. Reduction of spiral artifacts with the z-fl ying focal spot technique. Left Axial slice at the level of the shoulder scanned 
with 32 × 0.6-mm collimation at pitch 1.4, without z-fl ying focal spot. Right The same patient and the same z-position scanned 
with the same pitch with 64 × 0.6-mm slices using the z-fl ying focal spot technique. Due to the improved longitudinal sampling, 
spiral interpolation artifacts that appear as pronounced streaks propagating from left to right are suppressed without degrada-
tion of z-axis resolution

Fig. 3.26a–e. Case examples of 16-slice CT angiography examinations using a CT scanner with 16 × 0.75-
mm collimation. High-resolution CT angiography of the aorta and iliac arteries with a 1200-mm scan 
range, visualized in an angiographic-type maximum intensity projections (MIP) display (a) and volume-
rendering technique (b). CT angiography examinations of the digital arteries (c), the carotid arteries 
with an inserted stent (d), and the cerebral vessels (e). (Case courtesy of a, b the University of Tübingen, 
Germany, and c–e the University of Munich, Grosshadern Clinic, Germany)
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Fig. 3.27a–f. Case examples of 64-slice CT angiography examinations using a CT scanner with 0.6-mm collimation and double 
z-sampling technique. Whole-body CT angiography examination with 0.4-mm resolution and 1570-mm scan range (a). Pure 
arterial-phase carotid artery examination in 5-s scan time (b). CT angiography of a dissection of the abdominal aorta with 
excellent visualization of calcifi cations and small-caliber abdominal vessels (c). Detection of pulmonary embolism in a patient 
with chest pain within a breath-hold time of 5 s (d). CT angiography of the mesenteric arteries in a patient with acute bowel 
ischemia (e). Display of small vessels with calibers of < 1 mm originating from the thoracic aorta perpendicular to the scan 
axis (f). (Cases courtesy of the University of Erlangen, Germany)
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Fig. 3.28. Direct comparison of a CT angiography of the ca-
rotid arteries in the same patient, performed with a 16-slice CT 
at 0.75-mm collimation and with a 64-slice CT using 0.6-mm 
collimation and double z-sampling technique. Image quality 
can be greatly improved using 64-slice CT and with signifi -
cantly shorter scan times due to the absence of strong venous 
overlap. (Case courtesy of the University of Munich, Grosshad-
ern Clinic, Germany)
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4.1 
Basic Performance Requirements for CT 
Imaging of the Heart

To virtually freeze cardiac motion and avoid motion-
artifacts, very short exposure times are needed for 
the acquisition of transaxial slices. High temporal 
resolution is particularly important for imaging 
the coronary arteries, as they are located very close 
to the heart muscles and show strong movement 
during the cardiac cycle. Due to the very complex 3D 
motion pattern of the heart, the intensity of move-
ment varies for different cardiac anatomies and dif-
ferent coronary vessels, and within the cardiac cycle. 
The strongest movement is present during contrac-
tion of the atria and ventricles in systole. The short 
end-systolic rest phase is followed by a continuous-
filling phase of the ventricles during diastole that 
slows down towards mid- and end-diastole. This 
motion pattern can be measured by the dislocation 
of the left ventricular wall, the aortic valve flaps, and 
the different segments of the coronary arteries in 
representative transaxial planes (Fig. 4.1a) (Achen-
bach 2000). The least amount of movement of the 
major cardiac anatomy and the coronary arteries, 
and thus the least amount of dislocation over time, 
is observed in end-systole and mid- to end-diastole 
of the cardiac cycle (Fig. 4.1a). While the duration of 
the end-systolic phase (approximately 100–150 ms) 
is more or less independent of the present heart rate 
(and the related RR-interval time), the duration of 
the phase with the least cardiac motion during dias-
tole narrows with increasing heart rate (Fig. 4.1b). 
For low heart rates, the end-systolic phase is much 
shorter than the diastolic rest phase, but the dif-
ference decreases with increasing heart rate. For 
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higher heart rates, the diastolic rest phase can be 
even shorter than the end-systolic rest phase.

The cardiac anatomy should be imaged during 
those phases of cardiac cycle in which there is the 
least movement; that is, when the least blurring due 
to motion artifacts is to be expected. Thus, image 
acquisition and reconstruction need to be synchro-
nized as accurately as possible to the movement 
of the heart, i.e., by using ECG information that is 
recorded in parallel to the CT scan acquisition. Since 
the fastest gantry rotation speeds of today’s multi-
slice CT scanners are between 0.5 s up to 0.33 s per 
rotation, imaging of the heart is usually performed 
during the diastolic rest phase of the cardiac cycle, 
as the achievable temporal resolution is usually 
not sufficient to reliably eliminate cardiac motion 
during other phases of the cardiac cycle. However, 
with CT gantry rotation speeds becoming even 
faster, imaging in the end-systolic rest phase may 
also become feasible.

According to a rough estimation, a temporal res-
olution of about 250 ms is appropriate for motion-
free imaging in the diastolic rest phase up to a heart 
rate of about 60 bpm, about 200 ms up to a heart rate 
of 70 bpm, and approximately 150 ms for clinically 

usual heart rates up to 90 bpm (Fig. 4.1b). It can be 
expected that a temporal resolution of about 100 ms 
is sufficient for imaging the heart during the dia-
stolic or end-systolic rest phase also at high heart 
rates (Achenbach 2000). Image acquisition during 
other phases of the cardiac cycle (e.g., systole) with 
rapid cardiac motion is needed for evaluation of car-
diac function. Motion-free imaging during phases 
other than the diastolic and end-systolic rest phases 
requires a temporal resolution of about 50 ms 
(Stehling 1991) and is usually not possible with 
state-of-the-art CT systems. Thus, only the larger 
cardiac anatomy or cardiac anatomy with low motion 
amplitudes should be assessed during phases of high 
cardiac motion.

Many structures of the cardiac morphology, 
especially the coronary arteries and the cardiac 
valves including the valve flaps, represent small 
and complex 3D structures that require very high 
and, at best, sub-millimeter isotropic spatial reso-
lution with longitudinal resolution close or equal 
to in-plane resolution. The most proximal coro-
nary segments and the distal segments of the right 
coronary artery (RCA) are directed parallel to the 
image plane, while the middle segments are directed 
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perpendicular to the image plane. The lumen diam-
eter of the main segments of the coronary artery 
tree ranges from 4 mm (left main coronary artery) 
down to about 1 mm (peripheral left main coronary 
artery and circumflex). Detection and quantifica-
tion of coronary stenosis with the ability to differ-
entiate a 20% change in the diameter of the vessel 
lumen for the larger-caliber vessels represents a 
viable goal for cardiac CT imaging. To achieve this, 
CT systems need to provide a spatial resolution in 
all three dimensions (isotropic) of at least 0.5 mm 
for visualization of the main coronary vessels and of 
smaller branches. Thus, in-plane and through-plane 
resolution significantly below 1 mm are needed to 
assess the main coronary segments, including nar-
rowing and plaques. Less spatial resolution is suf-
ficient for assessment of the larger cardiac anatomy, 
such as the myocardium and the cardiac chambers. 
However, scans should a priori be acquired at best 
possible spatial resolution, as lower spatial resolu-
tion can be generated via data post-processing.

In addition to high spatial resolution, sufficient 
contrast-to-noise ratio is important to resolve small 
and low-contrast structures, such as atherosclerotic 
coronary plaques, with different attenuation prop-
erties. Appropriate low-contrast resolution has to 
be provided with limited radiation exposure at the 
shortest possible exposure time. For most cardiac 
applications, appropriate contrast enhancement 
of the cardiac vessels and the cardiac anatomy is 
achieved with peripheral injection of contrast agent 
and optimized timing of the bolus. Sufficient con-
trast enhancement is particularly important for 
imaging the distal coronary segments, as they are 
located very close to the myocardium and are sepa-
rated from it only by a thin layer of epicardial fat. 
Only the assessment of cardiac and coronary calcifi-
cation is possible without administration of contrast 
agents.

Scan acquisition within a single and short breath-
hold time is mandatory for minimizing the amount 
of contrast material needed for vascular enhance-
ment and to avoid respiratory artifacts. Breath-hold 
times of 20 s or less are appropriate for stable patients 
but 10 s or less are preferable for less stable, dyspneic 
patients. Ideally, a complete data set of the entire 
heart anatomy would be acquired within a single 
phase of the cardiac cycle without patient move-

ment, but CT technology today, and presumably in 
the near future, does not provide sufficient detec-
tor width to cover the entire heart volume within a 
single heartbeat. Instead, images at consecutive z-
positions that continuously cover the heart volume 
need to be generated from data acquired in different 
cardiac cycles. A virtually «frozen» cardiac volume 
can only be produced by phase-consistent synchro-
nization of the acquisition to the movement of the 
heart using simultaneously recorded ECG informa-
tion. A reasonably stable sinus rhythm without rapid 
arrhythmic changes provides the best 3D images of 
the cardiac anatomy. Functional information can 
be derived if cardiac volume images can be gener-
ated in different phases of the cardiac cycle, e.g., as 
a basis for quantitative evaluation.

Cardiac imaging is obviously a highly demand-
ing application for CT, since the temporal, spatial, 
contrast resolutions as well as scan time have to be 
optimized simultaneously, and radiation exposure 
has to be limited to levels of related imaging modali-
ties, such as invasive diagnostic coronary angiogra-
phy or nuclear imaging studies. These conflicting 
performance requirements have to be fulfilled and 
optimized for the particular application at the same 
time and within the same cardiac scan protocol. 
Optimization of one performance cornerstone alone 
(e.g., high temporal resolution, low radiation expo-
sure) by trading-off other important parameters 
(e.g., spatial and contrast resolutions) may not lead 
to clinically useful results.

4.2 
CT Imaging with Optimized Temporal 
Resolution: The Principle of Half-Scan 
Reconstruction

For motion-free imaging of the heart, data have to 
be acquired during phases of the cardiac cycle with 
little cardiac motion and with as high as possible 
temporal resolution. In the first place, temporal 
resolution of an axial CT slice is determined by the 
exposure time associated with the scan data used 
for reconstruction of that CT slice. Therefore, scan 
techniques and reconstruction algorithms need 

4.2 · CT Imaging with Optimized Temporal Resolution: The Principle of Half-Scan Reconstruction
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to be developed that use a minimum amount of 
scan data while maintaining high image quality. 
In modern 3rd-generation CT systems with fan-
beam geometry, the minimum amount of scan data 
needed for reconstruction of axial slices is a so-
called partial scan (Parker 1982). Depending on 
the exact system geometry and its dimensions, a 
partial-scan fan-beam data set has to cover a pro-
jection-angle interval αP (angle interval between 
tube positions at the start and end points of tube 
rotation) of 180° plus the breadth of the X-ray fan: 
αP = π + βf. The breadth of the X-ray fan-beam βf 
depends strongly on the diameter of the scan field 
of view (usually 50 cm) and the distances of the 
focal spot and detector from the center of the scan 
field of view. The equation αP = π + βf states that 
a minimum data segment of 180° has to be avail-

able for every fan angle β. As a consequence, a 
partial rotation usually covers about two-thirds of 
a rotation (≈240°) (Fig. 4.2a). Conventional partial-
scan reconstruction techniques based on fan-beam 
geometry (Parker 1982) make use of all acquired 
data even if more data than the minimum angle 
of 180° are available for a fan angle β. These tech-
niques produce a temporal resolution equal to the 
partial-scan acquisition time (≈two-thirds of the 
rotation time).

Better temporal resolution can be achieved with 
special reconstruction algorithms that use the min-
imum required amount of scan data. These algo-
rithms, referred to as "half-scan" reconstruction, 
can be best explained using parallel-beam geom-
etry. To this end, the fan-beam geometry of the par-
tial-scan data set is transformed to parallel-beam 
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geometry using "rebinning" techniques (Kak 1988). 
The rebinning of a partial-scan fan-beam data set 
provides 180° of complete parallel projections, 
including chunks of incomplete parallel projections 
that consist of redundant data. Fan-beam data are 
described by angle α of the tube position and angle 
β of a certain ray within the fan-beam projection 
(Fig. 4.2a). Correspondingly, parallel data can be 
identified with angle Θ for the projection angle and 
position p of the rays within the parallel-beam pro-
jection (Fig. 4.2b). Fan-beam data Pf(α,β) are trans-
formed into parallel-beam data Pp(Θ,p) based on:

Pp(Θ,p) = Pf(α+β−π/2,RF sinβ) for Θ = 0…π,
p = -D/2…D/2 (4.1)

RF represents the distance of the X-ray source to 
the center of rotation of the measurement system, 
and D the diameter of the scan field of view. As all 
projection data are digitally processed and there-
fore digitally sampled, continuous transformation 
requires simple interpolation procedures. The geo-
metrical transformation is illustrated in Figure 4.2. 
An image can be reconstructed from parallel projec-
tions that cover a parallel-projection angle range of 
180°. If the extra data sectors with incomplete par-
allel projections are omitted during reconstruction 
(Fig. 4.2b), temporal resolution is improved.

However, half-scan reconstruction is prone to 
streak-type artifacts due to inconsistencies of the 
projections Pp(0,p) and Pp(π,p) at the beginning and 
end of the data set that may be produced by object 
motion between the acquisition of these projections. 
This effect can be substantially reduced by acquisi-
tion of a slightly extended range of fan-beam pro-
jections αP = π + βf + αT. The additional projection 
range αT transforms into an extra range of paral-
lel-beam projections ΘT = αT for smooth transition 
weighting of the projections at the start and end of 
the parallel-beam data set:

P’p(Θ,p) = W(Θ) Pp(Θ,p) + (1- W(Θ)) Pp(Θ+π,p’)  
for
Θ = 0…ΘT, p = -D/2…D/2 (4.2)

P’p(Θ,p) = Pp(Θ,p)
for
Θ = ΘT…π, p = -D/2…D/2

p’ = -p represents the so-called complementary 
ray.

The function W(Θ) [e.g. W(Θ) = sin2(πΘ/2ΘT)] 
represents a smooth, monotone transition between 
0 and 1 within the angle range 0...ΘT. We used a 
transition range of ΘT = 28° with a total scan angle 
of αP = 260°. This type of transition weighting does 
not affect temporal resolution but can effectively 
suppress streak-artifacts in a reconstruction of the 
parallel-beam data set P’p(Θ,p).

The temporal resolution that is present at a par-
ticular position within the scan field of view is 
determined by the temporal window of the data that 
contributes to the reconstruction of that particular 
image point. The temporal resolution is represented 
by time sensitivity profiles (Hu 2000) that vary with 
position in the scan field of view (similar to slice 
sensitivity profiles for spiral reconstruction). We 
used the full-width at half maximum (FWHM) of the 
time sensitivity profile as a measure to determine 
the distribution of the temporal resolution within 
the scan field of view produced by our reconstruc-
tion algorithm. The temporal resolution equals half 
the rotation time in a centered region of the scan 
field of view (e.g. 250 ms for 500-ms rotation time, 
200 ms for 400-ms rotation time, and 165 ms for 330-
ms rotation time). It shows an approximately linear 
decrease between the edges of the scan field of view, 
with a gradient that is perpendicular to the connec-
tion line of the start and end position of the source 
(Fig. 4.3a). Different temporal data windows visual-
ized by the paths of different image points within 
the fan-beam data set (Fig. 4.3b) can qualitatively 
explain the different temporal resolutions within 
the scan field.

In all modern multi-slice CT scanners, the half-
scan reconstruction technique is the method of choice 
for image reconstruction in cardiac applications. In 
clinical applications, the heart should be sufficiently 
centered within the scan field of view in order to 
maintain a consistent and stable temporal resolu-
tion of about half the rotation time. It is not possible 
to make clinical use of the areas with better tempo-
ral resolution within the scan field of view because 
the start and end positions of the X-ray source vary 
strongly for individual slices during ECG-synchro-
nized acquisition and, as they depend on the patient’s 
heart rate, can therefore not be fixed.

4.2 · CT Imaging with Optimized Temporal Resolution: The Principle of Half-Scan Reconstruction
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4.3 
Prospectively ECG-Triggered Multi-slice CT

Prospective ECG triggering is an established method 
to synchronize sequential CT scanning using the 
partial-scan technique to the motion of the heart 
in order to acquire data in a certain phase of the 
cardiac cycle, preferably in the diastolic phase, when 
cardiac motion is minimal.

For ECG-triggered sequential imaging, a prospec-
tive trigger is derived from the ECG trace to initiate 
the CT scan with a certain, user-selectable delay 
time after the R-wave. For best temporal resolution, 
a partial scan is acquired that is reconstructed with 
the half-scan algorithm described above. After every 
scan, the table moves by the width of the acquired 
scan range in the z-direction towards the next scan 

position in order to provide gap-less volume cov-
erage. The delay time for scan acquisition after an 
R-wave is calculated from a given phase parameter 
(e.g., a percentage of the RR-interval time as delay 
after an R-wave) for each cardiac cycle and is indi-
vidually based on a prospective estimation of the 
RR-intervals. Usually, the delay is defined such that 
the scans are acquired during the diastolic phase of 
the heart.

Prospectively ECG-triggered sequential scanning 
has already been used with electron-beam (EBCT) 
(Stanford 1992) and mechanical single-slice CT 
(Becker 1999). In both techniques, single slices are 
acquired in consecutive heartbeats within equiva-
lent phases of the cardiac cycle. The total scan time 
is related to the heart rate of the patient and is often 
too long for volume coverage with thin slices within 
a single breath-hold. Multi-slice CT scanners can 
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set that contribute to image points at different locations during image reconstruction (b)
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acquire multiple slices within one heartbeat. Thus, 
they offer shorter scan times that can be beneficial 
for clinical applications.

The first generation of multi-slice CT scanners, 
introduced in 1998, allowed for simultaneous acqui-
sition of up to four adjacent slices per prospective 
ECG trigger for sequential coverage of the heart 
volume (Fig. 4.4a). Newer, multi-slice CT scanners 
acquire up to 16 slices simultaneously per heart beat 
and provide shorter rotation times and shorter acqui-
sition windows per heart cycle (Fig. 4.4b). The latest 
generation of multi-slice CT scanners, with up to 64 
slices per rotation, often do not use the maximum 
possible amount of slices. The maximum number 
of simultaneously acquired slices in sequential scan 
mode of such scanners is usually limited to 24–32 
slices, due to increasing cone-beam artifacts that 
cannot easily be compensated by sequential scan-
ning. With an increasing number of slices, more scan 
volume can be covered with every individual scan. 
This translates either into a significantly shorter 
acquisition time for the total scan range or the abil-
ity to acquire a given scan range with thinner slices 
in comfortable breathhold times (Fig. 4.4b).

The concept of coverage of the entire heart with 
sequential ECG-triggered scans is illustrated in 
Figure 4.5. The exact scan time for such coverage 
heart depends on the patient’s individual heart rate, 
as the RR-interval time determines the time between 
the individual scans. In this regard, an additional 
technical effect has to be considered. As the patient 
table has to move by the distance covered by mul-
tiple slices in between the scans, a certain techni-
cal delay time (so-called scan-cycle time) has to be 
taken into consideration before a following scan can 
be initiated. The minimum scan-cycle time between 
two consecutive ECG-triggered scans depends on 
the table-feed between the two scans and on the 
acquisition time of one scan. Usual scan-cycle times 
of modern multi-slice CT scanners are in the range 
of 0.8–1.5 s; thus, one heart beat has to be skipped 
in between every scan for usual clinical examina-
tions at heart rates between 50 and 90 bpm with RR-
interval times between 0.7 and 1.2 s. In the example 
of a 16-slice scanner presented in Figure 4.5, the 
entire heart is scanned within the time of 15 heart 
beats and reconstructed from data that are acquired 
during eight heart beats.

The two different filter techniques that are com-
monly used for prospective estimation of the posi-
tion of the following R-wave are mean filtering (e.g., 
3 previous RR-intervals) and median filtering (e.g., 5 
previous RR-intervals). The median filter approach 
shows increased robustness for patients with mod-
erate arrhythmia due to the fact that single extra 
beats are eliminated.

To diagnose dynamic processes, ECG-triggered 
acquisition can also be done without table-feed in 
between the scans. The same volume is then acquired 
in corresponding phases of consecutive heartbeats. 
As no table-feed is needed, the scan-cycle time is 
reduced and scans can usually be acquired within 
every heart beat for normal heart rates (scan-cycle 
time 0.5–0.8 s).

Prospectively ECG-triggered multi-slice CT 
acquisition results in significantly faster volume 
coverage than obtained with ECG-triggered acqui-
sition with single-slice mechanical CT or EBCT. The 
acquisition of a small volume with each triggered 
scan reduces the probability of misregistration of 
lesions that can occur due to significant motion of 
the heart in the z-direction. With 4-slice CT and a 
collimated slice-width of 4 × 2.5 mm, the complete 
heart can be scanned within a comfortable single 
breath-hold of 15–20 s. With this performance, 
prospective ECG triggering is feasible for quantifi-
cation of coronary calcification (Fig. 4.6a) and CT 
angiographic imaging of larger cardiac and cardio-
thoracic anatomy, such as the myocardium, cardiac 
valves, thoracic aorta, and proximal segments of 
coronary bypass grafts (Fig. 4.6b). With modern 
16- and 64-slice CT, breath-hold times of ECG-trig-
gered acquisition can be further reduced and the use 
of thin collimation becomes feasible. The increased 
rotation speed of up to 0.33 s per rotation provides 
increased temporal resolution up to 165 ms for sig-
nificantly improved robustness compared to 4- and 
8-slice CT, also at higher heart rates. Furthermore, 
with 16- and 64-slice CT scanners prospective ECG-
triggered scanning can be used for quantification of 
coronary calcification (Fig. 4.6c) as well as exami-
nation of the general cardiac anatomy and coronary 
bypass grafts (Fig. 4.6d). However, the quality of 
contrast-enhanced imaging of smaller cardiac anat-
omy and the coronary arteries with ECG triggering 
is limited, since the longitudinal spatial resolution 

4.3 · Prospectively ECG-Triggered Multi-slice CT
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Fig.  4.4a, b. Sequential volume coverage with prospectively ECG-triggered 4-slice (a) and 16-slice 
(b) acquisition. Four and 16 adjacent images, respectively, with a slice thickness depending on the 
collimation (hatched blocks) are acquired at a time with Trot/2 temporal resolution. Due to the 
limitation of the scan-cycle time, a scan can be acquired every other heart cycle for usual heart 
rates. Faster volume coverage and thinner slices are provided by 16-slice CT
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is compromised by the purely sequential, non-over-
lapping slice acquisition. In addition, small changes 
in heart rate during the scan can cause acquisition 
in inconsistent heart phases and thus inconsistent 
volume coverage, resulting in artifacts at the inter-
sections of adjacent image stacks.

4.4 
Retrospectively ECG-Gated Multi-slice CT

Spiral CT acquisition with continuous table move-
ment represented a very important step towards 
true volumetric imaging with mechanical CT. With 
spiral scanning, a true 3D data set can be acquired 
that consists of overlapping transaxial image slices 
(Kalender 1995). Additional advantages of spiral 
CT acquisition compared to sequential CT scan-
ning are considerably improved spatial z-resolu-
tion, faster scan speed, and larger volume coverage. 
ECG-triggered acquisition techniques are limited 

to sequential scan modes and cannot be applied to 
spiral scanning.

Retrospectively ECG-gated spiral scanning is 
an attempt to synchronize the reconstruction of a 
continuous spiral scan to the movement of the heart 
by using an ECG trace that is recorded simultane-
ously. The acquired scan data are selected for image 
reconstruction with respect to a pre-defined cardiac 
phase with a certain temporal relation to the onset of 
the R-waves that defines the start point of data used 
for image reconstruction.

Although retrospectively ECG-gated spiral scan-
ning was introduced for sub-second single-slice 
spiral CT systems, its feasibility in clinical routine 
could not be demonstrated due to various limita-
tions. To obtain the best temporal resolution, partial-
scan-based reconstruction techniques are applied 
to the spiral scan data (Kachelriess 1998, Bahner 
1999). However, no spiral interpolation algorithms 
could be used for retrospectively ECG-gated single-
slice CT and data inconsistencies due to table move-
ment and spiral artifacts were very common in 
transaxial slices. Slow table-feed is a precondition 
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Fig.  4.5. Prospectively ECG-triggered scan coverage of the heart with a 16-slice CT scanner and 0.5-s 
rotation time. In the example, 16 slices with a total coverage of 16 mm (detector collimation 16 × 1 
mm) are acquired with every individual scan. The entire scan range of 128 mm is scanned within the 
time of 15 heart beats, based on data acquired during eight heart beats. With the given heart rate of 
60 bpm and the scan cycle time of about 1.5 s, scan data are acquired with every second heart beat
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Fig.  4.6a–d. Case examples acquired with prospectively ECG-triggered 4-slice CT with a 0.5-s rotation time (a, b) and 64-slice 
CT with a 0.33-s rotation time (c, d). With ECG-triggered 4-slice CT, 4 × 2.5-mm collimation, 120 kV, and 100 mA tube current, 
coronary calcifi cations in the circumfl ex and right coronary arteries can be detected with high sensitivity and high signal-to-
noise ratio (arrows in a). Cardiac morphology and bypass patency can be evaluated with contrast-enhanced scanning using 
4×2.5-mm collimation, 120 kV, and 200 mA tube current. In the example, a coronary bypass occlusion can be appreciated in the 
transaxial slices (arrow in b). With ECG-triggered 64-slice CT, 3- and 1.2-mm-thick slices can be generated from a 30 × 0.6-mm 
collimation setting. ECG-triggered 64-slice CT with 3-mm slices, 120 kV, and 126 mA tube current is used for coronary calcium 
quantifi cation (arrow in c). For contrast enhanced imaging of the cardiothoracic morphology, ECG-triggered 64-slice CT with 
1.2-mm slices, 120 kV, and 250 mA can be used (d). Based on the fast rotation of 0.33 s and the underlying thin-slice scan ac-
quisition with 0.6-mm collimation, 64-slice CT scanners have advantages in image resolution and image quality at higher heart 
rates. (Images courtesy of (a, d) University of Erlangen, Germany and (b,c) Klinikum Grosshadern, Munich, Germany)

a b

c d

for continuous and consistent volume coverage of 
the beating heart in all phases of the cardiac cycle, 
including diastole. Thus, single-slice systems hardly 
allow for continuous ECG-gated volume cover-
age with overlapping slice acquisition of the entire 
heart and reasonable longitudinal resolution within 
reasonable scan times. Retrospective ECG gating 
can improve the robustness of ECG synchroniza-

tion against arrhythmia during the scan. However, 
single-slice acquisition produces a direct relation of 
the positions of the reconstructed slices and heart 
rate, including arrhythmia. For a given spiral table-
feed, images with high overlap can be reconstructed 
for high heart rates; for low heart rates, gaps may be 
produced such that no fix reconstruction increment 
can be used.
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Retrospectively ECG-gated multi-slice spiral 
scanning has the potential to provide an isotropic, 
3D image data set of the complete cardiac volume 
without gaps and which can be acquired with a 
single breath-hold spiral acquisition. For ECG-
gated reconstruction of scan data with continuous 
table-feed, dedicated multi-slice spiral reconstruc-
tion algorithms are needed that are optimized with 
respect to temporal resolution, spiral artifact reduc-
tion, and volume coverage. Such algorithms require 
certain pre-conditions of the scan data acquisition. 
Therefore, we will explain the technical principles of 
cardiac image reconstruction algorithms in the first 
section of this chapter before introducing the related 
acquisition techniques.

4.4.1 
Multi-slice Cardiac Spiral Reconstruction

Multi-slice cardiac spiral reconstruction techniques 
allow for the reconstruction of overlapping images 
with fixed and heart-rate-independent image incre-
ments at arbitrary z-positions and during any given 
phase of the cardiac cycle. These algorithms con-
sist of two major steps and combine the previously 
described half-scan reconstruction for optimized 
temporal resolution with a multi-slice spiral weight-
ing algorithm that compensates for table movement 
and provides well-defined slice sensitivity profiles. 
A representative example of these algorithms that 
also served as the basis for today’s algorithms is the 
so-called multi-slice cardiac volume reconstruction 
(MSCV) algorithm; (Ohnesorge 2000a), which is 
explained in detail below.

During the first step of the MSCV algorithm, so-
called multi-slice spiral weighting, a “single-slice” 
partial-scan data segment is generated for each 
image using a partial rotation of the multi-slice 
spiral scan that covers the pertinent z-position. 
For each projection angle α within the multi-slice 
data segment, a linear interpolation is performed 
between the data of those two detector slices that 
are in closest proximity to the desired image plane 
zima. In contrast to standard multi-slice interpola-
tion techniques (Klingenbeck 1999, Taguchi 1998, 
Hu 1999, Schaller 2000), each projection is treated 
independently. As a representative example, the 

spiral interpolation scheme for a 4-slice CT system, 
including the calculation of the spiral interpolation 
weights for some representative projection angles, is 
illustrated in Figure 4.7. The presented approach is 
also used for today’s CT scanners with more than 
four slices and can easily be extended to 16- and 64-
slice scanner geometry. With increasing scan time 
t and increasing projection angle α, the detector 
slices travel along the z-axis relative to the patient 
table. The z-position is normalized to the collimated 
slice width of one detector slice (SWcoll). Each multi-
slice fan-beam projection Pf,M(αq,βm,n) consists of 
N sub-projections corresponding to the N detector 
slices that are measured at the same focus (source) 
position. (αq: projection angle of fan-beam projec-
tion q, βm: the angle of a ray m within the fan relative 
to the central ray, n: detector slice n = 0,1,2,3 for the 
example of N = 4 detector slices). For reconstructing 
an image at a given z-position zima, the single-slice 
projections Pf(αq,βm) are calculated by linear inter-
polation of those sub-projections within the multi-
slice projection Pf,M(αq,βm,n) that are closest to the 
image z-position zima for a given projection angle 
αq (Eq. 4.3a). The interpolation weights are deter-
mined according to the distances d(αq,n) of the sub-
projections that are considered for reconstruction 
with z-positions zf(αq,n) to the image position zima 
(Eqs. 4.3b,c).
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A sole partial rotation of the multi-slice spiral 
scan can provide single-slice partial-scan data 
segments with linearly interpolated projections to 
reconstruct images that continuously cover a lim-
ited z-range. That z-range can be extended if pro-
jections of single-slice partial-scan data segments 
are generated with nearest-neighbor interpolation if 
two interpolation partners for linear interpolation 
are not available (Eq. 4.4).
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Of course, nearest-neighbor interpolation may 
not be performed if the distances of the image z-
position and the nearest measured sub-projection 
are too large. A reasonable limitation is to allow 
that a maximum of 50% of the projections within a 
single-slice partial-scan data segment may be gener-
ated by using the projection of the nearest detector 
slice only. This situation is shown for image position 
zima,2 in Figure 4.7.

Special attention has to be paid to the slice sen-
sitivity profiles (SSPs) as an important parameter 
of image quality in spiral CT. SSPs produced by the 
spiral weighting scheme of the MSCV algorithm have 
been evaluated according to measurements with a 
gold-plate phantom and based on theoretical calcu-
lations in Flohr (1999). In this study, the SSPs and 

resulting slice widths were assessed for different col-
limated slice widths and different image positions. 
In a first-order approximation, MSCV provides a 
constant, pitch-independent relation (Eq. 4.5) of the 
collimated slice width (SWcoll) of one detector slice 
to the FWHM of the SSP representing the slice width 
(SW) of the reconstructed image.

SW  1.3 SWcoll (4.5)

Dependent on the weighting scheme that is present 
for a particular slice, the FWHM may vary between 
1.1 SWcoll and 1.5 SWcoll (Flohr 2001). Slices that 
are generated in the center of the multi-slice partial 
scan (Fig. 4.7, zima,1) show symmetric profiles. How-
ever, at boundary positions (Fig. 4.7, zima,2), where 
projections may be generated with nearest-neigh-
bor interpolation, slices show moderate shifts of the 
center position on the order of 10%.
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Fig.  4.7. Generation of a single-slice partial-scan fan-beam data set from multi-slice fan-beam pro-
jections acquired in a spiral scan with the MSCV algorithm. • Projections used for interpolation, 
◊ interpolated projections. Continuous table movement is compensated for by linear interpolation 
within multi-slice fan beam projections in order to generate single-slice partial-scan data for image 
z-positions
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MSCV also allows for retrospective generation 
of thicker slices for a certain collimated slice width 
SWcoll than given by Eq. 4.5, and it can be per-
formed in a separate reconstruction using the same 
scan data. During the multi-slice spiral weighting 
step, up to three single-slice partial-scan data seg-
ments are generated for each image z-position zima 
at closely adjacent z-positions zima–δz, zima and 
zima + δz (δz is a small distance in the z-direction) 
(Fig. 4.8). The weighted sum of these data segments 
before performing the partial-scan reconstruction 
step results in the reconstruction of a thicker slice 
at the desired position zima. Table 4.1 contains the 
appropriate parameters for reconstruction of the 
slice widths SW = 1.5SWcoll, SW = 2SWcoll, and SW = 
3SWcoll. This technique is suited for reconstruction 
of images with reduced image noise for improved 
low-contrast resolution at the expense of reduced z-
resolution.

Further advanced weighting schemes for multi-
slice cardiac spiral reconstruction using 16- and 
64-slice CT scanners have recently been devel-
oped (Flohr 2003). In those generalized weight-
ing schemes, spiral interpolation functions are 
used that involve more than only the two detector 
slices in closest proximity to the desired z-position 
zima. The slice width can be controlled by the shape 
of the interpolation function (Fig. 4.9). For recon-
struction of wide slices relative to the collimation 
SWcoll, trapezoidal weighting functions are used 
that provide well-defined SSPs almost rectangular 
in shape, which help to reduce partial-volume arti-
facts. The parameters a= 0.4, 0.5, and 0.6 determine 
the width of the weighting function (Flohr 2003). 
With edge-enhancing weighting functions, the 
usual slice-broadening by linear trapezoidal weight-
ing functions can be avoided and slice widths can 
be generated that are equal to the collimated slice 
width SWcoll. Figure 4.10a, b shows the SSPs that 

are generated for a 16-slice CT scanner for different 
heart rates and using different weighting functions. 
Different slice widths can be provided, and it can 
be demonstrated that the SSPs are largely indepen-
dent from the heart rate. The smallest reconstructed 
slice width, measured by means of FWHM, using 
an edge-enhancing weighting function shows slice 
broadening of less than 10% compared to the colli-
mated slice width. Based on the generalized weight-
ing scheme, equivalent reconstructed slice widths 
can also be generated based on different collimation 
settings (Fig. 4.10c). However, SSPs that are based on 
thinner collimation are better defined and closer to 
the ideal rectangular shape, thus minimizing spiral 
artifacts.

Multi-slice cardiac spiral weighting generates 
partial-scan data segments for all required image 
z-positions zima in arbitrary image increments. Usu-
ally, the selected increments are smaller that the 
reconstructed slice width in order to enhance z-axis 
resolution. The following, second step of the MSCV 
algorithm performs the previously described single-
slice half-scan reconstruction (see Sect. 4.2) of the 
partial-scan fan-beam data at each image position 
zima. According to the sequential half-scan recon-
struction, the temporal resolution in the center of 
the scan field of view equals half the rotation time. 
The time sensitivity profiles are spatially variable 
depending on the start and end positions of the tube 
for acquisition of the considered multi-slice partial-
scan data set.

4.4.2 
ECG-Gated Multi-slice Spiral Acquisition

For retrospectively ECG-gated reconstruction, each 
image is reconstructed using a multi-slice partial-
scan data segment with an arbitrary temporal rela-

Table 4.1. Target positions for generating segments for the reconstruction of thicker slices

Slice width SW = 1.3SWcoll SW = 1.5SWcoll SW = 2SWcoll SW = 3SWcoll

z-positions for segments zima zima + 0.25 SWcoll zima + 0.5 SWcoll zima  +  SWcoll

zima – 0.25 SWcoll zima – 0.5 SWcoll zima

zima – SWcoll

4.4 · Retrospectively ECG-Gated Multi-slice CT



84 Chapter 4 · Principles of Multi-slice Cardiac CT Imaging

Partial Scan ≈ 260°

Slice n=3

Slice n=2

Slice n=1

Slice n=0

Time t, Projection Angle α
0

1

2

3

4

5

6
z-

Po
si

ti
on

zima

4-Slice Partial Scan 
Spiral Data

Slice zima-δz

Slice zima+δz

δz

δz
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Fig.  4.9. Interpolation functions for a generalized cardiac 
spiral weighting approach. Trapezoidal weighting functions 
are used to generate wider slices with well-defi ned, rectan-
gular-shaped slice sensitivity profi les (SSPs). Edge-enhancing 
weighting functions are used to generate thin slices with mini-
mal slice-broadening compared to the collimated slice width

tion to the R-wave of the ECG trace. Image recon-
struction during different heart phases is feasible by 
shifting the start point of image reconstruction rela-
tive to the R-wave. For a given start position, a stack 
of images at different z-positions covering a small 
sub-volume of the heart can be reconstructed owing 
to multi-slice data acquisition. Figure 4.11 shows 
how the cardiac volume is successively covered with 
stacks of axial images (shaded stacks) reconstructed 
in consecutive heart cycles. Each stack that is recon-
structed in one heart cycle covers a certain portion 
of cardiac anatomy. The maximum extension of 
these image stacks in the z-direction is determined 
by extension of the multi-slice detector, which can 
consist of from 4 to 64 individual detector rows. 
All image stacks are reconstructed at identical time 
points during the cardiac cycle. The detector rows 
travel along the z-axis relative to the patient table. 
The slope of the detector position lines represents 
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Fig.  4.10a–c. Slice sensitivity profi les (SSPs) from a 16-slice CT scanner 
with 16 × 0.75-mm collimation using a generalized cardiac spiral weight-
ing scheme. Different trapezoidal weighting functions allow slice widths 
between 1 and 3 mm to be generated. SSPs have been determined for a 
low heart rate of 55 bpm (a) and for a normal heart rate of 80 bpm (b). 
Both the calculated (lines) and measured (circles) results demonstrate 
the heart-rate independence of the SSPs. An edge-enhancing weighting 
function shows that the measured FWHM of the smallest reconstructed 
slice is 0.83 mm and that there is less than 10% slice-broading compared 
to the collimated slice width SWcoll = 0.75 mm. Based on the generalized 
weighting scheme, equivalent reconstructed slice widths can be gener-
ated based on different collimation settings (c). However, SSPs based on 
thinner collimation are better defi ned and closer to the ideal rectangular 
shape, due to the use of trapezoidal weighting functions

a b

c

the pitch, which needs to be properly limited to 
allow for continuous volume coverage. In the shown 
example, an ECG gating approach was used with a 
delay that results in image reconstruction during 
the diastolic phase (shaded stacks). The hatched bars 
represent image stacks reconstructed from the same 
spiral data set, but in a different heart phase with 
a different delay parameter that, in turn, results in 
image reconstruction during the systolic phase. The 
entire heart volume can be reconstructed in both 
heart phases and in any other selected heart phase 
without gaps. Thus, a multi-phase reconstruction 
for true functional volume imaging of the moving 
heart can be generated from various 3D images with 
incrementally shifted delay parameters.

In each stack, single-slice partial-scan data seg-
ments are generated equidistantly spaced in the z-
direction depending on the selected image recon-
struction increment. Continuous volume coverage 

can only be achieved when the spiral pitch is appro-
priately limited by the heart rate. In order to achieve 
full-volume coverage, the image stacks reconstructed 
in subsequent heart cycles must cover all z-posi-
tions. If the pitch is too high, volume gaps between 
image stacks that are reconstructed using data from 
different heart cycles are present (Fig. 4.12). The 
pitch is limited by the patient’s heart cycle time (RR-
interval time), as every z-position of the heart has to 
be covered by a detector slice at every time during 
one entire heart cycle. Consequently, the table 
may not move more than approximately the width 
of the multi-slice detector within one heartbeat. 
According to Eq. 4.6, the table feed is restricted to 
N-1 single slice widths of a detector with N detector 
slices within the time interval TRR + TQ, where TRR 
represents the RR-interval time for the present heart 
rate, Trot the full rotation time (between 330 ms and 
500 ms), and TQ the partial scan time of a 240–260° 
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partial rotation (e.g., TQ = 360 ms for Trot = 500 ms 
and TQ= 238 ms for Trot= 330 ms).

pitch  [(N-1) Trot/(TRR+TQ)] / N (4.6)

N represents the number of illuminated detector 
slices, each with collimated slice width SWcoll. Based 
on Eq. 4.6, spiral weighting can be performed with 
two interpolation partners for all projections within 
the partial-scan data set if the interpolation function 
covers two detector widths (Fig. 4.9). If the interpola-
tion function covers four detector widths (Fig. 4.9), 
at least three interpolation partners are available for 
all projections within the partial-scan data set. For 
example, with a heart rate of 60 bpm (TRR = 1000 ms), 
N = 16, Trot = 370 ms and TQ = 267 ms (e.g., SOMATOM 
Sensation 16, Siemens), Eq. 4.6 reveals a pitch limit 
of about 0.27. The maximum pitch depends on the 
number of illuminated detector slices and rotation 
time. With N = 32, Trot = 330 ms and TQ = 238 ms 
(e.g., SOMATOM Sensation 64, Siemens) the maxi-
mum pitch for a heart rate of 60 bpm is reduced to 
0.258. However, due to the larger width of the detector 
with N = 32 detector rows, a significantly increased 
volume coverage speed is still present compared to 
the scanner with N = 16 detector rows.

Scan speed can be increased for faster volume 
coverage by allowing that up to 50% of the interpo-
lated projections are generated with nearest-neigh-
bor interpolation at the edges of the image stacks. 
With this approach, the heart-rate-dependent spiral 
pitch is independent of the number of detector rows 
and is restricted according to Eq. 4.7. For example, 
with a heart rate of 60 bpm (TRR = 1000 ms), N = 
16, Trot=370 ms, and TQ = 267 ms, the pitch can be 
increased from pitch = 0.27, according to Eq. 4.6, to 
pitch = 0.37, according to Eq. 4.7.

pitch  Trot/TRR (4.7)

Scan protocols with pitch limitations according 
to Eq. 4.7 have been in use with 4-slice CT systems 
due to their limited volume coverage speed. With 
an increasing number of available detector rows (16 
and even up to 64), most modern CT scanners use 
scan protocols with pitch limitations according to 
Eq. 4.6, due to significant image-quality advantages 
related to higher-quality SSPs.

The spiral pitch has to be selected prior to the scan 
and cannot be modified during the scan if the heart 
rate changes. Substantial drops in heart rate during 
the scan can produce local volume gaps. Therefore, 
the maximum heart cycle time (for the minimum 
heart rate) that is expected during the spiral scan 
should be used for calculation of the pitch for an 
individual patient. For modern 16- and 64-slice CT 
scanners, a spiral pitch of about 0.25 is feasible for 
most clinical applications, as the entire range of 
clinically relevant heart rates ≥45 bpm can be cov-
ered and the heart volume can be scanned with the 
thinnest available slices within a single breath-hold 
(e.g., 12 cm in 15 s with N = 16, Trot = 370 ms, and 
SWcoll = 0.75 mm).

Retrospectively ECG-gated spiral scanning with 
4-slice CT scanners (Ohnesorge 2000a) offered, for 
the first time, continuous volume imaging for quan-
tification of coronary calcification (Fig. 4.13a) and 
high-resolution CT angiographic scanning of the 
coronary arteries (Fig. 4.13b). Moreover, assess-
ment of cardiac function became possible by re-
using the same scan data that had been acquired for 
evaluation of cardiac and coronary morphologies 
(Fig. 4.13c). The introduction of 16- and 64-slice CT 
technology and rotation times down to 0.33 s have 
significantly enhanced spatial and temporal resolu-
tion as well as volume-coverage speed (Fig. 4.14), but 
the basic principles of cardiac scan acquisition and 
image reconstruction have remained the same since 
the appearance of the first 4-slice CT scanners. The 
significant improvement of spatial resolution from 
4- to 16-slice and from 16- to 64-slice CT scanners 
is demonstrated in Figure 4.15. The application 
spectrum and clinical experience in cardiac and 
coronary imaging using the presented ECG-gated 
multi-slice spiral CT acquisition and reconstruction 
techniques will be presented separately, in detail, in 
the clinical application section.

4.4.3 
Segmented Cardiac Reconstruction Algorithms

Conventional cardiac spiral reconstruction algo-
rithms provide a continuous volume image of the 
heart with a temporal resolution equal to half the 
rotation time (Trot/2) of the individual slices. How-
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Fig.  4.13a–c. Case examples obtained with retrospectively ECG-gated 4-slice spiral CT scans with 0.5-s rotation time. a Coro-
nary calcifi cation of the left main and left descending coronary arteries can be identifi ed with high longitudinal resolution. 
Image reconstruction with overlapping increments enables more accurate evaluation of the calcifi ed plaque morphology in 
the z-direction. b The main coronary segments can be evaluated in a 3D reconstruction of a contrast-enhanced coronary CT 
angiography examination using volume-rendering technique. c Reconstruction of the same data set in end-diastole and end-
systole allows for functional evaluation, e.g., of the left atrium (LA) and left ventricle (LV). Volume changes in the LA and LV 
and in mitral valve movement can be assessed. (Images courtesy of (a) University of Tübingen, Germany, and (b, c) Klinikum 
Grosshadern, Munich, Germany)

a b

c

ever, the resulting temporal resolution with today’s 
available minimum rotation times down to 330 ms 
may not be sufficient for motion-free imaging of the 
heart at high heart rates (Fig. 4.1) or for imaging the 
heart in phases with rapid cardiac motion. With 
unchanged rotation time, the temporal resolution 
can be improved by using scan data from more than 
one heart cycle for reconstruction of an image (“seg-

mented reconstruction”) (Lackner 1981, Kachel-
riess 1998, Bruder 1999, Hu 2000, Kachelrieß 
2000, Flohr 2001). The temporal resolution can be 
improved up to Trot/(2S) by using scan data of S sub-
sequent heart cycles for image reconstruction, but 
at the expense of reduced volume-coverage speed 
or loss of resolution. To maintain good longitudinal 
resolution and thin-slice images, every z-position of 
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the heart has to be seen by a detector slice at every 
time during the S heart cycles. As a consequence, the 
larger the value of S and the lower the patient’s heart 
rate, the more the spiral pitch has to be reduced. If 
the pitch is too high, there will be z-positions that 
are not covered by a detector slice in the desired 
phase of the cardiac cycle. To obtain images at these 
z-positions, far-reaching interpolations have to be 
performed, which may degrade the SSP and reduce 
z-resolution (Kachelriess 1998, Kachelrieß 
2000). If the selected spiral pitch is sufficiently small 
for continuous and gap-less volume coverage, the 
resulting increase in scan time usually needs to be 

compensated by thicker slice collimation and thus 
reduced spatial z-resolution. Moreover, a reduction 
of the spiral pitch also correlates with a significant 
increase of radiation exposure. Improved temporal 
resolution alone, at the expense of reduced longitu-
dinal resolution and increased radiation exposure, 
may degrade the overall diagnostic quality of stud-
ies at low heart rates due to blurring of small ana-
tomical details.

Heart-rate-adaptive algorithms were developed 
that provide adequately improved temporal reso-
lution by using segmented reconstruction tech-
niques that maintain high z-resolution at the same 

Fig.  4.14a–c. Case examples obtained with retrospectively ECG-gated 64-slice spiral examinations. a The 
coronary artery tree can be visualized with signifi cantly increased spatial resolution and examined with sig-
nifi cantly reduced breath-hold time and increased volume coverage compared to 4-slice CT. Reconstruction 
of the same data set in end-diastole and end-systole allows for functional evaluation of the cardiac chambers 
and of the cardiac valves. In the example, aortic-valve replacement can be visualized in the open (b, systole) 
and closed (c, diastole) positions. The reduced rotation time of 0.33 s allows for improved image quality 
also in systolic phase, when there is rapid cardiac motion. (Images courtesy of Jankharia Heart Scan Center, 
Bombay, India)

a

b

c
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Fig.  4.15. a z-resolution phantom measurements for 4-, 16- and 64-slice 
CT scanners with ECG-gated spiral acquisition and reconstruction. The 
resting resolution phantom includes air-fi lled spheres 0.4–3.0 mm in 
diameter that can be visualized with multi-planar (MPR) cuts along 
the scan direction. The thinner collimation of 16-slice CT than of 4-
slice CT provides an increase in z-resolution from about 0.9 mm with 
4-slice CT to about 0.6 mm with 16-slice CT. Further reduced slice col-
limation combined with double z-sampling technique (using a z-fl ying 
focal spot, z-FFS) enables a further increase of z-resolution for 64-slice 
CT to about 0.4 mm. Direct comparison of an examination of the same 
patient with 4-slice (b) and 64-slice (c) CT demonstrates the enhanced 
spatial resolution of 64-slice CT and its improved visualization of small 
cardiac structures, such as the fl aps of the aortic valve (arrowheads in 
b and c), and of complex coronary lesions (double arrows in b and c). 
Also, small-caliber distal coronary artery segments that could not be 
visualized with 4-slice CT (arrow in b) can be visualized with 64-slice 
CT (arrow in c)
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time. A representative example of these algorithms 
is the adaptive cardiac volume (ACV) reconstruc-
tion technique, which can use data from up to three 
consecutive heart cycles (Ohnesorge 2001, Flohr 
2001). Depending on the patient’s heart rate during 
the scan, a variable number of heart cycles is used 
for image reconstruction, ranging from S = 1 heart 
cycle at low heart rates (temporal resolution Trot/2) 
up to S = 3 heart cycles at high pulse rates [tempo-
ral resolution heart-rate-dependent up to Trot/(2S)]. 
With this adaptive approach, narrow SSPs may be 
obtained at adequate temporal resolution for a wide 
range of clinically relevant heart rates. A spiral pitch 
can be used that is sufficient to scan the complete 
heart with thin slices within a short single breath-
hold and with only a moderate increase of radiation 
exposure.

If scan data are used for the reconstruction of 
an image that is acquired in S > 1 subsequent heart 
cycles, every z-position of the heart has to be cov-
ered by a detector slice at every time during the S 
heart cycles. Thus, spiral pitch is not only limited 
by the heart rate but also by the number of heart 
cycles S used for reconstruction. If the table moves 
too quickly, interpolation between data acquired at a 
larger distance from the image plane can degrade the 
SSPs (Kachelriess 2000). As an extension of Eq. 4.7, 
the spiral pitch is limited by the minimum RR-inter-
val time TRR during the scan, according to Eq. 4.8, in 
order to maintain a reasonable quality of the SSPs.

pitch
N

N
S

T
T

rot

RR

≤ − +⎛
⎝⎜

⎞
⎠⎟

1 1
1  (4.8)

S is the number of subsequent heart cycles that are 
used for image reconstruction. The maximum pitch 
as a function of heart rate and number S of consecu-
tive heart cycles used for reconstruction (S = 1, 2, 
3) is shown in Fig. 4.16 for the example of a 16-slice 
CT scanner with 0.37-s rotation time. Reasonably 
fast volume coverage of the heart within one breath-
hold and thin slices can be achieved with pitch = 0.2. 
According to Eq. 4.8, pitch = 0.2 implies that image 
reconstruction should be restricted to using data 
from S = 1 heart cycle only for moderate heart rates 
<63 bpm. For heart rates ≥3 bpm, S = 2 heart cycles 
may be used and S = 3 heart cycles for heart rates 
≥95 bpm. For other pitch values, different heart-rate 
thresholds are implied. 

Adaptive-segmented reconstruction algorithms 
automatically adapt the number of consecutive 
heart cycles used for image reconstruction accord-
ing to the momentary heart rate of the patient during 
the scan (Fig. 4.17). These algorithms are exten-
sions to single-segment methods that are limited 
to the use of one heart cycle only. Both major pro-
cessing steps of single-segment algorithms, multi-
slice spiral weighting and half-scan reconstruction, 
are also used for adaptive-segmented algorithms. 
During multi-slice spiral weighting, single-slice 
partial-scan data segments are generated from par-
tial-scan data segments that are divided into S = 1, 
2 or 3 sub-segments (depending on the heart rate), 
resulting in a temporal resolution of up to Trot/(2S). 
S = 1 sub-segment is used for low heart rates and 
reconstruction is performed with the conventional 
single-segment algorithm. At higher heart rates, 
the partial-scan data segment is divided into S = 
2 or 3 sub-segments to improve temporal resolu-
tion. Thus, multi-slice spiral data from two or three 
consecutive heart cycles, respectively, contributes 
to the single-slice partial-scan data segment. Each 
sub-segment is generated using data from one heart 
cycle only. Equivalent to single-segment algorithms, 
a linear interpolation is performed for each projec-
tion angle αn within each sub-segment j (j = 0...S-1) 
between the data of those two detector slices that 
are in closest proximity to the desired image plane. 
The interpolation produces S single-slice sub-seg-
ments located at the same z-position zima (Fig. 4.18) 
that can be assembled to a complete single-slice par-
tial-scan data segment for image reconstruction. A 
certain overlap between the sub-segments can be 
taken into account to allow for smooth transition 
weighting, which reduces image artifacts due to data 
inconsistencies. For data consistency during image 
reconstruction, the sub-segments have to be picked 
at identical time points within the heart cycle, when 
the beating heart is exactly in the same relative 
phase position. The time points are determined by a 
certain distance relation to the R-waves. Data incon-
sistency due to arrhythmic heart rates or irregular 
heart movement in consecutive heart cycles will 
result in degraded temporal resolution and substan-
tial spatial blurring of moving structures.

Similar to the single-segment algorithms, the 
second step of adaptive-segmented algorithms per-
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Fig.  4.16. Maximum spiral pitch as a function of heart rate and 
the number S (S = 1, 2, 3) of used data segments from consecu-
tive cardiac cycles for the example of a 16-slice CT scanner 
with 0.37-s rotation time. Exceeding the spiral pitch limita-
tion for a certain heart rate results in volume gaps. Minimum 
heart rates for use of S = 2 and S = 3 segments are shown for a 
pitch of 0.2, which allows for reasonably fast volume coverage 
with thin-slice collimation. Other pitch values imply different 
heart-rate thresholds. A pitch of 0.2 enables gap-less volume 
reconstruction for 16- and 64-slice CT scanners for all heart 
rates > 40 bpm
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Fig.  4.17. Retrospectively ECG-gated multi-slice spiral reconstruction using adaptive-segmented 
reconstruction with up to S = 2 segments. Reconstruction with S = 1 segment (Trot/2 temporal 
resolution) is performed for low heart rates (e.g., ≤ 63 bpm). S = 2 segments (up to Trot/4 temporal 
resolution) are used for higher heart rates (e.g., > 63 bpm)

forms the previously described single-slice half-scan 
reconstruction of the partial-scan fan-beam data 
that are generated for each image position zima. The 
different data sub-segments from S individual heart 
cycles are transformed independent of the parallel-
beam geometry and are appended as parallel-beam 
projections.

Adaptive-segmented reconstruction with S > 1 
sub-segments only allows for improved temporal 
resolution if the patient’s heart rate and the rotation 
time of the scanner are appropriately de-synchro-
nized. In a situation of optimal de-synchronization, 
the projection angles of the start- and end projec-
tions of the sub-segments fit together and form a 
complete partial-scan data segment that contains 
180° parallel projections after rebinning to paral-
lel geometry (Fig. 4.19a). The partial-scan interval 
may then be divided into S sub-segments of equal 
size, and each sub-segment covers a temporal data 
interval Trot/4 for S = 2 or Trot/6 for S = 3 within the 
same relative heart phase. However, if heart rate and 
scanner rotation are synchronous, the same heart 
phase always corresponds to the same projection-
angle segment, and a partial-scan interval cannot 
be divided into smaller sub-segments. As a conse-
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Fig.  4.18. Generation of a single-slice partial-scan fan-beam data set from multi-slice fan-beam projections 
acquired in a spiral scan with adaptive-segmented reconstruction. • Projections used for interpolation, ◊ 
interpolated projections. Single-slice data segments are generated in consecutive cardiac cycles by linear 
interpolation at specifi c image z-positions. The individual data segments are combined into a single-slice 
partial-scan data set for image reconstruction at the considered z-position

quence, no better temporal resolution than Trot/2 is 
possible. In a situation with partially de-synchro-
nized heart rate and rotation, the partial-scan inter-
val may be divided into S sub-segments of different 
size, each covering temporal data intervals between 
Trot/2 and Trot/2S. The sub-segment with the longest 
temporal data interval then determines the tempo-
ral resolution of the image (Fig. 4.19b). Segmented 
reconstruction techniques assume that all anatomy 
is exactly located in the same position in equivalent 
phases during the cardiac cycle. Slight shifts of the 
cardiac anatomy from one heart cycle to the next 
produce inconsistent scan data and may result in 
image artifacts (Fig. 4.20). Generally, adaptive-seg-
mented reconstruction algorithms generate images 
with temporal resolution in the interval [Trot/2, 

Trot/2S], depending on the relation of rotation time 
and patient heart rate. During the same scan, tempo-
ral resolution can vary with changing heart rate as 
the rotation time is fixed. The relationship between 
temporal resolution and rotation time and heart rate 
is demonstrated in Figure 4.21 for different rotation 
times between 0.5 s and 0.33 s and up to S = 2 seg-
ments. Figure 4.22 shows the temporal resolution 
as a function of heart rate for a 64-slice CT scanner 
with 0.33-s rotation time and up to S = 4 segments. 
The temporal resolution is calculated as the FWHM 
of the time sensitivity profiles in the center of the 
scan field of view. Although excellent temporal 
resolution can be achieved for certain heart rates, 
for others the heart cycle and scanner rotation are 
perfectly synchronized and the temporal resolution 
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Fig.  4.20a, b. Segmented reconstruction with S = 3 segments. The segments have different temporal widths for the 
given rotation time and heart rate. a Sub-segment 1, with the longest temporal data interval, determines the temporal 
resolution of the image. However, the coronary anatomy may be located at slightly shifted positions during consecutive 
heart cycles, which may result in data inconsistencies and blurring artifacts. b In the example, coronary angiography 
shows the slightly shifted location of the center line of the right coronary artery in three consecutive heart cycles
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Fig.  4.21. Demonstration of temporal resolution 
as a function of heart rate and rotation time for 
adaptive-segmented reconstruction using up to S = 
2 segments. The heart rate threshold for switching 
from S = 1 to S = 2 segments is set to 63 bpm. Tem-
poral resolution is strongly heart rate dependent 
within the interval [Trot/2, Trot/2S]. The very differ-
ent locations of maxima and minima for different 
rotation speeds suggest that heart-rate-dependent 
selection of rotation speed might be feasible only 
in patients with stable and predictable heart rate. 
Reconstruction with S = 1 segment can also be 
used for higher heart rates. The temporal resolu-
tion then remains constant at Trot/2, independent 
of heart rate
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Fig.  4.22. Temporal resolution as a function of heart rate for adaptive-segmented reconstruction with up to S = 4 segments 
using a 0.33-s rotation time. With S = 4, temporal resolution can be increased to Trot/8 only for certain heart rates. With S = 
4 segments, temporal resolution changes signifi cantly with only small changes in heart rate. The locations of maxima and 
minima are strongly dependent on rotation time. Temporal resolution may be diffi cult to predict in clinical conditions – given 
the very strong variation of temporal resolution with heart rate and rotation speed – when using S = 3, or S = 4 segments for 
reconstruction

of Trot/2 may not be improved by using data from 
multiple heart cycles. Image quality improvements 
with adaptive-segmented reconstruction techniques 
can be demonstrated in patients with higher heart 
rates. A direct comparison of single-segment recon-
struction and reconstruction with S = 2 segments 
can reveal significantly improved delineation of 
coronary calcifications in a patient with a heart rate 
of 76 bpm (Fig. 4.23).

Image quality and resolution along the scan 
direction provided by segmented reconstruction 

algorithms have been assessed with a longitudinal 
resolution phantom that included air-filled spheres 
with diameters ranging from 0.4 to 3 mm (Flohr 
2001, Flohr 2003). It could be demonstrated that 
adaptive-segmented reconstruction can provide 
stable longitudinal resolution without a consider-
able influence of heart rate (Fig. 4.24).

The possible image quality improvements of 
segmented reconstruction algorithms compared to 
single-segment reconstruction can be demonstrated 
in examinations of patients with high heart rates 
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Fig.  4.23. Case example of a 16-slice CT cardiac examination that demonstrates the improvement 
of image quality with adaptive segmented vs. single-segment reconstruction at higher heart rate. 
A coronary calcium scan was performed in a patient with 76 bpm during the scan with: 16 × 1.5-
mm collimation, 0.37-s rotation, reconstruction in diastole at 55% of the RR-interval. Coronary 
calcifi cations in the left anterior descending and right coronary arteries (arrows) are depicted with 
considerably less motion using adaptive-segmented reconstruction (right, S = 2 segments, 130-ms 
temporal resolution) compared to single-segment reconstruction (left, S = 1 segment, 185-ms 
temporal resolution). (Case courtesy of Tübingen University, Germany)

(Fig. 4.25) or for reconstruction of images in phases 
of the cardiac cycle with rapid cardiac motion 
(Fig. 4.26). However, cardiac anatomy can be located 
at slightly shifted positions even in equivalent 
phases during the cardiac cycle. Due to these incon-
sistencies, segmented reconstruction techniques 
may produce degraded image quality compared to 
single-segment reconstruction, despite higher tem-
poral resolution (Fig. 4.27). To achieve most robust 
cardiac image quality with the lowest possible 
radiation exposure, single-segment reconstruction 
techniques combined with fast rotation speeds are 
usually preferred in clinical practice. The use of seg-
mented reconstruction techniques is limited to spe-
cial clinical situations, such as patients with either 
very high heart rates or stable and predictable heart 
rates, and for reconstruction of the larger cardiac 
anatomy during phases with rapid cardiac motion 
in order to analyze cardiac function.

4.4.4 
Cardiac Cone-Beam Reconstruction Algorithms

The cardiac image reconstruction algorithms intro-
duced thus far were designed for multi-slice CT sys-
tems with only a limited number of detector rows, 
and did not take into account the conical shape of the 
X-ray beam in the axial direction. As demonstrated 
in Chapter 3, cone-beam reconstruction algorithms 
are mandatory for general-purpose CT scanning 
with eight and more detector slices to avoid severe 
image artifacts. The severity of cone-beam-induced 
artifacts depends on the number of simultaneously 
acquired slices, on the width of each slice, and on 
the distance of a considered object from the center 
of the scan field of view. Cone-beam artifacts are 
most pronounced at high contrast boundaries; 
thus, typical sources of cone-beam artifacts are the 
ribs, pelvic bones, and bronchi. Since the heart is 

4.4 · Retrospectively ECG-Gated Multi-slice CT



98 Chapter 4 · Principles of Multi-slice Cardiac CT Imaging

Fig.  4.25a–c. Case examples of a 64-slice CT scanner with 0.6-
mm collimation and 0.33-s rotation time. The fi gure shows 
the improved image quality of cardiac and coronary CT an-
giography examinations with adaptive-segmented vs. single-
segment reconstruction at higher heart rate. The patient’s 
heart rate was between 106 and 110 bpm during the scan. 
Images were reconstructed at 35% of the RR-interval. Motion 
artifacts are present in the images based on single-segment 
reconstruction with 165-ms temporal resolution (a, arrows). 
Two segments can increase temporal resolution from 165 ms 
to about 90 ms using adaptive segmented reconstruction, and 
motion artifacts can be largely eliminated (b). Three segments 
allow a further improvement in temporal resolution to 70 ms, 
but image quality is compromised due to the combination of 
data from three consecutive heart beats (c). (Cases courtesy of 
Klinikum Grosshadern, University of Munich, Germany)
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Fig.  4.24a, b. Investigation of the infl uence of heart rate on im-
age quality and resolution in the scan direction with 16-slice 
(a) and 64-slice (b) CT using a resting longitudinal resolution 
phantom (see Figs. 4.3 and 4.15) and simulated ECG signals 
with different heart rates that control the adaptive-segment-
ed reconstruction. The 16-slice CT scans were acquired with 
0.75-mm collimation, 0.37-s rotation, pitch 0.2, 0.75-mm slice 
width, and 0.5-mm increments. A longitudinal resolution of 
0.6 mm can be achieved for all anticipated heart rates. The 
64-slice CT scans were acquired with 0.6-mm collimation (us-
ing double z-sampling technique), 0.33-s rotation, pitch 0.2, 
0.6-mm slice width, and 0.3-mm increments. A longitudinal 
resolution of 0.4-mm can be achieved for all anticipated heart 
rates. In 16-slice and 64-slice CT phantom tests, image quality 
is largely independent of both heart rate and the number of 
segments used for reconstruction

a

b

usually centered and does not contain large high-
contrast structures, cone-beam artifacts are largely 
negligible for CT scanners up to 16 slices (Flohr 
2003). However, cardiac cone-beam reconstruction 
algorithms gain importance for CT scanners with a 
higher number (32 or 64) of detector slices as well as 
for ECG-gated examinations of the chest and diag-
nosis of anatomy that is located at a larger distance 
from the center of the scan field of view. The cardiac 
cone-beam reconstruction algorithms in use today 
(Bruder 2001, Bruder 2002) represent extensions 
of those in use for general-purpose multi-slice spiral 
reconstruction and have been successfully tested for 
the latest multi-slice CT scanners with 32 and up to 
64 detector slices.

Similar to cone-beam reconstruction techniques 
in multi-slice body CT imaging, cardiac cone-beam 
reconstruction techniques generate double-oblique 
image stacks (so-called booklets) that are individu-
ally adapted and optimally fitted to the spiral path. 
In a second step, these booklets are reformatted to a 
set of overlapping trans-axial images (Fig. 4.28). For 
single-segment reconstruction, one booklet is used 
for reconstruction and reformation in each heart 
cycle. Data segments that cover 180° of parallel-
beam projections are employed for the generation 
of these booklets, leading to a temporal resolution 
of the images within the booklet of half of the rota-
tion time of the scanner. In the case of segmented 
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Fig.  4.26a–d. Case example of a cardiac 
CT angiography examination for a pa-
tient with a heart rate of 100–107 bpm 
using a 64-slice CT scanner with 
64 × 0.6-mm slices and 0.33-s rotation 
time. Images are reconstructed during 
the systolic phase with a relative delay 
of 25% of the RR-interval, and MPRs are 
generated in the short heart axis. With 
single-segment reconstruction and a 
temporal resolution of 165-ms, motion 
artifacts are present (a, arrows). Adap-
tive-segmented reconstruction with 2 
(b), 3 (c), and 4 (d) segments improves 
temporal resolution up to 60 ms, and 
cardiac anatomy can be visualized dur-
ing phases of rapid cardiac motion. A 
substantial image quality improvement 
takes place when using two segments 
instead of one. Further image qual-
ity improvements are only minor when 
using more than two segments. (Cases 
courtesy of Klinikum Grosshadern, Uni-
versity of Munich, Germany)

b

d

a

c
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Scan Time [s]

Heart Rate [bpm]

Scan Start Scan End

0 2 4 6 8 10 12

69 95 71 90 77 84 86 87 89 87 86 85 84 83 83 84

Fig.  4.27a–e. Case example of a cardiac CT angiography using a 64-slice CT scanner with 64 × 0.6-
mm slices and 0.33-s rotation time. a The patient had a varying heart rate between 69 and 95 bpm 
during the scan. The arrows in a point to the scan start and to the scan end, and illustrate the scan 
time interval of about 11 s. b, d Images were reconstructed with a relative delay of 45% of the RR-
interval using single-segment reconstruction with 165-ms temporal resolution. c, e Three-segment 
reconstruction with increased temporal resolution between 55 and 165 ms depending on heart rate. 
Despite the higher effective temporal resolution of 3-segment reconstruction, motion artifacts are 
still present (arrows). In some segments, even better image quality is achieved with single-segment 
reconstruction (double arrows, triple arrows) due to beat-to-beat data inconsistencies with 3-seg-
ment reconstruction in the presence of heart-rate changes. (Cases courtesy of Klinikum Grosshad-
ern, University of Munich, Germany)

a

b c

d e
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Fig.  4.28. The principle of cardiac cone-beam reconstruction with generation of individual double-oblique image stacks 
(so-called booklets) in each heart cycle that are subsequently reformatted to overlapping transaxial image slices

cardiac reconstruction data, segments from con-
secutive heart cycles that cover less than 180° of 
parallel-beam projections are used for image forma-
tion. Segmented cardiac cone-beam reconstruction 
algorithms permit reconstruction of image booklets 
from data segments covering less than 180°; how-
ever, these do not represent complete CT images 
due to truncation of the projection segments. The 
incomplete CT images from individual heart cycles 
are separately reformatted and subsequently com-
bined to complete axial CT images containing con-
tributions from multiple consecutive heart cycles 
that add up to a total parallel projection interval of 
180°.

The elimination of cone-beam artifacts in car-
diac CT images has been demonstrated in phantom 
studies using data from multi-slice CT scanners 
with up to 64 individual detector rows (Bruder 
2002) (Fig. 4.29). Cardiac cone-beam reconstruction 
algorithms have also demonstrated considerable 
image quality improvements in ECG-gated cardiac 
studies with latest 64-slice CT scanners, in particu-
lar for the diagnosis of peripheral thoracic anatomy 
located further from the center of the scan field of 
view (Fig. 4.30).

4.4.5 
ECG-Gated Spiral Scanning with Increased 
Volume Speed

Both ECG-triggered sequential scanning and ECG-
gated spiral scanning require substantially slower 
scan speeds than conventional multi-slice spiral 
scanning without ECG-gating. Normal ECG-trig-
gered or ECG-gated scan techniques using the pres-
ent 4- and 16-slice CT scanners cannot provide thin-
slice coverage of the entire chest anatomy with a scan 
range of about 350 mm within a short single breath-
hold. However, thoracic CT studies are frequently 
degraded by motion artifacts caused by transmitted 
cardiac pulsation (Loubeyre 1997, Schöpf 2000) 
and elimination of motion artifacts via ECG syn-
chronization may substantially improve diagnostic 
quality. Although the latest 32- and 64-slice CT scan-
ners are capable of covering the entire chest with 
ECG-gated scan protocols in about 15–20 s, a further 
reduction of breath-hold time remains feasible.

Scan speed can be increased with a modified 
ECG-gated spiral acquisition technique that enables 
image reconstruction with high temporal resolution 
by the use of higher pitch values (Flohr 2002). The 

4.4 · Retrospectively ECG-Gated Multi-slice CT
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Fig.  4.29a–d. Evaluation of cardiac cone-beam reconstruction algorithms using an anthropomor-
phic heart phantom. CT data were generated for a multi-slice CT scanner with 64 × 0.625-mm col-
limation (40-mm coverage per rotation, no z-fl ying focal spot) and reconstructed using cardiac 
reconstruction algorithms without (a, c) and with (b, d) cone-beam correction. Due to the larger 
volume coverage per rotation, images without cardiac cone-beam reconstruction demonstrate sig-
nifi cant cone-beam artifacts in the heart and in the periphery. These can be eliminated using cardiac 
cone-beam reconstruction

a b

c d

limitation of the spiral pitch for ECG-gated multi-
slice spiral scanning results is a consequence of the 
phase-consistent coverage of the heart volume, i.e., 
data may only be used during identical relative time 
points within the cardiac cycle. The spiral pitch can 
be increased by allowing images that are part of the 
same continuous volume to be reconstructed with 
half-scan reconstruction algorithms but in differ-
ent phases of the cardiac cycle. In this approach, 
data have to be excluded from image reconstruction 
acquired during phases of high cardiac motion (i.e., 
systole). The data windows that are excluded from 
reconstruction during the different cardiac cycles 
may be positioned relative to the onset of the R-waves 

with a certain temporal relation (Fig. 4.31). A stack 
of images with a given increment is reconstructed 
during each cardiac cycle and combined to form a 
volume image data set. For each image, an interpo-
lated partial-scan data segment is generated with 
the previously described single-segment cardiac 
spiral reconstruction approach. Thus, the temporal 
resolution of each individual image is equal to half 
of the rotation time. The data segments selected for 
reconstruction of individual slices are shifted equi-
distantly in time within the heart cycle. Pulsation 
artifacts are usually most severe during the systolic 
phase of cardiac contraction. Therefore, to eliminate 
image degradation due to systolic pulsation, scan 
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Fig.  4.30a–f. Demonstration of image-quality improvements using cardiac cone-beam reconstruction techniques with a 64-
slice CT scanner. CT data were acquired in a chest phantom for a 64-slice CT scanner with 32 × 0.6-mm collimation (19.2-mm 
coverage per rotation, with z-fl ying focal spot) and reconstructed using cardiac reconstruction algorithms without (a, c, e) and 
with (b, d, f) cone-beam correction. Due to the limited volume coverage per rotation, images can be reconstructed without 
cone-beam reconstruction to display the cardiac anatomy, and cone-beam artifacts are negligible (arrows in a and b). However, 
such artifacts are present in the periphery of the scan fi eld of view (arrows in c and e) and cardiac cone-beam reconstruction 
is required to reduce artifacts, in particular for the peripheral thoracic anatomy (arrows in d and f)

a b

c d

e f
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Fig.  4.31. Volume coverage with fast ECG-gated spiral acquisition using increased pitch. Stacks of 
overlapping images can be reconstructed with Trot/2 temporal resolution in every cardiac cycle. 
Data ranges acquired during phases with fastest cardiac motion are omitted for reconstruction of 
3D volume image data. The omitted temporal range is defi ned with an adjustable width ∆TS and 
an adjustable phase related to the onset of the R-wave

data acquired during this phase of cardiac contrac-
tion is omitted within a temporal window of fixed 
width ∆TS. This window is defined within the car-
diac cycle with a fixed temporal relation to the onset 
of the R-wave. Continuous volume coverage requires 
that the image stacks that are reconstructed in con-
secutive heart cycles overlap in the z-direction. Thus, 
the spiral pitch is restricted to a value given by the 
fixed temporal width ∆TS of the data window that is 
omitted during image reconstruction (Eq. 4.9). Here, 
the pitch limitation is independent of heart rate.

pitch
N

N
T

T T
rot

S rot

≤ − ⋅
+

1

2∆ /
 (4.9)

N represents the number of slices and Trot is the 
scanner rotation time. It has been shown that values 
between ∆TS 400 ms and ∆TS 500 ms are a reason-
able approximation for the duration of the phase 
of strongest cardiac pulsation. The resulting pitch 
values between 0.5 and 0.6 allow the entire thorax 
to be covered with thin slices within a single breath-
hold. As an example, a modern 16-slice CT scanner 
can cover a 350-mm scan range with 16 × 0.75-mm 

collimation, 0.37-s rotation, and a pitch of 0.5 in a 
breath-hold time of 22 s. Examples of examinations 
of the thoracic aorta are shown in Figs. 4.32 and 4.33. 
Direct comparison of conventional non-gated spiral 
reconstruction and ECG-gated reconstruction of the 
same scan data demonstrates a substantial improve-
ment with the latter technique, since motion arti-
facts can be largely eliminated.

With the advent of 32- and 64-slice CT scanners, 
thin-slice ECG-gated coverage of the entire chest has 
also become feasible with regular ECG-gated car-
diac scan protocols. Based on a usual pitch value of 
0.2, which can provide gap-less volume coverage for 
a heart rate down to about 40 bpm, a 350-mm scan 
range can be covered within a breath-hold time of 
10–20 s. For patients with heart rate of 60 bpm and 
above during the scan, the pitch can be increased to 
values of about 0.3, thus providing a 50% increase in 
volume coverage speed. Cardiac cone-beam recon-
struction algorithms become increasingly impor-
tant for ECG-gated scanning of the cardiothoracic 
anatomy with 32- and 64-slice CT scanners, since 
large portions of the thoracic anatomy are located 
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Fig.  4.32a, b. Fast ECG-gated spiral acquisition with a 4-slice CT scanner for evaluation of the thoracic aorta: 
comparison with multi-slice spiral reconstruction using a standard algorithm. a With standard reconstruc-
tion, considerable pulsation artifacts that produce a double contour are visible. b The intimal fl ap of a type-A 
dissection can be evaluated free of pulsation artifacts on a corresponding transverse section using fast ECG 
gating. Scan and reconstruction parameters: 4 × 1-mm collimation, 0.5-s rotation, 120 kV, 300 mA/200 mAs, 
pitch 0.6, 1.25-mm slice-width, 0.8-mm image increments, window of omitted data has width ∆TS = 400 ms 
and starts 0 ms after onset of the R-wave. (Images courtesy of the University of Tübingen, Germany)

a b

Fig.  4.33a, b. Case study of a CT angi-
ography examination of the thoracic 
and abdominal aorta using a 16-slice CT 
scanner with 16 × 0.75-mm collimation 
and 0.37-s rotation time and fast ECG 
gating. In the conventional non-gated 
technique, the displayed scan range of 
500 mm can be scanned in 10 s with a 
pitch of 1.5 but pulsation artifacts may 
be present. With a fast ECG-gated spiral 
protocol and pitch 0.5, the scan time is 
increased to 30 s but pulsation artifacts 
are largely eliminated. In the presented 
case, fast ECG-gated acquisition demon-
strates an aortic dissection (type B) free 
of motion over its entire course in sagit-
tal MPR (a) and volume-rendering tech-
nique (b) (Case by courtesy of University 
Hospital Graz, Austria) ba
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at greater distance to the center of the scan field of 
view and thus are subject to cone-beam artifacts.

4.5 
Synchronization with the ECG and Cardiac 
Motion

4.5.1 
ECG-Based Phase Selection

With both prospective ECG triggering and retro-
spective ECG gating, the starting points of data 
acquisition or the start points of data selection for 
reconstruction have to be defined within each car-
diac cycle during the acquisition. These start points 
are determined relative to the R-waves of the ECG-
signal by a phase parameter. The following phase-
selection strategies can be used (Fig. 4.34).

• Relative delay: A temporal delay Tdel relative 
to the onset of the previous R-wave is used for 
determining the start point of the ECG-triggered 
acquisition or the start point of the reconstruc-
tion data interval. The delay time Tdel is deter-
mined individually for each heart cycle as a given 
percentage δRR of the RR-interval time TRR. For 
ECG triggering, the RR-interval times have to be 
prospectively estimated based on the prior RR-
interval times.

• Absolute delay: Fixed delay times Tdel after onset 
of the R-wave defi ne the start point of the ECG-
triggered acquisition or the start point of the 
reconstruction data interval.

• Absolute reverse: Fixed times Trev prior to the 
onset of the next R-wave defi ne the start point of 
the ECG-triggered acquisition or the start point 
of the reconstruction data interval. For ECG trig-
gering, the position of the next R-wave has to be 
prospectively estimated based on the prior RR-
interval times.

Fig.  4.34a–c. Phase defi nition for ECG 
triggering and ECG gating by selection 
of the start point of the temporal data 
interval within every heart cycle. The 
following different phase-defi nition 
strategies are used. a Relative delay: 
delay time after the previous R-wave, 
determined as a fraction δRR of the RR-
interval. b Absolute reverse: constant 
interval Trev prior to the next R-wave. c 
Absolute delay: constant delay time Tdel 
after the previous R-waveTime
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Different approaches are in use in clinical prac-
tice today depending on the clinical application. 
For motion-free imaging of small anatomical struc-
tures (i.e., coronary arteries) in diastolic phase, with 
least cardiac motion, the relative delay and absolute 
reverse approaches are most frequently used. Car-
diac image quality greatly depends on the cardiac 
phase selected for image reconstruction (Fig. 4.35), 
as cardiac motion varies widely during different 
phases within the cardiac cycle (Fig. 4.1). Cardiac 
image reconstruction is usually performed during 
phases of least cardiac motion – usually between 
mid-diastole and end-diastole of the cardiac cycle. 
Within the ECG trace, end-diastole is usually rep-
resented by the onset of the P-wave. For the latest 
64-slice CT scanners, which provide higher tem-
poral resolution, cardiac image reconstruction can 
also be feasible during end-systole. The latter rep-
resents a shorter phase of low cardiac motion and 
is marked within the ECG trace by the onset of the 
T-wave. Despite intensive research to standardize 
phase selection for cardiac image reconstruction, 
heart-rate-dependent and patient-individualized 
optimization usually remain necessary to obtain the 
best possible results (Hong 2001a, Kopp 2002).

For functional imaging with retrospective ECG 
gating, images need to be reconstructed in phases 
of maximum and minimum filling of the ventri-
cles (end-diastole and end-systole). End-diastolic 
reconstruction is feasible with the absolute reverse 
approach, while the absolute delay approach allows 
for most consistent reconstruction in end-systolic 
phase.

A regular heart rate without significant and 
sudden heart rate changes during the scan is usu-
ally a pre-requisite for diagnostic image quality for 
examinations of small cardiac and coronary anat-
omy. A strongly irregular heart rate may result in 
substantial data mis-registration and image arti-
facts, thus leading to results that cannot be used 
diagnostically (Fig. 4.36). However, retrospective 
ECG gating allows for viewing and analysis of the 
ECG signal after the end of the scan, and data are 
available during all phases of the cardiac cycle. This 
offers the possibility of retrospectively modifying 
synchronization of the ECG trace and data recon-
struction. Interactive editing of R-peak positions that 
are detected inappropriately or represent irregular 
heart beats can have a positive impact on phase con-
sistency and image quality in patients with irregular 

0% 10% 20% 30% 40%

50% 60% 70% 80% 90%

Fig.  4.35. Cardiac image reconstruction of data acquired with a 64-slice CT scanner with 0.33-s rotation time in different phases 
of the cardiac cycle using the relative-delay approach. Images were reconstructed with single-segment reconstruction, thus 
providing a temporal resolution of 165 ms. Image quality largely depends on the selected phase of the cardiac cycle. The best 
image quality can be obtained in mid-diastolic phase (δRR = 50%) and end-systolic phase (δRR = 30%)

4.5 · Synchronization with the ECG and Cardiac Motion
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heart beats (Fig. 4.37). Also, individual adjustment 
of the image-time interval positions – independent 
of the position that is determined by the ECG-gating 
parameter – may be useful in patients with substan-
tial arrhythmias.

4.5.2 
The Pros and Cons of ECG Gating and 
ECG Triggering

Retrospectively ECG-gated spiral scanning with 
single-slice CT systems featuring sub-second rotation 
has been tested for coronary artery and cardiac-func-
tion imaging in clinical trials but serious limitations 
have been discovered (Mochizuki 2000). With the 
advent of multi-slice acquisition, ECG-gated spiral 
scanning has become feasible, and with significant 
advantages over prospective ECG triggering that are 
important for clinical applications.

• ECG-gated spiral scanning provides continuous 
volume coverage and better spatial resolution in 
the patients' longitudinal direction, as images 
can be reconstructed with arbitrary, overlapping 
slice increments. ECG-triggered sequential scan-
ning is usually restricted to scanning with non-
overlapping adjacent slices or slice increments 
with only small overlap. The scan time to cover 
the heart volume is thus directly proportional to 
the slice increment.

• Retrospective analysis of the ECG results in less 
sensitivity to heart-rate changes during the scan. 
The ECG trace can be retrospectively analyzed 
and extra-systolic beats can be eliminated for 
reconstruction. With prospective ECG trigger-
ing, estimation of the next RR-interval may be 
incorrect when heart-rate changes are present 
(e.g., arrhythmia, Vasalva maneuver) and scans 
may be placed in inconsistent heart phases. In 
that case, even slices with high temporal resolu-

bpm 64 94 61 98 91 63 93 90 88 60

Fig.  4.36. Case example of a patient scanned with a 16-slice 
CT scanner with 16 × 0.75-mm collimation and 0.42-s rota-
tion time. The patient had a strongly irregular heart rate that 
changed between 60 and 98 bpm during the scan. Although 
the quality of the individual image stacks reconstructed from 
individual heart beats is acceptable, the image quality of 3D 
reformats is heavily compromised due to misalignment of the 
image stacks for consecutive cardiac cycles. (Case courtesy of 
Münster University, Germany)
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tion that are free of motion artifacts cannot be 
used for continuous 3D image data sets.

• ECG-gated spiral scanning provides faster volume 
coverage than ECG-triggered sequential scanning 
because spiral scan data can be acquired continu-
ously and images can be reconstructed in every 
cardiac cycle. Relatively long travel distances and 
travel times of the table are present for multi-slice 
acquisition in between two consecutive scans. 
This limits the scan-cycle time (minimum time 
in between the start of two consecutive scans), 
and ECG-triggered scans can often be obtained 
only in every second heart beat for patients with 
higher heart rates.

• ECG-gated spiral acquisition allows for imag-
ing in a complete cardiac cycle using the same 
scan data set, thus providing information on 

cardiac function. ECG-triggered acquisition tar-
gets only one specifi c phase of the cardiac cycle 
and requires additional examinations with new 
breath-hold levels and additional contrast agent 
to cover more phases of the cardiac cycle.

During ECG-gated spiral imaging of the heart, 
data are acquired with small spiral pitch (pitch << 
number of slices, i.e., overlapping acquisition) and 
continuous X-ray exposure. Thus, ECG-gated spiral 
acquisition requires a higher patient dose of radia-
tion than ECG-triggered sequential acquisition for 
comparable signal-to-noise ratio. All spiral data 
can be used for image reconstruction in differ-
ent cardiac phases and no data have to be omitted. 
However, if only one dedicated cardiac phase (i.e., 
diastolic phase) needs to be targeted by retrospec-

76 90 54 99 40

19 20 21 22 23

76 90 59 100 51

19 20 21 22 23t

Fig.  4.37a, b. Case example of a patient scanned with a 64-slice CT scanner. The patient had extra-systolic beats during the 
scan. The scan was acquired using a slice acquisition of 64 × 0.6 mm and a rotation time of 0.33 s. Misregistration artifacts can 
be strongly reduced and the diagnostic quality of the study restored via interactive elimination of the extra heart beats before 
image reconstruction. In this case, an extra-systolic beat strongly compromises visualization of the distal right coronary artery 
(a). After interactive elimination of those reconstruction intervals affected by the extra-systolic beat (blue bars) and manual 
introduction of alternative image reconstruction intervals (gray bars, green arrow), image quality could be fully restored (b). 
(Case courtesy of New York University, USA)

a b
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tive data selection, the specific requirements of the 
clinical application should indicate whether ECG-
triggered sequential scanning with less radiation 
exposure could provide sufficient performance and 
image quality. Newer developments enable a reduc-
tion of radiation exposure during retrospectively 
ECG-gated scanning. The goal of these techniques 
is to maintain the important benefits of ECG-gated 
spiral scanning but to reduce X-ray radiation expo-
sure to levels comparable to those of ECG-triggered 
sequential acquisition, as will be explained in a later 
chapter.

4.5.3 
Alternative Cardiac-Motion Gating Approaches

Phase selection of ECG-synchronized CT scans is 
usually performed with respect to the temporal 
position of the R-waves. The R-wave can be easily 
detected from the patient's ECG due to its high 
signal amplitudes. Cardiac image reconstruction 
is frequently carried out during end-systole and 
end-diastole, which are the phases of the cardiac 
cycle with the least cardiac motion and which deter-
mine minimum and the maximum left ventricular 
volumes. For R-wave-based ECG-synchronization, 
end-systole and end-diastole have to be estimated 
with appropriate phase parameters relative to the 
R-wave. More advanced ECG-gating techniques 
that determine the location of the end-systolic 
phase based on the detection of the T-wave and the 
end-diastolic phase based on the detection of the 
P-wave are under investigation. However, given the 
small signal amplitudes, reliable detection of the 
T-waves and P-waves requires advanced software-
based algorithms, which themselves are currently 
under development. Nonetheless, the first promis-
ing results were obtained in a clinical study that 
obtained better results with cardiac image recon-
struction in end-diastole based on P-wave gating, 
compared to reconstruction in diastole with a rel-
ative delay in relation to the R-wave (Sato 2003) 
(Fig. 4.38).

It should be kept in mind that the ECG is only an 
indirect measure of cardiac motion. In some cases, 
such as in patients with atrial fibrillation or with 
extra-systoles, the electrical stimulation does not 

directly correspond to the real motion of the heart. 
Therefore, motion-detection algorithms have been 
investigated that have the potential to directly mea-
sure cardiac motion from the acquired scan data.

The first cardiac-motion detection algorithm to 
be clinically investigated (Ohnesorge 1999) used 
the opposite parallel-beam projections Pp(Θ,p) and 
Pp(Θ−π,p) in a fixed image plane measured at a pro-
jection angle with a 180° shift. In a static object, the 
signal difference between two opposite parallel-beam 
projections measured in the same plane equals zero. 
If the object is moving, the magnitude of the signal 
difference can be used to measure the displacement 
of a particular anatomical structure and the amount 
of movement that occurs between measurements of 
the two opposite projections, i.e., within the time of 
a half rotation of the system (Fig. 4.39). For exam-
ple, the sum of the absolute values of the individual 
signal differences of all complementary rays in the 
considered opposite projections Σp|Pp(Θ,p)–Pp(Θ–
π,p)| can be used as an indicator for the displace-
ment and motion of an anatomical structure at the 
point in time when the projection Pp(Θ,p) was mea-
sured. With this approach, it could be demonstrated 
that the derived signal difference correlates with 
both the displacement and the motion of the heart 
during the cardiac cycle (Fig. 4.39). However, the 
accuracy and consistency of the signal for reproduc-
ible detection of equivalent phases in consecutive 
cardiac cycle is limited, so that use of the algorithm 
is restricted to assessing the presence or absence of 
cardiac motion in patients with irregular heart beats 
during the scan, and therefore as input information 
for interactive editing of the recorded ECG.

A more recent approach, the so-called Kymogram 
algorithm (Kachelrieß 2002), derives cardiac 
motion from projection data based on the calcula-
tion of the “center of mass” of the scanned fan-beam 
projections (mCOM) and the center of mass of the 
object in the considered image plane. The center of 
mass mCOM,q of a fan-beam projection Pf(αq,βm) is 
determined by the ray at angle βm within the projec-
tion such that the sum of the signals on both sides of 
that ray is equivalent (Eq. 4.10). The center of mass 
of the object in the considered image plane can be 
determined by the point of intersection of the rays 
that determine the centers of mass in two closely 
adjacent projections (Fig. 4.40).
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Fig.  4.38a, b. Cardiac image quality obtained by a 4-slice CT scanner with 0.5-s rotation time in end-diastole based on R-wave- 
and P-wave-gated image reconstruction. a During P-wave gating, the end of the image reconstruction window is positioned 
on the P-wave. b During R-wave gating, the start of the image reconstruction window is positioned at 50% of the RR-interval. 
P-wave-gated reconstruction yields superior image quality compared to R-wave-gated reconstruction due to more consistent 
phase selection

a b

waves in ECGs recorded during the scans of patients 
with regular heart rates, and that Kymogram-gated 
cardiac image reconstruction could yield results 
comparable to those obtained with ECG-gated 
image reconstruction (Fig. 4.42a). However, further 
clinical studies have demonstrated that Kymogram-
gated image reconstruction results in inferior image 
quality compared to ECG-gated image reconstruc-
tion under clinical conditions, in both patients with 
regular heart rates and in those with irregular heart 
rates (Fig. 4.42b), (Fischbach 2004).

It can therefore be concluded that ECG-corre-
lated scanning and image reconstruction remains 
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The center of mass changes its position with 
changing static anatomy from image plane to image 
plane and with changing positions of an anatomi-
cal structure due to motion. After subtracting the 
function of the center of mass for different slice 
positions, the variation of the center of mass over 
time represents a measure of cardiac motion. The 
resulting function of the variation of the center of 
mass over time is called the Kymogram (Fig. 4.41). 
Kachelrieß (2002) demonstrated that peaks of 
the Kymogram often correlate to the position of R-

4.5 · Synchronization with the ECG and Cardiac Motion
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Fig.  4.40. Center of mass 
detection a within a pro-
jection and b for the ob-
ject from two projections 
as the basis of Kymogram-
gated reconstruction

ECG

Motion
Curve

Pp(Θ,p)

|Pp(Θ,p)– Pp(Θ–π,p)|

Pp(Θ–π,p)

Fig.  4.39a, b. The principle of detection of cardiac motion from scan data. a The difference signal of opposite 
parallel projections is calculated and used as a measure for the motion and displacement of the cardiac anatomy 
in between measurement of the two projections. A difference signal is determined for every projection as the sum 
of the absolute values of the individual signal differences of all complementary rays in the considered opposite 
projections. b The difference signal correlated to the ECG that has been recorded during the scan is shown. Im-
ages that are reconstructed during the detected phase of low motion demonstrate fewer motion artifacts

a

b
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K K

ECG

Kymogram

yc(z)

xc(z)

Fig.  4.41a, b. Principle of the separation of 
the Kymogram motion function and ana-
tomical bias from the center of mass func-
tion. a The anatomical bias xc(z), yc(z) of the 
center of mass within the image plane has to 
be subtracted from the function of center of 
mass that depends on z-position and time. b 
The Kymogram results after subtraction of 
the anatomical bias from the center of mass 
function and correlates to the position of 
the R-waves

b

a

the method of choice to synchronize CT scanning 
with cardiac motion. If accurate automated P- and 
T-wave detection algorithms become available, ECG 
gating related to P- and T-waves will offer a promis-
ing alternative to R-wave-related ECG-gating. Other 
approaches to detect cardiac motion automatically 
from the projection data of the CT scan have demon-
strated the feasibility of the principle, but they have 
yet to provide sufficient robustness in clinical rou-
tine. To date, the use of such algorithms is restricted 
to a back-up role for the ECG signal, e.g., in case of 
poor signal detection, R-wave misregistration, or 
failure of the ECG.

4.6 
Radiation Exposure Considerations

Radiation exposure of patients during computed 
tomography and the resulting potential radiation 
hazards have recently gained increasing attention, 

both in the public and in the scientific literature 
(Brenner 2001, Nickoloff 2001). In particular, the 
radiation dose for ECG-synchronized cardiac scan-
ning has been a topic of considerable controversy. 
This section will introduce the basic principles of 
radiation-dose measurement in CT, exposure esti-
mations for ECG-gated cardiac examinations with 
16-slice and 64-slice CT systems, and the most recent 
approaches to reduce radiation exposure during car-
diac CT examinations.

4.6.1 
Principles of Radiation Dose Measurement in CT

In CT, the average dose in the scan plane is best 
described by the weighted computerized tomo-
graphic dose index (CTDIw) (Morin 2003, 
McCollough 2003), which is determined from 
CTDI100 measurements both in the center and at the 
periphery of a 16-cm Lucite phantom for the head and 
a 32-cm Lucite phantom for the body. For the CTDI100 
measurements, a 100-mm-long ionization chamber 

4.6 · Radiation Exposure Considerations
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R R R R

Fig.  4.42a, b. Comparison of cardiac image quality of a 16-slice CT scanner with 0.42-s rotation time in a 
patient with regular sinus rhythm. Reconstruction with a ECG-gating (at 50% of the RR-interval) and b 
Kymogram-gating (at 50% of the interval between the peaks). The peaks of the Kymogram correlate well 
with the detected R-Waves. The Kymogram-gated reconstruction demonstrates image quality comparable 
to the ECG-gated reconstruction except for moderate registration artifacts at the beginning and end of the 
scan. (Case courtesy of Münster University, Germany)

a b

is used. Figure 4.43 shows the typical equipment for 
dose measurements. CTDIw, is a good estimate for 
the average patient dose as long as the patient’s size 
is similar to that of the respective phantoms. CTDIw, 
is defined according to (Eq. 4.11) (Morin 2003).

CTDIw = 
1/3 CTDI100 (center) + 2/3 CTDI100 (periphery) (4.11)

CTDIw, given in mGy, is always measured in an 
axial scan mode. It depends on scanner geometry, 
slice collimation, beam pre-filtration, X-ray tube 
voltage (in kV), tube current (in mA), and gantry 
rotation time Trot. The product of mA and Trot is 
the mAs value of the scan. To obtain a parameter 
characteristic for the scanner used, it is helpful to 
eliminate mAs dependence and to introduce a nor-
malized (CTDIw)n, given in mGy/mAs:

CTDIw = mA · Trot · (CTDIw)n  = mAs · (CTDIw)n  
(4.12)

CTDIw is a measure of the dose in a single axial 
scan and depends on X-ray tube voltage and slice 
collimation. The latter parameters are needed to 
specify CTDIw. For multi-slice CT systems, CTDIw 
tends to increase with decreasing collimated slice 
width, as a consequence of the increasing relative 
contribution of the penumbra zones of the dose pro-
files. As a representative example, Figure 4.44 shows 
CTDIw at 120 kV for the 32-cm body phantom as a 
function of the total collimated width of the detector 
for a 4-slice CT system and a 16-slice CT system with 
similar system geometry. Scan protocols for differ-
ent CT scanners should always be compared on the 
basis of CTDIw and never on the basis of mAs, since 
different system geometries can result in significant 
differences in the radiation dose applied at identical 
mAs.

(CTDIw)n can be used to calculate the radiation 
dose for axial scans, both for standard applications 
and for ECG-triggered sequential scanning. For most 
CT scanners, the mAs value for axial scans, which is 
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Fig.  4.43a, b. Comparison of cardiac image quality of a 16-slice CT scanner with 0.42-s rotation time 
in a patient with regular sinus rhythm. Reconstruction with a ECG-gating (at 50% of the RR-interval) 
and b Kymogram-gating(at 50% of the interval between the peaks). The peaks of the Kymogram cor-
relate well with some R-waves during the scan but do not correlate well with the detected R-waves 
throughout the scan. The Kymogram-gated reconstruction demonstrates severe misregistration ar-
tifacts while the ECG-gated reconstruction yields artifact-free results. (Case courtesy of Münster 
University, Germany)

a b

the product of tube current mA and slice exposure 
time Texp, is indicated on the user interface. Usually, 
Texp equals the gantry rotation time Trot. For cardiac 
applications, however, partial scans are generally 
used for ECG-triggered sequential scanning. In this 
case, the slice exposure time is about two-thirds of 
the gantry rotation time. The principle of radiation 
exposure calculation for ECG-triggered scan proto-
cols can be demonstrated with a practical example 
for ECG-triggered scanning of coronary calcium 
quantification. The slice exposure time of a 16-slice 
CT scanner for a partial scan at 0.42-s gantry rota-
tion time is about 0.3 s. The scan protocol recom-
mended by the manufacturer for ECG-triggered 
sequential scanning for coronary calcium quanti-
fication uses a tube current of 100 mA at a voltage 
of 120 kV. With these parameters, 100 × 0.3 mAs 
= 30 mAs are applied. This value is shown on the 
user interface. (CTDIw)n = 0.072 mGy/mAs can be 
found in the data sheet of this scanner for the given 
protocol at 120 kV and for 12 × 1.5-mm collimation 

that provides 6 × 3-mm slices per scan. A CTDIw = 
0.072 mGy/mAs × 30 mAs = 2.16 mGy can therefore 
be determined for this protocol (Flohr 2003).

For ECG-gated multi-slice spiral scans of the 
heart, the situation is more complicated. To represent 
the dose in a multi-slice spiral scan, it is essential to 
account for gaps or overlaps between the radiation-
dose profiles from consecutive rotations of the X-ray 
source (Morin 2003). For this purpose, CTDIvol, the 
volume CTDIw, has been introduced

CTDIvol = 1/pitch · CTDIw = mAs · 1/pitch · (CTDIw)n
 = mA · Trot · 1/pitch · (CTDIw)n (4.13)

The factor 1/pitch accounts for the increasing 
dose accumulation with decreasing spiral pitch due 
to the increasing spiral overlap. In principle, Eq. 4.13 
is valid for both single-slice and multi-slice spiral 
CT. For ECG-gated cardiac scanning, low pitch 
values (typically pitch = 0.2–0.35, depending on the 
number of detector rows, the gantry rotation time, 

4.6 · Radiation Exposure Considerations
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and the number of segments used for image recon-
struction) have to be used to ensure gap-less cover-
age of the heart volume in all phases of the cardiac 
cycle. The highly overlapping data acquisition has 
to be taken into account when calculating the dose 
for an ECG-gated spiral scan. Again, the principle of 
radiation exposure calculation for ECG-gated spiral 
scan protocols can be demonstrated with a practi-
cal example of an ECG-gated 16-slice spiral CT scan 
protocol used for coronary calcium quantification. 
The example protocol uses a 0.42-s rotation time, 
16×1.5-mm collimation, pitch 0.28, 120 kV, and 
100-mA tube current. The mAs value for this scan 
is 100 mA × 0.42 s = 42 mAs, which, in terms of the 
applied radiation dose, cannot directly be compared 
to mAs values for ECG-triggered sequential scan-
ning, since in the latter the pitch dependency would 
be neglected. In fact, using CTDIw = 0.070 mGy/mAs, 
the radiation dose in this case is 0.070 mGy/mAs × 
42 mAs × 1/0.28 = 10.5 mGy. For spiral scanning, 
some manufacturers, such as Siemens and Philips, 
have introduced the concept of an “effective” mAs, 
which includes the factor 1/pitch into the mAs defi-
nition:

(mAs)eff =  mA · Trot · 1/pitch = mAs · 1/ pitch
 (4.14)

For spiral scans, (mAs)eff is indicated on the user 
interface. Inserting Eq. 4.14 into Eq. 4.13, the dose of 
a multi-slice spiral CT scan is given by

CTDIvol = (mAs)eff  x (CTDIw)n  (4.15)

Other manufacturers (i.e., Toshiba and GE) have 
retained the conventional mAs definition, so that 
the user has to perform the 1/pitch correction. When 
comparing the scan parameters for CT systems of 
different manufacturers, the underlying mAs defi-
nition has to be taken into account. In the above 
example of an ECG-gated multi-slice spiral scan for 
coronary calcium quantification, the user applies 42 
mAs, but 42 mAs × 1/0.28 = 150 effective mAs.

CTDIw is a measure of physical dose; it does not pro-
vide full information on the radiation risk associated 
with a CT examination. For this purpose, the concept 
of “effective dose” has been introduced by the ICRP 
(International Commission on Radiation Protection). 
The effective dose is given in milli-Sieverts (mSv). It 
is a weighted sum of the dose applied to all organs 
in a CT examination and includes both direct and 
scattered radiation. The weighting factors depend on 
the biological radiation sensitivities of the respective 
organs. Effective dose can be measured using whole-
body phantoms, such as the Alderson phantom, or 
it is obtained by computer simulations using Monte 
Carlo techniques to determine scattered radiation. 
The effective patient dose depends on the scanned 
range. For a comparison of effective dose values for 
different protocols, scan ranges should be similar. 
A suitable program for calculation of effective dose 
values is, e. g., WinDose (Kalender 1999). This is 
a PC-based program that calculates organ dose and 
effective dose values for arbitrary scan parameters 
and anatomical ranges. Values for primary radiation 
have to be measured in terms of CTDIw and are used 
as input; values for scattered radiation are derived 
from Monte Carlo calculations.

The user has to keep in mind that both CTDIw and 
effective patient dose, which is derived from CTDIw, 
give a correct estimation of the radiation dose for the 
patient only when the cross-section of the patient’s 
anatomy is comparable in size to the cross-section of 
the phantom used for the evaluation of CTDIw (32-
cm Lucite for the body). For smaller patients, the 
dose may be considerably higher (Fig. 4.45).

Fig.  4.44. Dose measurements in CT. The equipment consists 
of a 100-mm-long ionization chamber and a 32-cm Lucite 
phantom. With this set-up, the CTDIw value for the body is 
determined
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4.6.2 
Radiation Exposure for Selected Cardiac 
Examination Protocols

Typical values for the effective patient dose of 
selected multi-slice CT protocols are 1–2 mSv 

for a head examination, 5–7 mSv for a chest CT, 
and 8–11 mSv for CT of the abdomen and pelvis 
(McCollough 2003, Morin 2003). This radiation 
exposure must be appreciated in the context of the 
average annual background radiation, which is 
2–5 mSv (about 3.6 mSv in the US).

This section provides estimates of the effective 
patient dose for selected cardiac CT protocols with 
16-slice and 64-slice CT systems, using the Siemens 
SOMATOM Sensation 16 and Sensation 64 scanners 
as representative examples. The effective patient 
dose for the standard protocols recommended by 
the manufacturer was calculated with WinDose 
(Kalender 1999). The scan protocols included 
are ECG-triggered coronary calcium quantifica-
tion, ECG-gated coronary calcium quantification, 
and ECG-gated coronary CT angiography. The scan 
range used is 12 cm for coronary calcium quantifi-
cation and 10 cm for coronary CT angiography. The 
scan parameters recommended by the manufacturer 
are listed in Table 4.2. For sequential scans, the mAs 
values are based on the slice exposure times for an 
axial scan that is the partial-scan time. For spiral 

10
CTDIW 4-Slice CT versus 16-Slice CT

C
TD

I W
 in

 m
G

y 
/ 

10
0m

A
s 9

8

7

6

5

4
0 4 8 12 16 20 24 28

2x1mm
4x1mm

16x0.75mm

4x2.5mm

4x5mm

16x1.5mm

Total collimation in mm

Fig.  4.45. CTDIw at 120 kV for the 32-cm body phantom as 
a function of the total collimated width of the detector for 
4-slice (black line) and 16-slice (blue line) CT systems with 
similar geometries
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Table 4.2. Scan protocols used for calculation of the effective patient dose

ECG-triggered calcium 
scoring

ECG-gated calcium scoring ECG-gated cardiac/coronary CT 
angiography

Sensation 16 Sensation 64 Sensation 16 Sensation 64 Sensation 16 Sensation 64

Collimation 
(mm)

12 × 1.5 30 × 0.6 16 × 1.5 24 × 1.2 16 × 0.75 32 × 0.6* 

(*64 × 0.6 by z-FFS)

Recon-
structed slice 
(mm)

3.0 3.0 3.0 3.0 0.75/1.0 0.6/0.75

Rotation time 
(s)

0.42 0.375 0.375 0.33 0.42 0.375 0.375 0.33 0.42 0.375 0.375 0.33

kV 120 120 120 120 120 120 120 120 120 120 120 120

mA 100 111 111 126 100 113 109 115 370 413 435 467

mAs 30 30 30 30 42 42 41 38 155 155 163 154

Pitch n.a. n.a. 0.28 0.25 0.24 0.20 0.28 0.25 0.24 0.20

Table feed 18 mm per 
axial scan

18 mm per 
axial scan

16 mm/s 16 mm/s 13.2 mm/s 16 mm/s 8 mm/s 8 mm/s 12.3 mm/s 11.7 mm/s

Effective mAs n.a. n.a. n.a. n.a. 150 170 170 190 555 620 680 770

(CTDIw)n 
(mGy/mAs)

0.072 0.072 0.072 0.072 0.070 0.070 0.067 0.067 0.078 0.078 0.077 0.077

CTDIw (mGy) 2.2 2.2 2.2 2.2 10.5 11.9 11.4 12.7 43.3 48.4 52.4 59.3
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scans, effective mAs values are used; these have 
been already corrected for spiral pitch, i. e., they take 
into account the dose accumulation with decreas-
ing spiral pitch (see above). Table 4.3 summarizes 
the CTDIw values for the 32-cm body-phantom and 
values of the effective patient dose for the recom-
mended standard protocols, for the 16- and the 64-
slice CT systems. In Table 4.3, the scan parameters 
listed in Table 4.2 were used.

For ECG-triggered coronary calcium quanti-
fication with sequential scanning, patient dose is 
about 0.5 mSv for males and 0.68 mSv for females. 
Coronary calcium quantification with ECG-gated 
spiral scanning that results in reduced interscan 
variability (Ohnesorge 2002) increases the patient 
dose to 2.3–2.8 mSv for males and 3.3–3.9 mSv for 
females. ECG-gated high-resolution coronary CT 
angiography using thin-slice spiral data acquisi-
tion and yielding both adequate visualization of the 
small and complex cardiac and coronary anatomy 
and detection and classification of coronary plaques 
requires a dose of 7.9–10.8 mSv for males and 11.1–
15.2 mSv for females. Improved longitudinal resolu-
tion by thinner collimation directly translates into 

increased patient dose if the signal-to-noise ratio of 
the images is maintained.

A comparison of radiation doses for different CT 
scanner types requires that imaging parameters, 
such as slice width, tube voltage, tube current, and 
scanned volume, be taken into account. If the high 
spatial resolution of modern multi-slice CT systems 
achieved with sub-millimeter slice collimation is 
not required, decreased longitudinal spatial resolu-
tion with slice-widths between 1.5 and 3.0 mm can 
always be traded off with a correspondingly reduced 
patient dose.

The pitch values in the ECG-gated multi-slice 
spiral CT protocols shown in Table 4.2 are selected 
such that the vast majority of patients can be 
scanned without significant protocol adjustments, 
including patients with low heart rates. Radiation 
exposure, however, can be reduced by increasing 
the pitch in patients with sufficiently high heart 
rates when respecting the constraint considerations 
given in Section 4.4.3 and in Figure 4.16. The radia-
tion exposure is then reversed proportional to the 
pitch increase, as compared to the values presented 
in Tables 4.2 and 4.3.

Table 4.3. Values for the effective patient dose based on the scan protocols listed in Table 4.2

ECG-triggered calcium scoring ECG-gated calcium scoring ECG-gated cardiac/coronary CT 
angiography

Sensation16 Sensation64 Sensation16 Sensation64 Sensation16 Sensation64

Collimation ( mm) 12 × 1.5 30 × 0.6 16 × 1.5 24 × 1.2 16 × 0.75 32 × 0.6 *

(*64 × 0.6 by z-FFS)

Rotation time ( s) 0.42 0.375 0.375 0.33 0.42 0.375 0.375 0.33 0.42 0.375 0.375 0.33

CTDIw ( mGy) 2.2 2.2 2.2 2.2 10.5 11.9 11.4 12.7 43.3 48.4 52.4 59.3

Scan range ( mm) 120 120 120 120 100 100

Effective patient dose 
( mSv), males without ECG-
pulsing

0.5 0.5 0.5 0.5 2.3 2.6 2.5 2.8 7.9 8.9 9.6 10.8

Effective patient dose 
( mSv), females without 
ECG-pulsing

0.68 0.68 0.68 0.68 3.2 3.7 3.5 3.9 11.1 12.4 13.5 15.2

Effective patient dose ( mSv), 
males with ECG-pulsing

n.a. n.a. n.a. n.a. 1.2–
1.6

1.3–
1.8

1.3–
1.8

1.4–
2.0

4.0–
5.5

4.5–
6.2

4.8–6.7 5.4–7.6

Effective patient dose ( mSv), 
female with ECG-pulsing

n.a. n.a. n.a. n.a. 1.6–
2.2

1.9–
2.6

1.8–
2.5

2.0–
2.7

5.6–
7.8

6.2–
8.7

6.8–9.4 7.6–10.6
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4.6.3 
Exposure Reduction with ECG-Gated 
Tube-Current Modulation

The relatively high radiation exposure for ECG-gated 
multi-slice spiral imaging of the heart is caused by 
continuous X-ray exposure and data acquisition at 
low and highly overlapping spiral pitch (pitch << 
number of slices). The low spiral pitch is a conse-
quence of the phase-consistent coverage of the heart 
volume in specific phases of the cardiac cycle. How-
ever, if the spiral pitch is limited such that one phase 
can be covered consistently, all other phases of the 
cardiac cycle can be covered as well. If reconstruc-
tion in different cardiac phases is not needed and 
instead only a very limited interval (i.e., diastolic 
phase) in the cardiac cycle is targeted during recon-
struction, a significant portion of the acquired data 
and radiation exposure is redundant.

Prospective ECG triggering combined with “step-
and-shoot” acquisition of axial slices has the ben-
efit of smaller patient dose compared to ECG-gated 
spiral scanning, since scan data are acquired in the 
previously selected heart phases only. It does, how-
ever, not provide continuous volume coverage with 
overlapping slices and misregistration of anatomi-
cal details cannot be avoided. Furthermore, recon-
struction of images in different phases of the cardiac 
cycle for functional evaluation is not possible. Since 
ECG-triggered axial scanning depends on a reliable 
prediction of the patient’s next RR-interval based on 
the mean of the preceding RR-intervals, the method 
encounters its limitations for patients with severe 
arrhythmia. To maintain the benefits of ECG-gated 
spiral CT but reduce patient dose ECG-controlled 
dose modulation has been developed. On-line reduc-
tion of the tube output in each cardiac cycle during 
phases that are of less importance for ECG-gated 
reconstruction has a high potential for exposure 
reduction. The nominal tube output is only required 
during those phases of the cardiac cycle that will 
be reconstructed. During ECG-gated tube-current 
modulation, the tube output is modulated on-line 
with prospective ECG control (Ohnesorge 2000b, 
Jacobs 2002, Poll 2002), and commonly used ECG-
gated reconstruction algorithms can be further used 
unchanged. Within every cardiac cycle, tube output 
is raised to the nominal level during a limited inter-

val in a pre-selected phase (usually the diastolic 
phase) in which the data are most likely to be recon-
structed with thin slices and a high signal-to-noise 
ratio needs to be maintained. During the remain-
ing part of the cardiac cycle, the tube output can be 
reduced by about 80% by a corresponding decrease 
of the tube current mAmin = 0.2 mAmax (Fig. 4.46). 
Thus, continuous volume reconstruction is still 
possible in all phases of the cardiac cycle. In par-
ticular, functional imaging is still feasible, as it does 
not require thin slice reconstruction. For imaging 
during phases of reduced tube output, an appropri-
ate signal-to-noise ratio can be maintained by pri-
mary or secondary reconstruction of thicker slices. 
The position of the windows of nominal tube output 
within the heart cycles needs to be defined prior to 
the scan in relation to the phase targeted for recon-
struction.

The width of the time interval ∆TN with nominal 
tube output during diastole has to be selected such 
that patient-individual shifting of the ECG gating 
interval is still possible to obtain the best possible 
image quality. Additionally, a well-defined over-
lap of ∆TN with the window of temporal resolution 
(i.e., 165–250 ms) can compensate for inconsistent 
prospectively ECG-controlled timing of nominal 
tube output due to changes in heart rate during the 
scan. In addition, an extended length of the temporal 
window with nominal tube output allows for high-
resolution reconstruction within an extended dura-
tion during the cardiac cycle; this may be useful for 
optimization of image quality. An appropriate trade-
off of exposure reduction and ECG gating flexibility 
can be achieved with the selection of ∆TN = 400 ms. 
Shorter ∆TN = 300 ms for further exposure reduction 
may be possible for scanners with very fast rotation 
times (≥0.37 s). However, the possibility to recon-
struct high-resolution images within an extended 
range of the cardiac cycle is then limited. The relative 
exposure reduction with ECG-controlled tube-cur-
rent modulation as a function of heart rate is shown 
in Figure 4.47. For normal heart rates between 50 and 
90 bpm, the exposure is reduced by 35–50% for ∆TN = 
400 ms and by 45–60% for ∆TN = 300 ms. Radiation 
exposure savings are maximized for low heart rates, 
as the total time with low tube output during the scan 
is high. For increasing heart rates, the relative reduc-
tion decreases, as the time intervals of low tube output 
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Fig.  4.47. Exposure reduction with ECG-controlled tube-cur-
rent modulation dependent on heart rate for different time 
intervals ∆TN of nominal tube output. A 35–55% reduction of 
exposure can be achieved for regular heart rates between 50 
and 90 bpm using ∆TN = 400 ms

are shorter. However, for very high heart rates, the 
selection of a higher spiral pitch can decrease expo-
sure via shorter scan time as compared to low heart 
rates. Figure 4.48 directly compares two consecutive 
scans for quantification of coronary calcification in 
the same patient. The scans were performed without 
and with ECG-controlled tube output modulation, 
and equivalent reconstructions were carried out in 
the diastolic phase. For the patient with a stable heart 
rate between 58 and 61 bpm, an exposure reduction 
of 51% could be achieved with the same image and 
diagnostic qualities of the clinical result. An example 
for a CT angiography scan of the heart and coronary 
arteries using ECG-controlled tube-current modu-
lation is shown in Figure 4.49. High signal-to-noise 
ratio is available for reconstruction during diastole 
with thin sections and high resolution. Reconstruc-
tion during systole for functional information shows 
lower signal-to-noise ratio; however, diagnostically 
sufficient image quality can be achieved with sec-
ondary multi-planar reformation (MPR) recon-
struction. For the patient with a stable heart rate 
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58bpm 59bpm 60bpm

20mA 20mA 20mA 

100mA 100mA 100mA 

Fig.  4.48a–c. Case example of two repeated ECG-gated spiral scans of the same patient using a 4-slice CT scanner at 0.5-s 
rotation time and 4 × 2.5-mm collimation for imaging calcifi ed plaques in the coronary arteries by applying ECG-controlled 
tube-current modulation. The patient showed stable sinus rhythm at heart rate 59 bpm during both scans. Calcifi cations in the 
left anterior descending and right coronary arteries that were identifi ed with the fi rst scan (a) can be accurately reproduced 
with the second scan (b). By ECG-controlled modulation of the tube current between 100 mA during diastole and 20 mA during 
systole (c), the amount of radiation can be reduced by 51% without compromising the signal-to-noise ratio for 59 bpm average 
heart rate. (Images courtesy of Klinikum Grosshadern, Munich, Germany)

a b

c

between 74 and 77 bpm, the exposure reduction with 
ECG-gated tube-current modulation was about 37%. 
Clinical studies based on patients separated in two 
groups with similar patient parameters (i.e., patient 
size, heart rate variations, median heart rates) have 
demonstrated dose reductions of 40–50% in male 
and female patients without remarkable influence 
on image noise and image quality by using ECG-con-
trolled tube-current modulation (Jakobs 2002).

Where available, this technique should be used 
for all patients with reasonably steady heart rates 
(Trabold 2003). However, if substantial arrhyth-
mia is expected during the scan, prospective control 
of the tube-current modulation and retrospective 
positioning of the reconstruction intervals may not 
match and ECG-controlled tube-current modula-

tion may not be adequately applied. To allow for 
more reliable use of ECG-controlled tube-current 
modulation in patients with irregular heart rates, 
new developments are under way that employ intel-
ligent ECG analysis algorithms that detect extra-
systolic beats in real time and disenable or adjust the 
temporal window for tube-current reduction in the 
affected heart beats (Fig. 4.50).

4.6.4 
Optimization for Different Patient Sizes

In both ECG-triggered sequential scanning and 
ECG-gated spiral scanning, adaptation of the dose to 
patient size and weight is an important potential for 

4.6 · Radiation Exposure Considerations
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76bpm 75bpm 75bpm

94mA 94mA 94mA 

467mA 467mA 467mA 

+20% +20% +20%+70% +70% +70%

End-Diastole +70% End-Systole +20%

Fig.  4.49a–c. Example of a coronary CT angiography examination using a 64-slice CT scanner with 64 × 0.6-mm slices, 0.33-s 
rotation time, and ECG-controlled dose modulation. a End-diastolic image with full dose, reconstructed at 70% of the cardiac 
cycle; b end-systolic image with reduced dose, reconstructed at 20% of the cardiac cycle; c The ECG signal of the patient shows a 
stable heart rate between 74 and 77 bpm. Although the signal-to-noise ratio of the end-systolic image is reduced, it is considered 
adequate for functional evaluation. (Images courtesy of University of Erlangen, Germany)

a b

c

75bpm

20% 

+60% +60% +60% +60%

+60% +60% +60% +60%

20% 20% 20% 

100% 100% 100% 100% 

105bpm 45bpm 75bpm

75bpm 105bpm 45bpm 75bpm

20% 20% 

100% 100% 

Fig.  4.50a, b. Automatic detection of extra-systolic heart beats during ECG-controlled tube-current 
modulation in a patient with a regular heart rate of 75 bpm. a An extra-systolic heart beat may 
lead to a mismatch in several consecutive heart beats of the temporal window with maximum tube 
output and desired cardiac phase for high-resolution image reconstruction. b If an extra-systolic 
heart beat is detected, the reduction of tube current can be disenabled during the affected heart 
beats and image quality can be maintained throughout the entire scan

a

b
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dose reduction. For quantification of coronary cal-
cifications, a reduction of the mean effective patient 
dose by 11.8% for males and 24.8% for females in 
a group of 50 patients was demonstrated by indi-
vidual body-weight-adapted tube-current settings 
(Mahnken 2003). For cardiac and coronary CT 
angiography, a similar potential for radiation dose 
reduction has been reported (Jung 2003). The Inter-
national Consortium of Standardization in Cardiac 
CT, a group of scientists, physicians, and CT manu-
facturers, has published recommendations to gener-
ate more accurate and calibrated results for coronary 
artery calcification independent of the scanner and 
of patient size. The researchers used an anthropo-
morphic calibration phantom with fixed amounts of 
calcium to derive dose recommendations for small, 
medium-sized, and large patients. The anthropo-
morphic calibration phantom consisted of tissue-, 
water- and bone-equivalent materials (QRM, Qual-
ity Assurance in Radiology and Medicine GmbH, 
Möhrendorf, Germany) and is shown in Figure 4.51 
(Ulzheimer 2003). To account for different patient 
sizes, the original phantom can be used with up to 
two additional attenuation rings. The three catego-
ries for patient size are defined as small: < 32.0-cm 
lateral thickness, medium: 32.0- to 38.0-cm lateral 
thickness, and large: > 38.0-cm lateral thickness. 
An A/P localizer image (topogram, scout view) 
is used to determine the lateral thickness, which 
is measured from skin-to-skin, at the level of the 
proximal ascending aorta. Target noise levels of 20 
HU for small and medium-sized patients and 23 
HU for large patients in the corresponding calibra-
tion phantom are proposed. For ECG-gated spiral 
scanning of coronary artery calcification using 
a 16-slice CT scanner with 16 × 1.5-mm collima-
tion, 0.42-s rotation time, and 120 kV, the follow-
ing effective mAs values are feasible: small = 80–85 
effective mAs, medium = 200–240 effective mAs, 
and large = 450–500 effective mAs. Similar rela-
tions can be found for high-resolution and cardiac 
coronary CT angiography protocols in which target 
noise levels of 15–20 HU with thin-slice reconstruc-
tion of 1 mm and below need to be achieved. The 
above example demonstrates the high potential for 
dose reduction, especially in medium-size and small 
patients, for coronary calcium quantification as well 
as cardiac and coronary CTA imaging protocols. In 

some modern CT scanners, the mAs value applied 
during an ECG-gated spiral scan can be automati-
cally adapted to the average size of the patient (e.g., 
CARE Dose4D, Siemens, Forchheim, Germany).

4.6.5 
Optimization of Contrast-to-Noise Ratio

Another means to reduce the radiation dose is to 
adapt the X-ray tube voltage to the intended appli-
cation. Typically, 120 kV are used for quantifica-
tion of coronary calcifications and for coronary CT 
angiography. In these two applications, however, the 
contrast-to-noise ratio for fixed patient dose can be 
increased by decreasing the X-ray tube voltage. As 
a consequence, to obtain a desired contrast-to-noise 
ratio, the patient dose can potentially be reduced 
by choosing lower kV settings of 80 or 100 kV. The 
potential for dose saving is more pronounced for 
small and medium-sized patients. Phantom mea-
surements using small tubes filled with diluted 
contrast agent embedded in Lucite phantoms with 
different diameters (Schaller 2001) were used to 
demonstrate the potential to increase contrast and 
reduce dose in general vascular and cardiac CT angi-
ography examinations in small and medium-sized 
patients when using 100 kV. Initial clinical experi-
ences have confirmed this finding in patients weigh-
ing up to 90 kg (Fig. 4.52). Other studies (Jacobs 
2003) compared ECG-gated spiral scan protocols 
using 120 and 80 kV for the quantification of cor-
onary calcium. An 80-kV scan protocol was used 
in combination with ECG-controlled tube-current 
modulation, resulting in a significantly lower patient 
radiation exposure (0.72 mSv for 80 kV compared to 
2.04 mSv for 120 kV). CTDI phantom measurements 
revealed a 65% reduction of radiation dose with the 
80-kV protocol. In this study, the 80-kV protocol 
led to a significant reduction in radiation expo-
sure during multi-slice CT coronary artery calcium 
screening, but did not affect the detection and quan-
tification of coronary artery calcification. However, 
it should be noted that the maximum X-ray tube 
current available at 80 kV is generally not sufficient 
to scan larger patients and an increase in the tube 
voltage is required. In such patients, use of the 100-
kV tube voltage may be a good compromise.

4.6 · Radiation Exposure Considerations
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Fig.  4.52. Case example of a CT angiographic ex-
amination of the coronary arteries in a patient 
weighing 82 kg . The image was obtained on a 64-
slice CT scanner with 64 × 0.6-mm slice acquisi-
tion and a 0.33-s rotation time. To reduce radia-
tion exposure, 100-kV tube voltage and ECG-con-
trolled tube-current modulation were used. The 
use of 100 kV instead of 120 kV reduces radiation 
exposure by about 33%, from 6.8  to 5.0 mSv. The 
high contrast-to-noise ratio allows visualization 
of the entire 3D cardiac and coronary anatomy 
and of atherosclerotic plaques in the left anterior 
descending and circumfl ex coronary arteries us-
ing an overlay of VRT and MIP displays. (Images 
courtesy of Medical University of South Carolina, 
Charleston, USA)

Fig.  4.51. Anthropomorphic calibration phantom (QRM Qual-
ity Assurance in Radiology and Medicine GmbH, Möhrendorf, 
Germany) recommended by the International Consortium for 
Standardization in Cardiac CT. The original phantom can be 
used with up to two additional attenuation rings to simulate 
small, medium-sized, and large patients

References

Achenbach S, Ropers D, Holle J, Muschiol G, Daniel WG, 
Moshage W (2000a). In-plane coronary arterial motion 
velocity: measurement with electron-beam CT. Radiology 
216:457–463.

Bahner ML, Böse J, Lutz A, Wallschläger H, Regn J, van Kaick 
G. (1999). Retrospectively ECG-gated spiral CT of the heart 
and lung. Eur Radiol 9:106–109

Becker CR, Knez A, Jakobs TF, Becker A, Schöpf UJ, Brüning R, 
Haberl R, Reiser MF (1999). Detection and quantification 
of coronary artery calcification with electron-beam and 
conventional CT. Eur Radiol 9:620–624

Brenner D, Elliston C, Hall E, Berdon W (2001). Estimated risks 
of radiation-induced fatal cancer from pediatric CT. AJR 
176:289 –296

Bruder H, Stierstorfer K, Ohnesorge B, Schaller S, Flohr T 
(2001). Segmented cardiac volume reconstruction – a novel 
reconstruction scheme for multi-slice cardiac CT. The Sixth 
International Meeting on Fully Three-Dimensional Image 
Reconstruction in Radiology and Nuclear Medicine, Pacific 
Grove, 2001, 161–164

Bruder H, Stierstorfer K, Ohnesorge B, Schaller S, Flohr T 
(2002). A novel reconstruction scheme for cardiac volume 
imaging with MSCT providing cone correction. SPIE 
Transactions on Medical Imaging

Flohr T, Schaller S, Ohnesorge B, Kopp AF, Klingenbeck-Regn 
K (1999). Evaluation of image artifacts in multi-slice spiral 
CT (abstract). Radiology 213(P):317

Flohr T, Ohnesorge B (2001). Heart-rate adaptive optimiza-



125

tion of spatial and temporal resolution for ECG-gated 
multi-slice spiral CT of the heart. J Comp Assist T 25(6): 
907–923

Flohr T, Prokop M, Schöpf, Kopp A, Becker C, Schaller S, White 
R, Ohnesorge B (2002). A new ECG-gated multi-slice spiral 
CT scan and reconstruction technique with extended 
volume coverage for cardio-thoracic applications. Eur 
Radiol 12:1527–1532

Flohr T, Ohnesorge B, Bruder H, et al (2003). Image recon-
struction and performance evaluation for ECG-gated spiral 
scanning with a 16-slice CT system. Med Phys 30(10):2650–
2662

Flohr TG, Schöpf UJ, Küttner A, Halliburton SS, Bruder H, Süß 
C, Schmidt B, Hofmann L, Yucel EK, Schaller S, Ohnesorge 
BM (2003). Advances in cardiac multi-slice CT-imaging 
with 16-slice CT-systems. Acad Radiol 10: 1050–1058

Fischbach R (2004). Clinical evaluation of Kymogram-gated 
cardiac image reconstruction with 16-slice CT (abstract). 
Radiology 231(P)

Hong C, Becker,CR, Huber A, Schöpf UJ, Ohnesorge B, Knez 
A, Brüning R, Reiser MF (2001a). ECG-gated reconstructed 
multi-detector row CT coronary angiography: effect of 
varying trigger delay on image quality. Radiology 220:712–
717

Hu H (1999). Multi-slice helical CT: scan and reconstruction. 
Med Phys 26 (1) 5–18

Hu H, Pan T, Shen Y (2000). Multi-slice helical CT: image tem-
poral resolution. IEEE Transactions on Medical Imaging 
vol 19(5):384–390

Jakobs T F, Becker C R, Ohnesorge B, Flohr T, Suess C, Schoepf 
U J, Reiser MF (2002). Multi-slice helical CT of the heart 
with retrospective ECG-gating: reduction of radiation 
exposure by ECG-controlled tube current modulation. Eur 
Radiol 12: 1081–1086

Jakobs T F, Wintersperger B J, Herzog P, Flohr T, Suess C, Knez 
A, Reiser MF, Becker C R (2003). Ultra-low-dose coronary 
artery calcium screening using multi-slice CT with retro-
spective ECG-gating. Eur Radiol 13: 1923–1930

Jung B, Mahnken A H, Stargardt A, Simon J, Flohr T G, Schaller 
S, Koos A, Guenther R W, Wildberger J E (2003). Individually 
weight-adapted examination protocol in retrospectively 
ECG-gated MSCT of the heart. Eur Radiol 13: 2560–2566

Kachelrieß M, Kalender WA (1998). Electrocardiogram-cor-
related image reconstruction from subsecond spiral 
computed tomography scans of the heart. Med Phys 25: 
2417–2431

Kachelrieß M, Ulzheimer S, Kalender WA (2000). ECG-cor-
related image reconstruction from subsecond multi-row 
spiral CT scans of the heart. Med Phys 27:1881–1902

Kachelrieß M, Sennst DA, Maxlmoser W, Kalender WA (2002). 
Kymogram detection and kymogram-correlated image 
reconstruction from subsecond spiral computed tomogra-
phy scans of the heart. Med Phys 29(7):1489–1503

Kak AC, Slaney M (1998). Principles of computerized tomo-
graphic imaging. IEEE Press New York, p. 77–86

Kalender W (1995). Thin-section three-dimensional spiral CT: 
is isotropic imaging possible? Radiology 197:578–580

Kalender W A, Schmidt B, Zankl M, Schmidt M (1999). A PC 
Program for estimating organ dose and effective dose 
values in computed tomography. Eur Radiol 9:555–562

Klingenbeck K, Schaller S, Flohr T, Ohnesorge B, Kopp AF, 
Baum U (1999). Subsecond multi-slice computed tomog-
raphy: basics and applications. Eur J Radiol 31(2):110–
124

Kopp AF, Küttner A, Heuschmid M; Schröder S, Ohnesorge B, 
Claussen CD (2002). Multidetector-row CT cardiac imag-
ing with 4 and 16 slices for coronary CTA and imaging of 
atherosclerotic plaques. Eur Radiol 12(Suppl.2):S17-S24

Loubeyre P, Angelie E, Grozel F, Abidi H, Minh VA (1997). Spiral 
CT artifact that simulates aortic dissection: image recon-
struction with use of 180 degrees and 360 degrees linear-
interpolation algorithms. Radiology 205:153–157

Mahnken A, Jung B, Wildberger J, et al (2003). Patient-size 
adapted scan protocols in coronary calcium scoring with 
multi-slice CT. Eu Radiol 13

McCollough C (2003). Patient dose in cardiac computed 
tomography. Herz 28:1–6

Mochizuki T, Murage K, Higashino H et al (2000). Two and 
three dimensional CT ventriculography: a new application 
of helical CT. AJR 174: 203–208

Morin R, Gerber T, McCollough C (2003). Radiation dose in 
computed tomography of the heart. Circulation 107:917–
922

Nickoloff E, Alderson P (2001). Radiation exposure to patients 
from CT: reality, public perception, and policy. AJR 
177:285–287

Ohnesorge B, Flohr T, Rienmüller R (1999). Procedure to deter-
mine the reconstruction window in CT examinations of the 
heart. European Patent Office

Ohnesorge B, Flohr T, Becker C R, Kopp A F, Knez A Baum U, 
Klingenbeck-Regn K Reiser MF (2000a). Cardiac imaging 
by means of electrocardiographically gated multisection 
spiral CT: initial experience. Radiology 217:564–571

Ohnesorge B, Flohr T, Becker CR, Kopp AF, Knez A, Reiser MF 
(2000b). Dose evaluation and dose reduction strategies for 
ECG-gated multi-slice spiral CT of the heart (Abstract). 
Radiology 217(P):487

Ohnesorge B, Flohr T, Becker CR, Knez A, Schöpf U, Klingen-
beck K, Brüning R, Reiser MF (2001). Technical Aspects 
and Applications of Fast Multislice Cardiac CT. Medical 
Radiology, Diagnostic Imaging and Radiation Oncology, 
Multislice CT. Springer Verlag Berlin, Heidelberg. Chapter 
15:121–130

Parker DL (1982). Optimal short scan convolution reconstruc-
tion for fanbeam CT. Med Phys 9(2):254–257

Poll L, Cohnen M, Brachten S, Ewen K, Modder U (2002). Dose 
reduction in multidetector row CT of the heart by use of 
ECG-controlled tube current modulation (“ECG-Pulsing”): 
phantom measurements. Rofo Fortschr Geb Rontgenstr 
Neuen Bildgeb Verfahr 174:1500–5

Sato Y, Kanmatsuse K, Inoue F, et al (2003). Noninvasive coro-
nary artery imaging by multi-slice spiral computed tomog-
raphy – a novel approach for a retrospectively ECG-gated 
reconstruction technique. Circ J 67: 107–111

References



126 Chapter 4 · Principles of Multi-slice Cardiac CT Imaging

Schaller S, Flohr T, Klingenbeck K, Krause J, Fuchs T, Kalender 
WA (2000). Spiral interpolation algorithm for multi-slice 
spiral CT. Part I: Theory. IEEE Transactions on Medical 
Imaging, 19(9):822–834

Schaller S, Niethammer M U, Chen X, Klotz E, Wildberger J 
E, Flohr T (2001). Comparison of signal-to-noise and dose 
values at different tube voltages for protocol optimization 
in pediatric CT (Abstract). Radiology 223(P), 366

Schöpf UJ, Helmberger T, Holzknecht N, Kang DS, Brüning 
RD, Aydemir S, Becker CR, Mühling O, Knez A, Haberl R, 
Reiser MF (2000). Segmental and subsegmental pulmonary 
arteries: evaluation with electron beam CT versus spiral CT. 
Radiology 214:433–439

Stanford W, Rumberger J (1992) Ultrafast computed tomog-

raphy in cardiac imaging: principles and practise. Futura 
Publishing Company New York

Stehling MK, Turner R, Mansfield P (1991). Echo-planar imag-
ing: magnetic resonance imaging in a fraction of a second. 
Science 254: 43–50

Taguchi K, Aradate H (1998). Algorithm for image reconstruc-
tion in multi-slice helical CT. Med Phys 25 (4):550–561

Trabold T, Buchgeister M, Küttner A, Heuschmid M, Kopp AF, 
Schröder S, Claussen CD (2003). Estimation of radiation 
exposure in 16-detector row computed tomography of the 
heart with retrospective ECG-gating. RöFo 175:1051–1055

Ulzheimer S, Kalender W A (2003). Assessment of calcium 
scoring performance in cardiac computed tomography. 
Eur Radiol 13(3): 484–97



127

Clinical Examination Protocols 5
with 4- to 64-Slice CT

Bernd Ohnesorge

C o n t e n t s

5.1 Quantifi cation of Coronary Artery 
 Calcifi cation 127
5.2 CT Angiography of the Cardiac Anatomy 
 and Coronary Arteries 133
5.3 Cardiac Function Imaging 141
5.4 Cardiothoracic Examination Protocols 144
 References 148

the minimum technology level needed for a certain 
clinical application. Where feasible, different pro-
tocol options using prospective ECG triggering or 
retrospective ECG gating are introduced, and the 
advantages and disadvantages discussed. For con-
trast-enhanced applications, we provide suggestions 
for contrast-agent protocols with optimized timing 
of vascular and anatomical enhancement. The dis-
cussion of clinical indications and evaluation tech-
niques is not the subject of this chapter but of other 
chapters in this book.

5.1 
Quantifi cation of Coronary Artery 
Calcifi cation

The quantification of coronary artery calcification 
by multi-slice CT is a growing clinical application, 
as it has been included as a useful test in the guide-
lines of several leading societies (Mieres 2005, de 
Backer 2005, Silber 2005, Clouse 2006). The reli-
able and reproducible quantification of coronary 
artery calcification requires a multi-slice CT scanner 
with simultaneous acquisition of at least four slices. 
Reference data bases for coronary calcification mea-
sured by multi-slice CT have been established based 
on 4-slice CT scanners (Schmermund 2002). Several 
validation studies have shown the comparability of 
results obtained with EBCT scanners and those gen-
erated by a 4-slice CT scanner with 0.5-s rotation 
time (Becker 2001, Kopp 2002, Nasir 2003). Despite 
shortcomings in temporal resolution, superior results 
compared to EBCT could be demonstrated in a con-
siderable number of patients (Fig. 5.1). Protocols with 

This chapter gives an overview of the scan protocols 
for the main cardiac imaging applications and for 
the various multi-slice CT technology levels that are 
in regular clinical use today. More protocols that 
are used in specific patient populations or under 
research conditions can be also found in Chap. 7.

The first multi-slice cardiac CT imaging proto-
cols were already developed in 1999 (Ohnesorge 
2000) for a broad range of clinical applications 
based on the first available 4-slice CT scanners. 
These represent the minimum technology level that 
is required for basic cardiac applications, such as 
coronary calcium scoring and display of the larger 
cardiac anatomy. More advanced applications, such 
as coronary artery diagnosis and assessment of car-
diac function, have become feasible with the more 
recent introduction of 16- to 64-slice CT scanners 
with increased spatial and temporal resolution and 
shorter breath-hold times (Lawler 2004, Scho-
epf 2004, Schoenhagen 2004, Ohnesorge 2005, 
Flohr 2005, Gaspar 2005, Schoepf 2006, Lardo 
2006). The protocols presented in this chapter are 
designed to provide a suitable balance of best pos-
sible clinical outcome, on the one hand, and mini-
mum possible radiation exposure, on the other. The 
given parameters apply for a wide range of CT scan-
ners from all major manufacturers and also indicate 
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Fig. 5.1a–f. Axial images for quantifi cation of coronary calcifi cation. The images were obtained in the same patients with EBCT 
and 4-slice CT. EBCT scans were acquired using 3-mm slices and 100-ms temporal resolution, and 4-slice CT scans using 2.5-mm 
collimation, 0.5-s rotation time, and 250-ms temporal resolution. For both scanners, images were obtained using prospectively 
ECG-triggered acquisition. Calcifi ed lesions can be detected without motion artifacts with 4-slice CT despite reduced temporal 
resolution. EBCT acquisitions (a, c, e) show lower signal-to-noise ratio and less spatial resolution than the corresponding 4-slice 
CT acquisitions (b, d, f) made with comparable radiation exposure. Small lesions are detected with higher sensitivity with 4-slice 
CT (b and d, arrows) than with EBCT (a and c, arrows). For obese patients, exposure can be increased with 4-slice CT to maintain 
diagnostic image quality in the detection of small lesions (f, arrow) whereas small lesions may be missed with EBCT due to 
noise levels that are too high (e, arrow). (Case studies courtesy of Klinikum Grosshadern, University of Munich, Germany)

a b

c d

e f
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comparable image-quality parameters were used to 
show that radiation exposure for coronary calcium 
measurement was equivalent with multi-slice CT 
and EBCT (Ulzheimer 2003). Reports stating that 
radiation exposure is substantially higher with multi-
slice CT than with EBCT (Nasir 2003, Mieres 2005) 
were based on non-standardized and non-optimized 
multi-slice CT protocols.

In order to achieve the highest temporal reso-
lution, the fastest available rotation time should 
always be used. Initial clinical experience demon-
strated that scanners with 4- to 6 slices and a fast-
est rotation time of 0.5 to 0.6 s can provide adequate 
quality of results and can be routinely used. How-
ever, it was also demonstrated that 4-slice scanners 
with a fastest rotation time of 0.8 s do not meet the 
required standards in terms of detection accuracy 
and reproducibility due to the frequent presence of 
extensive motion artifacts (Goldin 2001). All multi-
slice CT scanner generations with 4- or more slices 
can acquire data for coronary calcium quantifica-
tion within comfortable breath-hold times. With 
the newest scanners, scan acquisition can be even 
accomplished in less than 10 s. Although the perfor-
mance advantages of newer 16- to 64-slice CT scan-

ners over 4- to 8-slice CT scanners may be limited 
when it comes to quantification of coronary artery 
calcification, the higher temporal resolution and the 
shorter breath-hold times still suggest an increased 
reproducibility of calcium measurements and 
increased detection accuracy of small calcifications. 
Modern 32- to 64-slice CT scanners provide up to 
40-mm scan coverage per prospectively ECG-trig-
gered acquisition; however, the full coverage is often 
not used for prospectively ECG-triggered scan pro-
tocols to avoid the presence of cone-beam artifacts. 
Retrospectively ECG-gated scan protocols, instead, 
can utilize the full available detector coverage, as 
cone-beam artifacts can be eliminated with special 
spiral reconstruction techniques.

Both prospectively ECG-triggered sequential 
scan protocols and retrospectively ECG-gated spiral 
scan and reconstruction protocols are in use for 
the quantification of coronary artery calcification 
(Tables 5.1, 5.2). The key advantage of prospectively 
ECG-triggered scan protocols is the lowest possible 
level of radiation exposure of less than 1 mSv due to 
the fact that the amount of scanned data is reduced 
to a minimum. However, retrospectively ECG-gated 
acquisition enables higher temporal resolution with 

Table 5.1. Scan protocols for coronary calcium quantifi cation with prospective ECG triggering

4- to 6-slice CT 8- to 10-slice CT 16-Slice CT 32- to 40-slice CT 64-slice CT

Collimation (mm) 2.5–3.0 1.0–1.5 1.0–1.5 0.6a, 1.0–1.25 0.6a, 1.0–1.25

Slice width (mm) 2.5–3.0 2.5–3.0 2.5–3.0 2.4–3.0 2.4–3.0

Rotation time (s) 0.5–0.6 0.42–0.5 0.37–0.5 0.37–0.4 0.33–0.4

Temporal resolution (ms) 250–300 210–250 185–250 185–200 165–200

kV 120 120 120 120 120

mA 83–160 100–190 100–216 125–216 125–242

mAs (mA × Trot × 2/3) 33–53 33–53 33–53 33–53 33–53

Table speed (mm/scan) 10–18 10–15 20–24 12a, 28.8–40 18a, 28.8–40

ECG trigger (% RR) 50 50 50 60 60

Reconstruction filter Medium-sharp 
(B35f)b

Medium-sharp 
(B35f)b

Medium-sharp 
(B35f)b

Medium-sharp 
(B35f)b

Medium-sharp 
(B35f)b

Exposure (mSv) 0.7–1.1c 0.7–1.1c 0.5–0.8c 0.5–0.8c 0.5–0.8c

Scan direction Craniocaudal Craniocaudal Craniocaudal Craniocaudal Craniocaudal

Scan time (s) 11–20d 16–20d 8–10d 17a, d, 5–7d 11a, d, 5–7d

a Special high-resolution protocol for SOMATOM Sensation 40 and 64, Siemens, Germany.
b Special nomenclature for reconstruction fi lters on Siemens SOMATOM CT scanners.
c Estimation for male patients and 12-cm scan range; for female patients, multiply by a factor of 1.4.
d Scan-time calculation for 12-cm scan range, assuming a heart rate of 70 bpm and scans in every other beat.

5.1 · Quantifi cation of Coronary Artery Calcifi cation
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Table 5.2. Scan protocols for coronary calcium quantifi cation with retrospective ECG gating

4- to 6-slice CT 8- to 10-slice CT 16-slice CT 32- to 40-slice CT 64-slice CT

Collimation (mm) 2.0–2.5 1.0–1.5 1.0–1.5 1.0–1.25 1.0–1.25

Slice width (mm) 3.0 3.0 3.0 3.0 3.0

Slice increment (mm) 1.5 1.5 1.0 1.5 1.5

Rotation time (s) 0.5–0.6 0.42–0.5 0.37–0.5 0.37–0.4 0.33–0.4 

Temporal resolution (ms) 250–300a 210–250a 185–250a 185–200a 165–200a

kV 120 120 120 120 120

mA 83–160 100–190 100–216 125–216 125–242

mAs (mA × Trot) 50–80 50–80 50–80 50–80 50–80

Effective mAs 125–267 143–285 143–320 200–400 200–400

Pitch 0.30–0.40 0.28–0.35 0.25–0.35 0.20–0.25 0.20–0.25

Table speed (mm/s) 6–8 6–10 10–16 16–22 16–22

ECG gating (% RR) 50 50 50 60 60

ECG dose modulation Yesb Yesb Yesb Yesb Yesb

Reconstruction filter Medium-sharp 
(B35f)c

Medium-sharp 
(B35f)c

Medium-sharp 
(B35f)c

Medium-sharp 
(B35f)c

Medium-sharp 
(B35f)c

Exposure (mSv) 1.6–2.2d 1.6–2.2d 1.4–1.9d 1.5–2.1d 1.5–2.1d

Scan direction Craniocaudal Craniocaudal Craniocaudal Craniocaudal Craniocaudal

Scan time (s) 15–20e 12–20e 8–12e 6–8e 6–8e

a Temporal resolution based on single-segment algorithm can be increased with two or more segments.
b Recommended use of ECG dose modulation – if available for the multi-slice CT scanner being used.
c Special nomenclature for reconstruction fi lters on Siemens SOMATOM CT scanners.
d Estimation for a male patient with a heart rate of 70 bpm, 12-cm scan range; for a female patient, multiply by a factor of 1.4. 
d It is assumed that ECG dose modulation is used (absence increases exposure by a factor of 1.5–2.0).
e Scan time calculation for 12-cm scan range

segmented reconstruction techniques, retrospec-
tive optimization of reconstruction phases, and 
the generation of overlapping slices (Figs. 5.2, 5.3). 
The higher-quality image data in combination with 
modern volumetric and mass-based quantification 
systems result in higher reproducibility of coronary 
calcium measurements (Ohnesorge 2002, Hong 
2003, Moser 2004). With the use of ECG-controlled 
dose modulation, radiation exposure can be reduced 
to reasonably low levels, around 2 mSv (Jakobs 
2002); nonetheless, this is still about two-fold higher 
than the level produced with prospectively ECG-
triggered protocols. Scan times are quite comparable 
with both techniques in patients with normal heart 
rate; but if heart rates are below 60 bpm, scan times 
can increase substantially with prospective ECG 
triggering. The advantages and disadvantages of 

the two techniques suggest that prospectively ECG-
triggered scan protocols are useful in asymptomatic 
patients at risk who present for initial assessment 
of coronary artery calcification. In asymptomatic 
patients at risk of developing coronary artery dis-
ease, asymptomatic patients with known presence 
of coronary artery calcification, and symptomatic 
patients with suspicion of coronary artery disease, 
retrospectively ECG-gated acquisition is the pre-
ferred choice.

Based on previous EBCT studies, a slice-width 
of 3.0 mm has been established as a standard for 
quantification of coronary calcification by CT 
(Agatston 1990, Callister 1998, O’Rouke 2000). 
Experimental studies have been conducted using 
thinner slices for better detection of smaller calci-
fications, but such protocols cannot yet be recom-
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a b

c

Fig. 5.2a–c. Quantifi cation of coronary calcifi cation using a 64-slice CT scanner 
with 1.2-mm collimation and 0.33-s rotation time, and a scan protocol with 
retrospective ECG gating. a–c Axial images were reconstructed with a 3.0-mm 
slice width and a 1.5-mm image increment. b The overlapping image increment 
allows for more accurate delineation of the extension of the small calcifi cation 
in the proximal right coronary artery (arrow). (Case studies courtesy of Klini-
kum Grosshadern, University of Munich, Germany)

mended for clinical use due to the lack of standard-
ization and the lack of comparability with clinical 
reference data bases (Hong 2003, Mühlenbruch 
2005a). Therefore, all multi-slice CT scan protocols 
for coronary artery calcium measurement aim for 
an optimized selection of slice-collimation settings 
and image-reconstruction techniques to produce 
a reconstructed slice width that comes as close as 
possible to the standard of 3.0 mm. With prospec-
tively ECG-triggered acquisition, the resulting slice 
width represents a multiple of the underlying col-
limated slice width as multiple collimated slices are 
combined during image reconstruction to thicker 
slices. In 4- to 6-slice CT scanners, the resulting 
slice width is usually equal to the collimated slice 
width. In CT scanners with 8-slices or more, the col-
limated slice width is usually less than 3.0 mm so 

that slices have to be combined during image recon-
struction. Depending on the detector geometry, 
slice widths between 2.4 and 3.0 mm are generated 
from collimated slices of 1.0, 1.2, 1.25, and 1.5 mm, 
which are used in the currently available 8- to 64-
slice CT scanners. In some special cases, the result-
ing slices are generated from a sub-millimeter col-
limation setting, which allows the reconstruction of 
well-defined 3.0-mm slices. If the slice width of the 
images that are used for calcium quantification dif-
fers from 3.0 mm, a correction factor (= 3.0 mm/slice 
width) has to be applied to semi-quantitative scores, 
such as the traditional Agatston score, that presume 
a slice width of 3.0 mm (Becker 2001, Kopp 2002). 
Spiral weighting algorithms that are applied during 
retrospectively ECG-gated image reconstruction 
enable the reconstruction of 3.0-mm slices indepen-

5.1 · Quantifi cation of Coronary Artery Calcifi cation
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Fig. 5.3a–f. Representative case examples of repeat scan examinations for quantifi cation of coronary calcifi cation using 4-slice 
CT with 2.5-mm collimation, 0.5-s rotation time, and retrospectively ECG-gated spiral acquisition. Images were reconstructed 
with a 3.0-mm slice width and a 1.5-mm image increment. The score, location, and morphology of small calcifi ed lesions can 
be accurately reproduced for a moderate heart rate of 63 bpm (a Agatston score 97, volume 83 mm3, mass 20 mg; b Agatston 
score 110, volume 87 mm3, mass 22 mg) and a higher heart rate of 96 bpm (c Agatston score 26, volume 34 mm3, mass 5.5 mg; 
d Agatston score 29, volume 32 mm3, mass 5.1 mg). For both examples, the interscan variability was less than 5%. Higher variabil-
ity can be present for patients with very low total scores, high heart rates, and arrhythmic changes during the scan (e Agatston 
score 8, volume 12 mm3, mass 2.0 mg; f Agatston score 13, volume 20 mm3, mass 3.8 mg. However, calcifi cations can still be 
identifi ed and reproduced in both scans. (Case studies courtesy of Klinikum Grosshadern, University of Munich, Germany)

a b

c d

e f



133

dent of the collimated slice width. Normally, images 
are reconstructed at a distance of 1.5 mm (i.e., half 
of the reconstructed slice width) in order to maxi-
mize the volumetric information and optimize 
reproducibility of the coronary calcium measure-
ments (Ohnesorge 2002).

As the quantification of coronary calcification is 
often applied in asymptomatic patients at risk or in 
patients with a low or intermediate likelihood of cor-
onary artery disease, radiation exposure has to be 
kept at a minimum level. A kV setting of 120 kV has 
been established as a standard as it provides optimal 
contrast while avoiding blooming artifacts at low X-
ray energy. In some scanners, 130 kV has to be used 
as alternative since 120 kV is not supported.

The mAs value is calculated from the applied mA 
value and the exposure time per slice and determines 
the signal-to-noise ratio in the axial image slice. In 
prospectively ECG-triggered acquisition, the expo-
sure time per slice corresponds to two-thirds of the 
rotation time (mAs = mA × Trot × 2/3), which equals 
the time of partial-scan acquisition during ECG-
triggered acquisition. In retrospectively ECG-gated 
acquisition, most scanners use the rotation time Trot 
as the exposure time per slice (mAs = mA × Trot). 
In addition, some scanners display an effective mAs 
value for retrospectively ECG-gated scan protocols 
that takes the relationship to pitch into consideration 
(effective mAs = mA × Trot/pitch). In normal patients 
weighing up to 90 kg, 33 mAs is used for prospective 
ECG triggering and 50 mAs for retrospective ECG 
gating. In large or obese patients weighing above 
90 kg, up to 53 mAs can be used in prospective ECG 
triggering and up to 80 mAs in retrospective ECG 
gating in order to improve the detection accuracy of 
small calcium deposits (McCollough 2003). The mA 
levels have to be selected according to the present 
rotation time in order to achieve the required mAs. 
Subsequently, the radiation-exposure estimations 
given in (Tables 5.1 and 5.2) show a value range that 
accounts for the increased mAs in obese patients.

Prospectively ECG-triggered image acquisition 
or retrospectively ECG-gated image reconstruction 
should be targeted to mid-diastole, when the least 
amount of motion artifacts is expected. For 4- to 16-
slice CT scanners, image reconstruction at 50% of 
the RR-interval is recommended. As rotation times 
become shorter and temporal resolution increases 

with modern 32- to 64-slice CT scanners, the recon-
struction phase can be shifted to 60% of the RR-
interval.

The reconstruction filter kernel greatly influ-
ences the in-plane spatial resolution and signal-to-
noise ratio and thus the quantitative measurements. 
For coronary calcium measurements, a medium-
sharp reconstruction filter kernel without edge 
enhancement (e.g., B35f for SOMATOM CT scan-
ners, Siemens, Germany) is recommended that pro-
vides moderate image noise in low-dose acquisition 
protocols and about 10 lp/cm in-plane resolution. 
The 50% and 2% values of the modulation transfer 
function ρ are suggested by ρ(50%) ≈ 4.0 cm-1 and 
ρ(2%) ≈ 9.0 cm-1. Edge enhancement of the recon-
struction filter kernel, as frequently used in chest 
examinations, should be avoided as it may lead to 
overestimation of scores and to misleading artifacts 
at the pericardium close to the coronary arteries.

5.2  
CT Angiography of the Cardiac Anatomy 
and Coronary Arteries

The development of basic multi-slice cardiac CT 
scan reconstruction techniques and the first clini-
cal evaluation of multi-slice CT angiography of the 
heart and coronary arteries involved the use of 4-
slice CT scanners with a fastest rotation time of 
0.5 s (Ohnesorge 2000, Achenbach 2000, Nieman 
2001). Several studies demonstrated the feasibility 
of 4-slice CT scanners to non-invasively image the 
cardiac morphology and the coronary arteries but 
the performance of 4-slice CT scanners in terms of 
spatial resolution, temporal resolution, and breath-
hold times was shown to be too limited for regular 
clinical use.

The availability of 8- to 10-slices per rotation with 
sub-millimeter collimation and a fastest rotation 
time of less than 0.5 s represent the minimum CT 
performance requirements for contrast-enhanced 
imaging of the heart and the coronary arteries. 
However, several studies demonstrated a substan-
tial improvement of clinical robustness for cardiac 
and coronary artery diagnosis when using 16-slice 

5.2 · CT Angiography of the Cardiac Anatomy and Coronary Arteries
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CT technology with sub-millimeter collimation 
and rotation time of less than 0.4 s (Küttner 2005, 
Mollet 2005a, Dorgelo 2005), which is therefore 
our recommended minimum performance level. 
The clinical robustness and diagnostic accuracy of 
CT angiography of the heart and coronary arteries 
benefits significantly from the further enhanced 
spatial resolution, temporal resolution, and reduced 
breath-hold times in 32- to 64-slice CT scanners 
(Gaspar 2004, Leschka 2005, Nikolaou 2005). 
Furthermore, a 32- to 64-slice CT scanner is usually 
a prerequisite for imaging of coronary stents and 
analysis of coronary plaque (Fig. 5.4, Figs. 5.7–5.9).

Retrospectively ECG-gated spiral acquisition has 
become the standard technique for high-resolu-
tion CT angiography of the heart and the coronary 
arteries (Table 5.3). The ability to reconstruct over-
lapping slices for increased z-axis resolution, the 
considerably shorter scan times, the ability to ret-
rospectively optimize image reconstruction phases, 
and the option to increase temporal resolution with 
segmented reconstruction are key advantages that 
result in superior diagnostic image quality com-
pared to prospectively ECG-triggered scanning. 
Only in very special applications, such as pediatric 
studies, are prospectively ECG-triggered protocols 

Fig. 5.4. Coronary CT angiography examination obtained with a 64-slice CT scanner with 0.6-mm collimation and 0.33-s rotation 
time. Automated segmentation of the coronary arteries and display with MIP reveals several lesions in the proximal left and right 
coronary arteries. With the resolution provided by 64-slice CT, plaque analysis becomes feasible using advanced segmentation 
tools. (Case study courtesy of University of Erlangen, Germany)
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still in use for contrast-enhanced imaging of the 
heart morphology when minimization of radiation 
exposure is a major priority.

Sub-millimeter collimation and image recon-
struction producing sub-millimeter slice width are 
important pre-requisites for high-resolution imag-
ing of the cardiac and coronary anatomy. For imag-
ing the heart and the coronary arteries with good 
contrast resolution, usually a slice-width between 
0.75 and 1.0 mm is used. For special high-resolu-
tion reconstructions of stented or heavily calcified 
coronary segments, slice-width down to 0.6 mm can 
be achieved with the latest 64-slice CT scanners. In 
most multi-slice CT scanners, the thinnest possible 
reconstructed slice width is about 30–50% wider 
than the collimated slice width due to slice-broad-
ening during spiral reconstruction. Multi-slice CT 
scanners that apply a flying focal spot in the z-direc-
tion (“double z-sampling”) can generate a recon-
structed slice width that is equivalent to the col-
limated slice width. The reconstruction increment 
depends on the reconstructed slice width. The z-axis 
resolution can be maximized with a reconstruction 
increment between one-half and two-thirds of the 
reconstructed slice width. Most 16- to 64-slice CT 
scanners that are available today can achieve a z-axis 
resolution of 0.5–0.7 mm, based on a 0.75–1.0 mm 
slice width. Recent 40- and 64-slice CT scanners 
that use the double z-sampling technique can pro-
vide a z-axis resolution as high as 0.4 mm, based on 
a reconstructed slice width of 0.6 mm. As described 
in a previous chapter, multi-slice CT scanners with 
double z-sampling technique double the number of 
scanned slices per rotation by using a flying focal 
spot in the z-direction. The detector coverage of those 
scanners, however, is usually smaller and scan times 
are correspondingly longer than those of multi-slice 
CT scanners with conventional design and the same 
number of slices. This currently available spectrum 
of different designs from different manufacturers 
explains the wide range of scan times for 32- to 64-
slice CT scanners (Table 5.3).

In general, the shortest rotation time available 
should be used for CT angiography of the heart and 
coronary arteries in order to maximize temporal 
resolution. The shorter the rotation time the larger is 
the range of heart rates for which diagnostic image 
quality of small cardiac and coronary anatomy can 

be achieved. A rotation time of less than 0.4 s is a pre-
requisite to achieve robust image quality in patients 
with heart rates above 70 bpm (Küttner 2005, 
Mollet 2005a, Leschka 2005). However, heart 
rate control with β-blockers is still widely applied, 
even with a rotation time down to 0.33 s, which is 
available with the latest 64-slice CT scanners (Raff 
2005, Mollet 2005b, Leber 2005, Alkadhi 2006). 
Segmented reconstruction techniques may be useful 
to increase temporal resolution and reduce motion 
artifacts in certain cases (Begemann 2005). How-
ever, multi-segment algorithms have shown to be 
clinically useful only up to a maximum of two seg-
ments for imaging of cardiac and coronary anatomy 
(de Gruiter 2006). Applying a slower rotation time 
in order to achieve higher temporal resolution for 
certain heart rates in combination with segmented 
reconstruction approaches cannot be recommended 
due to the lack of evidence in clinical routine. Using 
a slightly slower rotation time may only be practical 
in examinations of very obese patients, in order to 
achieve a higher contrast-to-noise ratio.

Similar to cardiac CT studies without contrast 
enhancement (see Sect. 5.1), a kV-setting of 120 kV 
has also been established as the standard in con-
trast-enhanced cardiac CT studies, as it can provide 
optimal iodine and tissue contrast while avoiding 
blooming artifacts. As mentioned above, in some 
scanners, 130 kV has to be used as an alternative if 
120 kV is not supported. Lower kV settings, such as 
100 kV, have the potential to provide a higher con-
trast-to-noise ratio; however, the evaluation of these 
protocols is still on-going. The mAs value is calcu-
lated from the applied mA value and the exposure 
time per slice and determines the signal-to-noise 
ratio in the axial image slice. Most scanners use 
the rotation time as the exposure time per slice for 
retrospectively ECG-gated acquisition (mAs = mA 
× Trot). The mAs value translates into an effective 
mAs value that takes the spiral pitch into consider-
ation (effective mAs = mA × Trot/pitch). In normal 
patients weighing up to 90 kg, a setting of mAs = 
150 is used for regular clinical use. In large or obese 
patients weighing above 90 kg, up to 200 mAs can be 
used in order to improve the visualization of small 
details. The mA levels have to be selected according 
to the present rotation time in order to achieve the 
required mAs value. The radiation exposure esti-

5.2 · CT Angiography of the Cardiac Anatomy and Coronary Arteries
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mations in Table 5.3 show a range to account for the 
increased mAs value in obese patients.

Optimal management of radiation exposure is 
particularly important for CT angiography exami-
nations of the heart and the coronary arteries. The 
radiation exposure is largely dependent on the mAs 
per slice, the selected scan range, and the spiral pitch. 
Careful selection of the spiral pitch with minimal 
spiral overlap (pitch value as high as feasible), care-
ful selection of the mAs per slice dependent on the 
patient’s weight, limiting the scan range to the anat-
omy of interest, and a mandatory use of ECG-con-

trolled dose modulation (Jakobs 2002) are impor-
tant pre-requisites to minimize radiation exposure 
during retrospectively ECG-gated CT angiography 
examinations of the heart and the coronary arteries 
(Trabold 2003).

Usually, the entire cardiac and coronary anatomy 
can be covered in a 120-mm scan range within a rea-
sonably short breath-hold time of less than 20 s with 
16-slice CT and less than 10 s with 64-slice CT. In 
some applications, such as the evaluation of coro-
nary bypass grafts, longer scan ranges up to 200 mm 
are necessary, thus resulting in longer breath-hold 

Table 5.3. Scan protocols for CT angiography of the heart with retrospective ECG gating

8- to 10-slice CT 16-slice CT 32- to 40-slice CT 64-slice CT

Collimation (mm) 0.75–1.25 0.5–0.75 0.5–0.625 0.5–0.625

Slice width (mm) 1.0–1.5 0.8–1.0 0.6–0.9 0.6–0.9

Slice increment (mm) 0.5–0.8 0.5–0.7 0.4–0.6 0.4–0.6

Rotation time (s) 0.42–0.5 0.37–0.5 0.37–0.4 0.33–0.4 

Temporal resolution (ms) 210–250a 185–250a 185–200a 165–200a

kV 120 120 120 120

mA 300–475 300–540 375–540 375–600

mAs (mA × Trot) 150–200 150–200 150–200 150–200

Effective mAs 430–710 430–800 600–800 600–990

Pitch 0.28–0.35 0.25–0.35 0.20–0.25 0.20–0.25

Table speed (mm/s) 5–7 6–8 8–15 12–22

ECG gating morphology (% RR) 50–60 50–60 40–70 40–70

ECG gating, end-systole (% RR) 10 10 10–20 10–20

ECG gating, end-diastole (% RR) 80 80 80–90 80–90

ECG dose modulation Yesb Yesb Yesb Yesb

Reconstruction filter Medium-smooth 
(B25f)c

Medium-smooth 
(B25f)c

Medium-smooth 
(B25f)c

Medium-smooth 
(B25f)c

Exposure (mSv) 5.6–8.5d 5.0–8.2d 5.9–9.5d 5.9–9.5d

Scan direction Craniocaudal Craniocaudal Craniocaudal Craniocaudal

Scan time (s) 17–24e 15–20e 8–15e 6–10e

Contrast type (mg I/ml) 300–320 300–320 350–400 350–400

Contrast volume (ml) 120–150 100–120 80–100 60–80

Contrast flow (ml/s) 2.5–3.0 3.0–4.0 3.5–5.0 3.5–5.0

Contrast delay (s) 18–22 18–22 22–25 22–25

a Temporal resolution based on single-segment algorithm can be increased with two or more segments.
b Recommended use of ECG dose modulation – if available for the multi-slice CT scanner being used.
c Special nomenclature for reconstruction fi lters on Siemens SOMATOM CT scanners.
d Estimation for a male patient with a heart rate of 70 bpm, 12-cm scan range; for a female patient, multiply by a factor of 1.4. 
d It is assumed that ECG dose modulation is used (absence increases exposure by a factor of 1.5–2.0).
e Scan time calculation for 12-cm scan range.
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times and higher radiation exposure. Due to the 
longer breath-hold time, ECG-gated sub-millimeter 
scanning of ranges larger than 200 mm can only be 
done with 32 - to 64-slice CT scanners.

The selection of the right image-reconstruction 
phase during the cardiac cycle is a key element to 
achieve diagnostic image quality for the entire car-
diac anatomy, including all relevant segments of the 
coronary artery tree. Retrospective optimization of 
the reconstruction phase and reconstruction at dif-
ferent time points help to achieve good image qual-
ity in the majority of patients. For 16-slice CT scan-

ners with rotation times around 0.4 s, the best image 
quality can usually be obtained between 50 and 60% 
of the RR-cycle. Due to the limited temporal reso-
lution, motion artifacts have to be expected outside 
this interval. As rotation times become shorter and 
temporal resolution increases with modern 32- to 
64-slice CT scanners, the interval can be extended to 
between 40 and 70% of the RR-cycle (Fig. 5.5), thus 
revealing stable image quality also at higher heart 
rates (Alkadhi 2006). With rotation time below 
0.4 s, certain aspects of the cardiac anatomy, i.e., the 
right coronary artery, can often be visualized with 

5.2 · CT Angiography of the Cardiac Anatomy and Coronary Arteries

Fig. 5.5a–d. Coronary CT angiography examination in a patient with 82 bpm using a 64-slice CT scanner with 0.6-mm collima-
tion and 0.33-s rotation time. Retrospectively ECG-gated image reconstruction was done at 70% (a, b) and 40% (c, d) of the 
RR-interval. While the left anterior descending coronary artery can be visualized free of motion at 70% (a), the right coronary 
artery is of diagnostic quality but shows some residual motion artifacts (b). Image reconstruction at 40% reveals both the left an-
terior descending (c) and right (d) coronary arteries with very good diagnostic quality. However, the best diagnostic quality was 
obtained using 70% reconstruction for diagnosis of the left anterior descending coronary artery (a) and 40% reconstruction for 
diagnosis of the right coronary artery (d). (Case study courtesy of Klinikum Grosshadern, University of Munich, Germany)

a b

c d
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better quality in end-systole than in diastole when 
higher heart rates (above 75 bpm) are present (Win-
tersperger 2006).

Alternative ECG-gating parameters with abso-
lute delay times in milliseconds in relation to the 
R-waves have also been used in several studies for 
analysis of the coronary arteries, but at this point 
there is no clear consensus whether one method is 
superior to the other. In case absolute ECG-gating 
parameters are preferred, the relative ECG-gating 
percentage parameters given above can easily be 
converted into absolute ECG-gating parameters in 
milliseconds when the patient’s heart rate and aver-
age RR-interval times are taken into consideration:

Absolute delay = relative delay × RR-interval-time 
(5.1)

Absolute reverse = (100%–relative delay) × 
Absolute reverse = RR-interval time (5.2)

For example, for a patient with 75 bpm heart rate 
during the scan (RR-interval-time = 800 ms) a relative 
delay of 60% would correspond to an absolute delay of 
480 ms and to an absolute reverse of 320 ms. It should 
be noted that ECG editing tools have been shown to be 
useful to correct the position of a detected R-wave or 
to eliminate irregular heart beats from image recon-
struction (Cademartiri 2006) (Fig. 5.6). Once an 
irregular beat is removed from the ECG trace, abso-
lute ECG-gating phase parameters have to be used to 
correctly position the reconstruction intervals in rela-
tion to the valid R-waves. As a consequence, absolute 
ECG-gating parameters in combination with systolic 
image reconstruction (100–200 ms absolute-delay 
after R-wave) are generally preferred in patients with 
known absolute arrhythmia.

 Also, in contrast-enhanced cardiac CT studies, 
the reconstruction filter kernel greatly influences 
in-plane spatial resolution and signal-to-noise ratio, 
and thus image quality and iodine and tissue con-

disable Sync delete Sync shifted to R-peak
a b

Fig. 5.6a, b. Coronary CT angiography examination using a 64-slice CT scanner with 0.6-mm collimation and 0.33-s rotation 
time in a patient with an average heart rate below 60 bpm but R-wave misregistration during the scan. a Image reconstruction 
using the recorded R-waves leads to non-diagnostic image quality due to major stair-step artifacts (arrow). b The use of an 
ECG editing tool to correct R-wave positions and elimination of extra beats restores the examination with perfectly diagnostic 
quality. (Case courtesy of Stanford School of Medicine, USA)
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trast. As the basis for 3D visualization of the cardiac 
anatomy and the coronary artery lumen, a medium-
smooth reconstruction filter kernel (e.g., B25f for 
SOMATOM CT scanners, Siemens, Germany) is rec-
ommended that provides low image noise, but main-
tains about 10 lp/cm in-plane resolution. The 50% 
and 2% values of the modulation transfer function 
ρ are suggested with ρ(50%) ≈ 4.0 cm-1 and ρ(2%) 
≈ 8.5 cm-1. Special sharp reconstruction filter ker-
nels that provide an in-plane resolution up to 12 
lp/cm can be used to improve visualization of the 
coronary artery lumen in the presence of dense 

coronary artery calcifications or stents (e.g., B46f 
for SOMATOM CT scanners, Siemens, Germany) 
(Maintz 2003, Hong 2004, Maintz 2006, Seyfarth 
2006) (Fig. 5.7–5.9). The in-stent lumen in coronary 
arteries can be reconstructed with less artifactual 
narrowing when using these types of special filter 
kernels (Hong 2004). The 50% and 2% values of 
the modulation transfer function ρ of these special 
sharp reconstruction filter kernels are suggested 
with ρ(50%) ≈ 5.0 cm-1 and ρ(2%) ≈ 10.5 cm-1. How-
ever, these kernels should not be used for the gen-
eral assessment of cardiac and coronary anatomy, 

Fig. 5.7a–c. Coronary CT angiography examination using a 64-slice CT scanner with 0.6-mm collimation and 0.33-s rotation 
time in a patient with coronary artery disease and a stent in the right coronary artery. a The right coronary artery is displayed 
using curved MPR. Image reconstruction with 0.75-mm slice width and a medium-smooth fi lter kernel reveals good visualiza-
tion of the soft-tissue lesion (triple arrow) but compromised visualization of the calcifi ed lesions (arrows) and of the in-stent 
lumen (double arrow). b, c Image reconstruction with 0.6-mm slice width and an optimized sharper fi lter kernel improves 
visualization of the patent in-stent lumen and differentiation of the calcifi ed lesions compared to the contrast-enhanced lumen. 
MPR display of a second stent in the left coronary artery reveals suspected wall irregularities in the stent (c, arrowhead). Image 
data reconstructed with sub-millimeter slice width and a medium-smooth fi lter kernel should be used for initial diagnosis of 
the cardiac anatomy and the coronary artery lumen, as they provide optimized soft-tissue delineation. Image data reconstructed 
with the thinnest possible slice width and a sharp fi lter kernel should then be used for further differential diagnosis of stented 
and heavily calcifi ed coronary artery segments. (Case courtesy of the University of Erlangen, Germany)
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c

5.2 · CT Angiography of the Cardiac Anatomy and Coronary Arteries



140 Chapter 5 · Clinical Examination Protocols with 4- to 64-Slice CT

as in-plane resolution is increased at the expense of 
higher image noise.

Multi-slice CT scanners with an increasing 
number of slices can image the heart in shorter scan 
times. Subsequently, contrast timing can be opti-
mized to higher peak enhancement with shorter 
duration of maximum enhancement (Cademartiri 
2005). Therefore, the total amount of contrast agent 
can be reduced while flow rates and iodine concen-
tration are increased with faster scanners. Although 
the total amount of contrast can be reduced, the 
use of a saline chaser bolus with a total volume of 
40–60 ml and with the same flow rate is always 
recommended (Cademartiri 2004a). To optimize 
the shape of the bolus, longer delay times are used 
for faster scanners with more slices to produce a 
better “wash out” of the right heart with less con-
trast-related artifacts and to produce better con-
trast enhancement of the left heart and the coro-
nary artery system. The delay times suggested in 
Table 5.3 provide optimized enhancement of the 
arterial cardiac system and of the left heart. Longer 
delay times are required to improve visualization 
of the venous cardiac system, such as the coronary 
sinus and coronary veins, which are of interest in 
electrophysiology (Mühlenbruch 2005b). Patient-

individual contrast timing can be optimized using 
test-bolus injection or automated bolus triggering. 
Automated bolus triggering with reference to the 
peak enhancement in the ascending aorta has been 
shown to be feasible for optimized imaging of the 
coronary arteries (Cademartiri 2004b).

5.3 
Cardiac Function Imaging

Any contrast-enhanced, retrospectively ECG-gated, 
multi-slice CT data set that has been acquired to 
visualize the cardiac anatomy and the coronary 
arteries according to Table 5.3 can be re-used for 
the assessment of cardiac function (Kopp 2005). 
Measurement of global cardiac function parameters 
by multi-slice CT is possible through image recon-
struction of the heart in multiple phases of the car-
diac cycle. Reconstruction of the cardiac anatomy 
and the left ventricle in the end-diastolic and end-
systolic phases of the cardiac cycle enables the calcu-
lation of end-diastolic volume, end-systolic volume, 
ejection fraction, and left ventricular stroke volume. 

Fig. 5.8a–c. Coronary CT angiography examination using a 64-slice CT scanner with 0.6-mm collimation and 0.33-s rotation 
time in a patient with a long stent in the left anterior descending coronary artery. The location, extension, and properties of 
the stent are readily visualized with volume-rendering technique (VRT) display (a, b) Image reconstruction using a sharp fi lter 
kernel and curved MPR display (c) allows for optimal diagnostic visualization of the patent in-stent lumen over the entire course 
of the stent. (Case courtesy of Toyohashi Heart Center, Japan)

ba c
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Image reconstruction at multiple equidistant time 
points throughout the cardiac cycle can reveal addi-
tional information on wall motion, which, however, 
is yet limited due to limited temporal resolution. 
The functional diagnosis of the myocardium is com-
plemented by the first-pass perfusion information 
included in the initial contrast-enhanced study of 
cardiac morphology. Also, cardiac-function defects 
that are related to non-myocardial disease but caused 
by other reasons, such as constrictive pericarditis, 
can be assessed (Erffa 2006). It was also demon-
strated that late enhancement of infarcted myocar-

dium can be detected by multi-slice CT (Kopp 2005). 
However, late enhancement is not revealed from the 
initial scan of the cardiac morphology but requires 
an additional, retrospectively ECG-gated low-dose 
acquisition with about 3–5 min delay after the initial 
administration of contrast.

Early studies with 4- and first-generation 16-
slice CT scanners demonstrated strong correlation 
of global cardiac function parameters measured by 
multi-slice cardiac CT with the gold standards cath-
eter-ventriculography and MRI (Juergens 2002, 
Heuschmid 2003, Juergens 2004, Burgstahler 
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Fig. 5.9. Series of 68 coronary artery stents scanned using a 64-slice CT scanner with 0.6-mm collimation and 0.33-s rotation 
time. The stents were inserted into a coronary artery phantom with a lumen diameter of 3 mm. Images were reconstructed with 
the suggested clinical protocol using 0.6-mm slice width, 0.4-mm image increment, and a sharp reconstruction fi lter kernel (B46f 
for SOMATOM Sensation 64, Siemens, Germany), and displayed with MPR along the vessel axis. Despite the use of identical and 
optimized protocols, visualization of the in-stent lumen still strongly depends on the properties of the stent (Maintz 2006). 
(Data courtesy of Muenster University, Germany)
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2005, Heuschmid 2005). In addition to the assess-
ment of left ventricular function, the measurement 
of right ventricular function has been found feasible 
(Koch 2005, Raman 2005, Kim 2005, Rius 2006, 
Remy-Jardin 2006, Delhaye 2006). However, an 
overestimation of ventricular volumes and global 
cardiac function parameters as a result of limited 
temporal resolution was reported in several studies 
(Mahnken 2003, Kopp 2005). We therefore recom-
mend multi-slice CT scanners with at least 16 slices 
and a rotation time of 0.4 s or less for the assessment 
of global cardiac function parameters as comple-

mentary information to the cardiac and coronary 
anatomy (Mahnken 2005a, Mahnken 2005b). The 
most recent 64-slice CT scanners with rotation times 
down to 0.33 s hold promise to provide sufficient 
temporal resolution for a more accurate assessment 
of global cardiac function parameters in relation 
to the gold standards and to enable the detection 
of regional wall motion abnormalities (Kopp 2005, 
Mahnken 2006). Modern evaluation tools can auto-
matically segment the ventricle volumes from the 
thin-slice data set and support the accurate analysis 
of global cardiac function parameters (Fig. 5.10).

Fig. 5.10. Cardiac CT angiography examination obtained using a 64-slice CT scanner with 0.6-mm collimation and 0.33-s rota-
tion time. Image data were reconstructed during end-diastole at 80% of the RR-interval. Automated volumetric segmentation 
and modeling of the left ventricular volume provide accurate input for the assessment of global cardiac function. (Case study 
courtesy of the University of Erlangen, Germany)
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For end-systolic image reconstruction, a rela-
tive-delay ECG-gating parameter of about 10–20% 
of the RR-interval has to be selected; for end-dia-
stolic reconstruction between 80% and 90% of the 
RR-interval is feasible (Table 5.3). The optimal 
phase parameters for end-systole and end-diastole 
are dependent on the patient’s heart rate and vary 
from patient to patient, so that a patient-individual 
selection of the parameters is recommended using 
appropriate software tools. Absolute-delay ECG-
gating parameters can be used alternatively for end-
systolic reconstruction and absolute-reverse ECG-
gating parameters for end-diastolic reconstruction. 
The parameters can again be derived from the rec-
ommended relative-delay percentage parameters 
as explained above. A true 4-dimensional recon-
struction of the entire cardiac cycle for display of 
cardiac motion is feasible by selecting equidistant 
reconstruction time points throughout the entire 
cardiac cycle (Fig. 5.11). With the maximum tempo-
ral resolution given by today’s available multi-slice 
CT scanners, 10–12 time points per cardiac cycle at 
a distance between 8 and 10% of the RR-interval are 
feasible to cover cardiac motion over the entire car-

diac cycle (Fig. 5.11). Time points at a shorter dis-
tance will not improve the information but increase 
the amount of reconstructed image data.

Left- and right ventricular function parameters 
can be derived from the original axial slices or from 
multi-planar reconstructions (MPRs) orthogonal to 
the ventricular axes. A spatial resolution of 1–2 mm 
is sufficient for adequate delineation of the myo-
cardium from the epicardium and from contrast-
enhanced chambers. In order to minimize the total 
amount of reconstructed slices in a study, it is suf-
ficient to use a slice width of about 2 mm with a slice 
increment between 1  and 2 mm for reconstruction 
of axial slices or MPRs that are used as input for car-
diac function analysis.

Radiation exposure during cardiac CT angiog-
raphy examinations can be minimized using retro-
spectively ECG-gated image acquisition with ECG-
controlled dose modulation, which reduces the 
applied dose during the systolic phase of the cardiac 
cycle. Despite the subsequent presence of higher 
image noise during systole, delineation of the larger 
cardiac anatomy and evaluation of cardiac function 
parameters are still feasible.

50% 60% 70% 80% 90%

0% 10% 20% 30% 40%

Fig. 5.11. Retrospectively ECG-gated image reconstruction of a patient with a normal ejection fraction of 65%, examined with 
64-slice CT, 0.33-s rotation time, and ECG-controlled dose modulation. Images were reconstructed between 0 and 90% of the 
RR-interval at 10% distance. The motion of the left atrium, mitral valve, and left ventricle are displayed over the entire course 
of the cardiac cycle using MPR in the long heart axis. The high temporal resolution allows for visualization of end-diastole (at 
90%) and end-systole (at 10%) virtually free of motion artifacts. ECG-controlled dose modulation does not compromise evalu-
ation of global cardiac function, as noisier axial slices or MPRs with thicker slices are acceptable as input for segmentation of 
the chambers and ventricular analysis. (Case courtesy of the University of Erlangen, Germany)
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The use of multi-segment reconstruction can 
increase temporal resolution and improve image 
quality in patients with higher heart rates and in 
phases of the cardiac cycle with rapid cardiac motion. 
Multi-segment reconstruction was shown to improve 
delineation of the ventricle resulting in better assess-
ment of cardiac function parameters (Juergens 2005, 
Mahnken 2006). The accuracy of ventricular func-
tion measurement can be considerably improved 
using two segments instead of single-segment recon-
struction. Protocols that enable image reconstruction 
with more than two segments for further improved 
temporal resolution cannot be recommended as they 
do not provide significant improvements in image 
quality but require scanning with reduced pitch 
values, which results in higher radiation exposure.

5.4 
Cardiothoracic Examination Protocols

The use of ECG-correlated protocols for CT angiog-
raphy of the cardiothoracic vasculature has become 
feasible with the advent of modern multi-slice CT 
scanners, since artifacts related to cardiac pulsa-
tion can be eliminated and diagnostic confidence 
can be increased (Hofmann 2004, Schoepf 2005). 
ECG-correlated imaging of the heart and cardiotho-
racic vessels with one CT scan can be particularly 
useful for comprehensive diagnosis in patients with 
chest pain, in patients after cardiothoracic interven-
tion or surgery, and in adult or pediatric patients 
with suspected or known cardiothoracic abnormali-
ties (Ohnesorge 2005, Gaspar 2005, White 2005, 
Ghersin 2006, Salem 2006). However, retrospec-
tively ECG-gated multi-slice spiral scanning with 
high resolution and long scan ranges can require 
considerable amounts of radiation exposure, which 
is of particular concern in pediatric patients or in 
patients with low likelihood of disease. Therefore, 
scan techniques and protocols for ECG-correlated 
CT angiography of the chest have to be selected care-
fully according to the clinical indication and the 
considered patient population.

The availability of 16-slices per rotation and a 
fastest rotation time of less than 0.5 s represent 

the minimum CT performance requirements for 
contrast-enhanced imaging of the cardiothoracic 
vessels. Only scanners with this performance level 
can provide adequate breath-hold times for ECG-
correlated coverage of the required scan range of 
about 300 mm at adequate z-axis resolution. Sub-
millimeter collimation and rotation times less than 
0.4 s are required for comprehensive assessment of 
the entire chest, including diagnosis of the coro-
nary artery lumen. However, the performance and 
volume coverage of 16-slice CT scanners are too 
limited for accurate analysis of the coronary arteries 
in chest-pain protocols (White 2005). Special scan 
and reconstruction techniques that were developed 
to increase scan coverage with ECG-gating in 4- to 
8-slice CT scanners demonstrated promising initial 
results but were found to be of limited use in routine 
clinical scanning (Flohr 2002).

In adult patients, retrospectively ECG-gated 
spiral acquisition is the recommended technique 
for high-resolution CT angiography of the cardio-
thoracic anatomy, as it provides the highest possible 
z-axis resolution within feasible breath-hold times 
and the ability to diagnose the cardiac and coro-
nary anatomy together with that of the greater tho-
racic vessels. The corresponding scan protocols are 
derived from scan protocols used for imaging the 
heart (Table 5.3), but they have been optimized for 
an increased scan coverage of 300 mm (Table 5.4).

When using 16-slice CT scanners, a reasonable 
breath-hold time of less than 30 s cannot be achieved 
with protocols that apply sub-millimeter collimation. 
Therefore, slice-collimation between 1.0 and 1.5 mm 
has to be used, which means that the slice width is 
increased to 1.5–2.0 mm. Thus, visualization of the 
cardiac anatomy is still feasible but diagnosis of the 
coronary artery lumen in the smaller coronary artery 
segments will be compromised. Comprehensive 
diagnosis of the cardiothoracic vessels, including 
the coronary arteries, requires ECG-gated coverage 
of the entire chest with sub-millimeter collima-
tion within a reasonable breath-hold time. Today’s 
32- to 40-slice CT scanners fulfill this requirement 
with scan times of 20–30 s. However, many patients 
who are referred for this type of examination suffer 
chest pain and may not be able to hold their breath 
much longer than 20 s; thus, the use of 64-slice CT 
scanners is generally recommended in such cases. 
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Some recent 64-slice CT scanners are equipped with 
special protocols for ECG-gated examinations of the 
chest, especially in patients with acute chest pain. 
These scanners use higher pitch values (up to 0.3) for 
increased scan speed and reduced radiation expo-
sure (Johnson 2006).

Optimization of scan protocols to limit radia-
tion exposure is extremely important for retrospec-
tively ECG-gated CT angiography examinations of 
the chest. The mA, mAs, and kV settings used cor-
respond to the recommendations for CT angiogra-
phy of the heart and the coronary arteries. Again, 
increasing the mAs (mAs = mA × Trot) from 150 mAs 
to 200 mAs in obese patients above 90 kg is useful 
to improve diagnostic quality. In retrospectively 
ECG-gated acquisition, the mAs value translates 
into an effective mAs value (effective mAs = mA × 
Trot/pitch). In order to reduce radiation exposure, it 
is important to use pitch values as high as possible 
for the given scanner type and rotation time (e.g., 
pitch up to 0.3 for 64-slice CT scanner with 0.33 s 
rotation), even if image reconstruction is then lim-
ited to single-segment algorithms (Fig. 5.12). This 
approach, in combination with the mandatory use 
of ECG-controlled dose modulation, allows radia-
tion exposure to be limited to about 12–15 mSv for a 
scan range of 300 mm. Without optimization of the 
protocols, radiation dose values up to 24 mSv have to 
be expected and even 40–50 mSv if ECG-controlled 
dose modulation is not used.

Dedicated contrast-agent protocols are required 
to provide continuously high enhancement over the 
entire scan range for vessels that show very differ-
ent enhancement timing. As scan times do not differ 
significantly from scanner type to scanner type, 
also the contrast-injection protocols are similar for 
16- to 64-slice CT scanners. In general, compared 
to protocols for the heart, more contrast volume is 
required as the bolus enhancement time has to be 
stretched over a longer scan time. While 120–150 ml 
of contrast agent is required for 16- to 40-slice CT 
scanners, the contrast volume can still be limited to 
100–120 ml with 64-slice CT scanners, as the scan 
times are shorter. Flow rates between 3 and 4 ml/s 
are feasible for 16-slice CT scanners, whereas flow 
rates up to 5 ml/s provide better results for 32- to 64-
slice CT scanners. The use of a saline chaser bolus 
with a total volume of 40–60 ml and with the same 

flow rate is always recommended (Cademartiri 
2004a). Shorter delay times of 18–20 s are normally 
used to balance the enhancement of the thoracic 
aorta, heart chambers, pulmonary arteries, and 
coronary arteries.

Prospectively ECG-triggered protocols can be 
used for CT angiography of the chest in a limited 
spectrum of applications in which the cardiac anat-
omy is not of interest and only the greater thoracic 
vessels, such as the thoracic aorta, have to be exam-
ined. Such prospectively ECG-triggered protocols 
with limited spatial resolution can be derived from 
the protocols for coronary calcium quantification 
given for 16- to 64-slice CT scanners in Table 5.1 by 
using the settings for mA and mAs per slice and the 
contrast bolus parameters from Table 5.4.

Fig. 5.12. Examination of a patient with coronary artery bypass 
grafts using 64-slice CT with 0.6-mm collimation and 0.33-s 
rotation time. The optimized scan protocol consisted of ret-
rospective ECG gating and pitch 0.3; 64 slices were generated 
from 32 collimated detector rows using a fl ying focal spot in 
the z direction. Based on a table speed of 17.5 mm/s, the scan 
range of 25 cm could be covered in a 14-s breath-hold time. 
The enlarged heart, thoracic aorta, pulmonary arterial system, 
and the two arterial bypass grafts over their entire course can 
be visualized. (Case courtesy of Mayo Clinic Rochester, USA)

5.4 · Cardiothoracic Examination Protocols
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Table 5.4. Scan protocols for CT angiography of the chest in adults with retrospective ECG gating

16-slice CT 32- to 40-slice CT 64-slice CT

Collimation (mm) 1.0–1.5 0.5–0.625 0.5–0.625

Slice width (mm) 1.5–2.0 0.6–0.9 0.6–0.9

Slice increment (mm) 1.0–1.3 0.4–0.6 0.4–0.6

Rotation time (s) 0.37–0.5 0.37–0.4 0.33–0.4 

Temporal resolution (ms) 185–250a 185–200a 165–200a

kV 120 120 120

mA 300–540 375–540 375–600

mAs (mA × Trot) 150–200 150–200 150–200

Effective mAs 430–800 600–800 600–990

Pitch 0.25–0.35 0.20–0.30 0.20–0.30

Table speed (mm/s) 12–16 10–15 15–22

ECG gating morphology (% RR) 50–60 40–70 40–70

ECG gating, end-systole (% RR) 10 10–20 10–20

ECG gating, end-diastole (% RR) 80 80–90 80–90

ECG dose modulation Yesb Yesb Yesb

Reconstruction filter Medium-smooth (B25f)c Medium-smooth (B25f)c Medium-smooth (B25f)c

Exposure (mSv) 12–20d 12–24d 12–24d

Scan direction Craniocaudal Craniocaudal Craniocaudal

Scan time (s) 19–25e 20–30e 14–20e

Contrast type (mg I/ml) 350–400 350–400 350–400

Contrast volume (ml) 120–150 120–150 100–120

Contrast flow (ml/s) 3.0–4.0 3.5–5.0 3.5–5.0

Contrast delay (s) 18–20 18–20 18–20

a Temporal resolution based on single-segment algorithm can be increased with two or more segments.
b Recommended use of ECGdose modulation – if available for the multi-slice CT scanner being used.
c Special nomenclature for reconstruction fi lters on Siemens SOMATOM CT scanners.
d Estimation for a male patient with a heart rate 70 bpm, 30-cm scan range; for a female patient, multiply by a factor of 1.4. 
d It is assumed that ECG dose modulation is used (absence increases exposure by a factor of 1.5–2.0,
e Scan time calculation for 30-cm scan range

CT angiographic imaging of the heart and car-
diothoracic vessels is frequently used to visualize 
congenital vascular disease in pediatric patients. 
In older children that can hold their breath, the 
above-given protocols for adults using retrospec-
tive ECG gating can be applied with much shorter 
scan ranges and significantly lower settings for mA 
and mAs per slice. A lower kV-setting of 100 or even 
80 kV can be used to improve differentiation of soft 
tissue, to increase iodine contrast, and to further 
reduce radiation exposure. In children up to 2 years 
of age, 80 kV can be readily used, whereas 100 kV 
is recommended for children up to 10 years of age. 

In children between 10 and 18 years of age, the mA 
and mAs values given in Table 5.4 can be reduced 
by about a factor of two and even further in smaller 
children (Fig. 5.13). Retrospectively ECG-gated 
acquisition is often not feasible in young children 
and neonates, who usually cannot hold their breath 
during scanning. For those patients, prospectively 
ECG-triggered scan protocols with sub-millimeter 
collimation and ECG-trigger on the R-wave (relative 
delay 0%) or even normal spiral acquisition with-
out ECG gating but with sub-millimeter collima-
tion and maximum pitch (up to 1.75) are preferable 
(Fig. 5.14).
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Fig. 5.13a, b. Retrospectively ECG-gated chest CT angiography examinations of two pediatric patients 
using a 16-slice CT scanner with 0.75-mm collimation, 0.37-s rotation time, and optimized protocols 
allowing reduced radiation exposure. a An anomalous origin of the right coronary artery (arrow) was 
accurately be diagnosed in a 13-year old boyusing a protocol with 40 mAs per slice, 120 kV, and 100-mm 
scan range. b For the examination of a 17-month old boy (b), 25 mAs per slice, 100 kV and a scan range 
of 80 mm was suffi cient to correctly diagnose the presence of an aneurysmal pouch (arrow). (Cases 
courtesy of (a) Cleveland Clinic Foundation, USAand (b) Stanford School of Medicine, USA)

a b

Fig. 5.14a, b. Chest CT angiography examinations of two pediatric patients. The images were obtained 
using a 16-slice CT scanner with 0.75-mm collimation and 0.37-s rotation time. a Prospective ECG-
triggering, 80 kV and 25 mAs per slice were used in a 4-month old infant to display the cardiothoracic 
anatomy at minimum possible radiation exposure. b Alternatively, the larger cardiothoracic anatomy can 
also be visualized with low radiation exposure by using conventional multi-slice spiral protocols without 
ECG-correlation, as in a 14-month-old infant with absent pulmonary valve (arrows). (Cases courtesy of 
(a) MGH Boston, USA and (b) ASAN Medical Center, Seoul, Korea)

a b
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ing tools and advanced methods for the analysis 
of complex anatomy, automated quantification, and 
functional evaluation (Vogl 2002, van Ooijen 2003, 
de Feyter 2005).

6.1 
Trans-axial Image Slices

Trans-axial image slices are the basic outcome of a 
multi-slice CT scan and include all of the acquired 
information. In cardiac CT examinations, axial im-
ages should be reviewed in all cases, e. g., by scrolling 
through them up and down in the craniocaudal di-
rection, which gives a quick overview of the relevant 
cardiac structures, including the coronary arteries. 
The matrix size for axial images in CT is generally 
512 × 512 picture elements (pixels). Considered as 
a part of a 3D image volume, an axial image is a 
layer of 512 × 512 voxels within that volume. The 
size of the voxel in the image plane (x-y direction) is 
determined by the in-plane pixel size and therefore 
by the reconstructed field-of-view (FOV). The size of 
the voxel in the longitudinal direction (z-direction) 
is given by the slice width and the image increment. 
The FOV of an axial image is the diameter of the 
area that is depicted in the image. The in-plane voxel 
size can be calculated as FOV divided by matrix 
size. Typically, a FOV of 150–180 mm is chosen for 
image reconstruction in cardiac CT imaging, result-
ing in 0.29- to 0.35-mm in-plane voxel size. The in-
plane voxel size is frequently misinterpreted as the 
in-plane resolution of a CT image. Instead, image 
resolution is mainly determined by the CT system 
geometry, detector aperture, and convolution kernel 

The application of imaging techniques to original 
axial images of a CT scan in order to derive ad-
ditional information or hide unwanted information 
that distracts from the clinical findings is called im-
age post-processing. Image post-processing requires 
modification of a 3D image volume, which in most 
cases consists of a stack of individual axial images. 
The fundamental 3D unit in this volume is called 
a «voxel». Ideally, volume image data are of high 
spatial resolution and isotropic in nature, i.e., each 
voxel is of equal dimensions in all three spatial axes, 
and forms the basis for image display in arbitrarily 
oriented imaging planes and advanced image post-
processing techniques. With the advent of multi-slice 
CT and its on-going refinement, isotropic sub-mil-
limeter voxels can be obtained for the majority of 
clinical examinations. This has improved the diag-
nostic quality of image post-processing such that it 
has become a vital component of medical imaging 
today, in particular for CT angiography (Prokop 
1997, Rankin 1999, Addis 2001). The axial source 
images contain the basic information of a CT scan. 
They can be supplemented by basic 3D post-process-
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(filter) chosen for image reconstruction. Only in rare 
cases does the in-plane resolution correspond to the 
in-plane voxel size. Typical CT scanner geometries 
and convolution kernels used for cardiac CT exami-
nations provide a resolution of 8–12 lp/cm, which 
corresponds to an object size of 0.4–0.6 mm that 
can be differentiated. The resolution in the image 
is determined by the geometry of the scanner and 
not by the voxel size. Given the 512 × 512 pixels 
in the image, a 150- to 180-mm FOV produces an 
in-plane voxel size of 0.29- to 0.35-mm. However, 

the image resolution remains to be 0.4–0.6 mm, de-
pending on the scanner and filter kernel parameters. 
Further reducing the FOV for image reconstruction 
will therefore reduce the in-plane voxel size, but 
will not increase image resolution. Only in special 
cases, such as high-resolution thorax imaging with 
a large FOV of 350–400 mm, will the in-plane voxel 
size be the limiting factor for in-plane resolution. As 
an example of visualization of the cardiac anatomy 
in axial slices, Fig. 6.1 shows axial images, acquired 
using a 64-slice CT scanner, at different anatomical 

Fig. 6.1. Axial images at different anatomical levels (a–d, in craniocaudal direction) of a coronary CT angiography examination 
in a patient with a stenosis in the right coronary artery (yellow circle). The images were acquired using a 64-slice CT scanner 
with 64 × 0.6-mm slices per rotation and 0.75-mm slice width. Axial images include all of the information acquired in a CT scan 
and should be reviewed in any case, e.g., by scrolling through them. For better orientation, important anatomical landmarks have 
been labeled. AA Ascending aorta, PA pulmonary artery, AD descending aorta, VC vena cava, RA right atrium, RV right ventricle, 
LA left atrium, LV left ventricle, LAD left anterior descending coronary artery, RCA right coronary artery, CX circumfl ex artery. 
(Case courtesy of Erlangen University, Germany)
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levels from a coronary CTA examination in a patient 
with a stenosis in the right coronary artery.

6.2 
Multi-planar Reformation

In multi-planar reformations (MPRs), a plane is de-
fined in a 3D image volume, and all voxels on that 
plane are visualized in a planar image. Simple ex-
amples of MPR orientations are sagittal and coronal 
views, which are widely used in general radiology but 
are of limited use in cardiac imaging due the complex 
course of the cardiac anatomy and the coronary ar-
teries. Instead, oblique MPRs, which can be scrolled 
through similar to axial images, are the most helpful 
for cardiac CT. In this respect, two stacks of oblique 
planes are of particular interest: the planes parallel to 
a line along the left anterior descending artery (LAD), 
and the planes parallel to a line connecting the right 
coronary artery (RCA) and circumflex artery (CX) 
(Fig. 6.2). Scrolling through the first set of planes al-
lows the tortuous course of the LAD to be followed, 
while scrolling through the second set of planes will 
display the anatomy of the RCA and CX.

MPR resolution depends on both the in-plane res-
olution of the original axial images and the through-
plane resolution, which is a function of reconstruction 
slice width and image increment. For multi-slice spi-
ral CT, through-plane resolution can be improved by 
reconstructing overlapping images with an incre-
ment that equals 50–70% of the reconstructed slice 
width. In this way, objects that are smaller than the 
reconstructed slicewidth can be resolved in the longi-
tudinal (z-) direction. Depending on the orientation 
of the MPR, the relative influence of in-plane and 
longitudinal resolution varies, and so does the re-
sulting MPR resolution for non-isotropic image data. 
Considering the typical in-plane resolution of about 
0.5 mm for high-resolution cardiac CT angiography 
protocols, it is obvious that the reconstructed slice 
width of the axial source images should be as narrow 
as possible, at best sub-millimeter, to optimize MPR 
image quality. In general, the smallest available re-
construction slice width should be used as long as the 
signal-to-noise ratio of the images remains accept-

able. For larger patients, the reconstruction of wider 
axial slices as an input for MPRs can be considered in 
order to find the best trade-off between image noise 
and longitudinal resolution. The latest generation of 
64-slice CT systems can provide 0.4-mm longitudi-
nal resolution using overlapping images with a re-
construction slice-width of 0.6 mm (Flohr 2004). As 
these scanners provide true isotropic image data with 
sub-millimeter resolution, the resolution of MPRs is 
then homogeneous and independent of the orienta-
tion of the MPR image planes.

To trade-off between image resolution and image 
noise, the MPR slice thickness can be modified. In that 
case, all voxels within a given distance orthogonal to 
the MPR plane are averaged, and a so-called slab-MPR 
is created. Slab-MPRs, e. g., with a slab thickness of 
2–5 mm, are useful to reduce image noise and to visu-
alize larger parts of tortuous cardiac anatomy.

Correct positioning of the MPR planes is criti-
cal for a correct diagnosis, as partial-volume effects 
may influence the assessment of anatomical details 
(Fig. 6.3). For this reason, multiple MPR stacks with 
different orientations and with overlapping recon-
struction increments are widely used. On some CT 
scanners, pre-determined stacks of double-oblique 
MPRs along preferred planes can be directly recon-
structed from the raw data to facilitate the clinical 
workflow (Fig. 6.4).

Alternatively, curved MPRs can be used that are 
defined on curved planes instead of straight planes 
and that capture the course of tortuous vessels and 
coronary arteries along their entire lengths in a 
single image (Fig. 6.5). To generate a curved MPR, 
the user interactively places multiple markers in 
the vessel of interest along its course while scroll-
ing through the axial slices. The processing software 
then connects the markers with a fitted line and gen-
erates a MPR along this line. Newer evaluation soft-
ware tools also provide an automated calculation of 
the centerline of the target vessel, which defines the 
curved visualization plane (see Sect. 6.5).

Curved MPR is particularly useful for displaying 
the in-stent lumen, as with this approach interfer-
ence with the desired lumen information by the very 
dense stent material can be minimized (Fig. 6.6).

MPR techniques are readily and easily available 
and represent a standard feature on any basic 3D 
application package. MPRs do not require extensive 

6.2 · Multi-planar Reformation
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a b

c d
2 mm MPR

Fig. 6.2. Multiplanar reconstructions (MPRs) for a coronary CT angiography examination displaying the proxi-
mal LAD (a, b) and proximal RCA (c, d). The axial images were acquired using a 64-slice CT scanner with 64 × 
0.6-mm slices per rotation and 0.75-mm slice width. MPR thickness was chosen to be 2 mm. The green and red 
lines in the axial images indicate the image planes of the MPRs. Stacks of MPRs in pre-defi ned directions are the 
basis for a standardized, routine evaluation of workfl ow. (Case courtesy of Erlangen University, Germany)

user interaction, such as the time-consuming manual 
segmentation of potentially overlapping structures 
that is needed in other post-processing approaches. 
Thus, MPRs are frequently used in routine clinical 
evaluation algorithms. They maintain the full in-
formation of the axial CT images, in particular the 
CT density values (HU values). However, since MPRs 
are operator-dependent, improper positioning of the 
MPR planes may introduce false-negative and false-
positive stenoses, or incorrectly estimate the degree 
of stenoses. Interactive viewing of stacks of MPRs 

from multiple viewing angles combined with the use 
of curved MPRs is therefore recommended.

6.3 
Maximum-Intensity Projection

Maximum intensity projections (MIPs) are arbi-
trarily oriented planar images similar to MPRs. 
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a b

Fig. 6.3a, b. Two MPRs on slightly shifted image planes along the RCA. While one MPR reveals 
a high-grade stenosis (a) the other has slightly shifted plane and reveals only a moderate 
stenosis (b) in the RCA (yellow circles). Positioning of the MPR planes is operator-depen-
dent and improper positioning may introduce false-negative and false-positive stenoses or 
varyingly estimate the degree of stenoses. The use of MPRs from different viewing angles is 
therefore recommended. (Case courtesy of Erlangen University, Germany)

6.3 · Maximum-Intensity Projection

Fig. 6.4a–c. Direct MPR reconstruction for a cardiac CT examination obtained on a 16-slice CT scanner. True 3D-based plan-
ning of the MPR views (a) enables direct reconstruction of MPR stacks from the scan data with pre-defi ned MPR thickness 
and increment. The usual step of generating axial slices can be skipped. In the example given, MPR stacks in short (b) and long 
heart (c) axes are generated in diastolic phase. (Case courtesy of Tübingen University, Germany)

a

b

c
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Each pixel of the 2D MIP image is generated from 
parallel rays that are cast through the 3D image 
volume. As result of the projection, the pixels in 
the MIP image represent the maximum CT num-
ber encountered in each ray. MIPs preserve the gray 
scale of the original axial images, and they reduce 
the visually perceived image noise without compro-
mising the visually perceived image sharpness. The 
differentiation between contrast-enhanced vascular 
structures and background is good, and calcifica-
tions can be clearly depicted. However, MIPs do not 
provide any depth information, which is a drawback 
for the visualization of complex anatomy, such as 
the thoracic vessels, but does not play a major role 
for coronary artery imaging. MIPs are projection 
images, and thus high-density structures such as 
the contrast-filled cavities of the heart may overlap 
the coronary arteries in the projection direction and 
obscure structures of interest. For the same reason, 
hypo-attenuating intraluminal lesions may not be 
identified, unless they are adjacent to the vessel wall 
and the proper viewing direction has been chosen.

To avoid these shortcomings, thin-slab MIPs 
(Rubin 1993) have been introduced. These are ob-
tained by first generating thin-slab MPRs from 

Fig. 6.5. Curved MPR for a coronary artery examination obtained on a 64-slice CT scanner. a The yellow line in the axial im-
age indicates the curved image plane of the MPR, which has been generated manually by the user, with interactive placement 
markers in the vessel based on the axial slices. b The curved MPRs can be used to follow the course of a tortuous coronary 
artery along its entire length and reveals a high-grade stenosis in the proximal RCA (yellow circle). (Case courtesy of Erlangen 
University, Germany)

a b

which the MIP images are reconstructed. In a thin-
slab MIP, the maximum CT number within a given 
distance orthogonal to the MIP plane is displayed 
for every ray. For an evaluation of coronary arteries, 
the thickness of the slab has to be adjusted to the 
size and the course of the artery. Typical slab thick-
nesses range from 3 to 10 mm. In a standardized ap-
proach, the reconstruction of overlapping thin-slab 
MIP images with an increment smaller than the slab 
thickness (e.g., 1-mm increment for a 3-mm slab 
thickness) is recommended.

For visualization of cardiac and coronary anat-
omy, the same planes as discussed for slab MPRs 
should be considered (see Sect. 6.2). In particular, 
for diagnosis of the coronary arteries, planes in par-
allel to a line connecting RCA and CX, and planes 
in parallel to a line along the LAD should be used. 
MIPs with 5-mm thickness along the RCA and LAD 
are shown in Fig. 6.7, and can be directly compared 
to the corresponding MPR reconstructions that have 
been generated in identical planes (Fig. 6.2).

In a more interactive evaluation approach, thin-
slab MIPs can be scrolled through the volume (slid-
ing thin-slab MIPs). By carefully adjusting both the 
thickness and the orientation of the MIP plane, each 
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Fig. 6.6a, b. Curved MPR for a coronary artery examination obtained on a 16-slice CT scanner with 16 × 0.75-mm collimation. 
The patent in-stent lumen of the stent in the distal RCA coronary artery can be demonstrated in VRT display (a, arrow) and 
is readily visualized with curved MPR reconstruction (b, double arrow). (Case courtesy of HSC Medical Center, Kuala Lumpur, 
Malaysia)

a b

coronary artery can be displayed in its entire length 
in many cases. Similar to the automated generation 
of pre-defined MPR stacks, some CT scanners al-
low for reconstruction of pre-determined stacks of 
double-oblique MIPs along preferred planes direct-
ly from the raw data, thus facilitating the clinical 
workflow (Fig. 6.8).

More recent software platforms allow for the re-
construction of curved MIPs in analogy to curved 
MPRs (Raman 2003). In analogy to curved MPRs, 
curved MIPs are generated by the interactive place-
ment of multiple markers in the vessel of interest 
along its course while scrolling through the axial 
slices. The processing software then connects the 
markers with a fitted line and generates a MIP along 
this line. Newer evaluation-software tools also pro-
vide an automated calculation of the centerline of 
the target vessel that defines the curved visualiza-
tion plane (see Sect. 6.5). Some illustrative examples 
of in which curved MIPs are directly compared 
with curved MPRs in identical planes are shown in 
Fig. 6.9.

Similar to MPRs, MIPs are fast and readily avail-
able, and they are included in any basic 3D evalua-
tion-software platform. In many institutions, MIPs 

are the basis for a standardized routine evaluation 
workflow. When the slab thickness is properly se-
lected, visualization of non-calcified and mixed 
plaques is excellent (Fig. 6.10). However, MIPs use 
only a part of the available data, thus discarding in-
formation that is included in the original axial im-
ages. Relevant anatomical details may be obscured 
by overlapping structures, and stenoses may be un-
der- or overestimated (van Ooijen 2003). MIPs are 
not recommended for the visualization of stents or 
heavily calcified coronary vessels, since the vessel 
lumen will be obscured due to the principle of the 
MIP projection (Fig. 6.10).

6.4 
Volume-Rendering Technique

Direct volume-rendering techniques (VRTs) are ad-
vanced 3D post-processing methods that have mean-
while entered clinical routine due to continuous 
improvement in computer hardware and software. 
VRTs use all available data in the volume image. A 

6.4 · Volume-Rendering Technique



158 Chapter 6 · Image Visualization and Post-processing Techniques

a b

c d
5 mm thin-slab MPR

Fig. 6.7. Maximum-intensity projection (MIP) for a coronary CT angiography examination displaying the 
proximal LAD (a, b) and proximal RCA (c, d). The axial images were acquired using a 64-slice CT scanner 
with 64 × 0.6-mm slices per rotation and 0.75-mm slice width. MIP slab thickness was chosen to be 5 mm. 
The green and red lines in the axial images indicate the image planes of the MIPs. (Case courtesy of Erlangen 
University, Germany)

voxel-intensity histogram is generated, and several 
parameters, such as color, brightness and opacity, 
are assigned to each voxel according to its HU value. 
Similar to MIP projections, rays are cast through the 
3D image volume. Unlike MIPs, however, all voxels 
along a ray contribute to the resulting pixel in the 
VRT image proportional to their opacities.

The opacities of all voxels are summed up us-
ing weighting factors. Assume walking along a ray 
through the object from voxel 1 to voxel (n – 1) and 
finally voxel n. The CT density Sumn of the resulting 

pixel in the VRT image can be calculated according 
to the recursive equation (Eq. 6.1).

Sumn = Opn · CTn + (1–Opn) · Sumn–1 (6.1)

Opn is the opacity of voxel n and CTn is its HU 
value. An opacity of 0 (Opn = 0) means that the corre-
sponding voxel is completely transparent; it does not 
contribute to the resulting VRT image. An opacity 
of 1 (Opn = 1) means that the corresponding voxel is 
completely opaque. Values between 0 and 1 charac-
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terize different degrees of transparency. It is obvious 
from Eq. 6.1 that when a pixel n with opacity Opn = 1 
is traversed, the contribution of all preceding voxels 
will be set to 0, since the term (1 – Opn) then equals 0. 
In other words, as soon as a completely opaque vox-
el has been traversed, only this voxel will be shown 
in the resulting image and all previously traversed 
voxels will be hidden. Assigning different opacities 
to different ranges of CT values enables the user to 
control the contribution of voxels within these CT 
density ranges to the resulting VRT image. The user 
can make these voxels more or less transparent, thus 
hiding or showing the corresponding anatomical de-
tails and adjusting the 3D depth, contrast, and trans-
parency of the VRT image. The relevant anatomical 
structures in cardiac images are fat, with a CT den-
sity of approximately – 100 HU; soft tissue, with a 
CT density of approximately 50 HU; contrast-filled 
vessels, with a CT density of approximately 200–300 
HU, and calcifications and bony structures with a CT 
density > 100–150 HU. Usually, linear, triangular, or 
trapezoidal functions are used to assign opacity to a 

a

b

c

Fig. 6.8a–c. Direct MIP reconstruction for a cardiac CT examination obtained on a 16-slice CT scanner. True 3D-based planning 
of the MIP views (a) enables direct reconstruction of MIP stacks from the scan data with pre-defi ned MIP slab thickness and 
increment. The usual step of generating axial slices can be skipped. In the example, the MIP stacks are generated in diastolic 
phase using RAO (b) and LAO (c) projections. (Case courtesy of Tübingen University, Germany)

certain CT density range. Figure 6.11 shows a gray-
scale VRT reconstruction of a heart. At the bottom, 
the histogram of the CT values is shown together with 
the opacity curve. The opacity for all voxels with a CT 
density less than – 80 HU is set to zero and these vox-
els are not displayed in the resulting VRT. The opacity 
increases linearly in the range – 80 HU to 250 HU; 
constant maximum opacity is assigned to all voxels 
with a CT density > 250 HU. With these settings, soft 
tissue is relatively transparent and contrast filled ves-
sels – the structures of interest – are relatively opaque. 
The visibility of the contrast filled coronary arteries 
is therefore enhanced. Figure 6.11 also demonstrates 
the effect of increasing maximum opacity levels.

Instead of gray values, colors can be attributed to 
the voxels according to their CT numbers (Fig. 6.12). 
Although the choice of colors is arbitrary, brown-
ish red is most commonly used for soft tissue in the 
heart. To improve the visibility of boundaries be-
tween different tissue types and the delineation of 
anatomical structures, gradient transfer functions 
are used in more elaborate VRT approaches. For 

6.4 · Volume-Rendering Technique
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Fig. 6.9. Curved MPRs (a–c) and curved thin-slab MIPs (d–f) along the LAD, RCA and CX in a patient with normal coronary 
anatomy. The curved MPR was generated with 2-mm MPR thickness; for the curved MIP, the MIP slab thickness was 7 mm. 
The images were generated based on an automatically detected centerline of the vessels, which defi nes the curved visualization 
plane. The direct comparison shows that curved MIP provides a more detailed view of the coronary anatomy than curved MPR. 
(Case courtesy of Erlangen University, Germany)

a d

b e

c f

RCA

LAD

CX

Curved MPR Curved 7 mm slab MPR
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Fig. 6.10a, b. Manually defi ned curved MIP with 5-mm slab thickness for a coronary artery examination obtained on a 16-slice 
CT scanner with 16 × 0.75-mm collimation. The in-stent lumen of the stent in the distal RCA can be demonstrated in VRT dis-
play (a, arrow) and cannot be adequately visualized with curved MIP reconstruction (b, double arrow). Therefore, MPR is to be 
preferred over MIP for the visualization of in-stent lumen. However, visualization of the stenotic lesion and the corresponding 
mixed plaque (b, triple arrow) is excellent. (Case courtesy of HSC Medical Center, Kuala Lumpur, Malaysia)

a b

Fig. 6.11a–c. Volume-rendering images (VRTs) demonstrating the infl uence of opacity. An opacity value is assigned to each 
voxel according to its CT number, in order to make the voxel more or less transparent. The diagrams on the bottom indicate the 
histogram of the CT values and the respective opacity functions (blue lines). a When using low overall opacity the image looks 
transparent and has a large 3D depth but it lacks contrast. LAD and CX are hardly visible. b For medium overall opacity, the 
3D depth decreases and contrast increases. c With high overall opacity, only the surface of the heart is visible, but the coronary 
arteries are much better and sharper delineated

ba c

6.4 · Volume-Rendering Technique
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Fig. 6.12. In a VRT, colors instead of gray values can be at-
tributed to the voxels according to their CT numbers. In this 
example, soft tissue is assigned a brownish red, whereas a 
lighter brown is used for the contrast-fi lled coronary arteries 
with higher CT numbers

this purpose, the opacity is modulated according 
to the local CT density gradients. In homogenous 
areas with small density changes (small gradients), 
the opacity is reduced; these areas will therefore be 
visualized more transparently. In areas with abrupt 
density changes, the opacity is increased. Further-
more, shading can be used to improve the 3D im-
pression of the images.

VRTs require extensive user interaction for ad-
equate imaging results. In many cases, the segmen-
tation of overlapping structures is required, e.g., to 
remove the rib cage and the pulmonary vessels for a 
VRT visualization of the heart. Common approach-
es are the use of clip planes and volume of interest 
“punching”. Alternativley, slab VRTs can be used for 
an interactive evaluation of anatomical details that 
are defined similar to slab-MPRs and slab-MIPs. 
With more recent and advanced cardiac evaluation 
packages, the heart can be automatically isolated 
and VRT display of the cardiac and coronary anato-
my becomes feasible without further segmentation.

VRTs depend on a multitude of user-definable pa-
rameters. They are helpful for visualization of diag-
nostic results, in particular to referring physicians, 
but they are of limited use for primary diagnosis in 
cardiac CT examinations. The variety of parameters 
and settings and the lack of standardization impair 
the ability of VRTs to correctly assess coronary di-
ameters and coronary artery stenoses (Mahnken 
2003). However, VRTs provide good insight into the 
3D relationship of anatomical structures and thus 
are helpful in the evaluation of aberrant coronary 
anatomy, such as anomalous coronary arteries, and 
bypass grafts (Fig. 6.13).

There are other 3D post-processing techniques 
related to VRT that can be used for cardiac CT, 
such as virtual endoscopy, which is known from CT 
colonography. Virtual endoscopy can provide spec-
tacular visualization of the inner surface of contrast-
filled coronary arteries (Fig. 6.14), but its clinical use 
in cardiac imaging remains to be shown.

6.5 
Vessel Segmentation and Vessel Analysis

Recently, advanced vessel segmentation and vessel 
analysis tools have been introduced that provide the 
user with an optimized clinical workflow for assess-
ing the lumen of coronary arteries, identifying and 
quantitating stenoses, evaluating the coronary wall, 
and investigating coronary stents. These advanced 
application packages make use of all available 3D 
post-processing techniques, such as MPRs, MIPs 
and VRTs, and combine and modify them with the 
goal of simplifying and streamlining the clinical 
workflow. In addition to these tools, detailed report-
ing functionality, e.g., based on DICOM-structured 
reporting, is an essential requirement for advanced 
cardiac and coronary analysis packages in order to 
integrate them into routine clinical workflow.

Advanced analysis packages typically show MPRs 
and a VRT of the cardiac image data set for a prelim-
inary orientation, with the rib cage automatically 
removed so that only the relevant structures of the 
heart and the great vessels are displayed in the VRT 
image. Vessels can then be automatically segmented 
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Fig. 6.13a, b. VRTs are mainly useful for a demonstration of the diagnosis. They provide good insight 
into the 3D relationship of anatomical structures, e.g., in the case of anomalous coronary arteries or 
bypass grafts. The two cases given as examples were obtained on a 64-slice CT scanner with 64 × 
0.6-mm slices per rotation. a In one patient, four bypass grafts canbe accurately be localized using 
VRT. b In another patient, the VRT display reveals an anomalous coronary artery originating from 
the pulmonary trunk. (Cases courtesy of Medical University of South Carolina, USA)

b

a

intuitive. As a drawback, the length of the displayed 
vessel segment cannot always be controlled, as it of-
ten depends on the quality of the image data set, and 
side branches of the vessel cannot be traced in the 
same evaluation. In the “vessel segmentation” ap-
proach, the entire coronary artery tree is segmented 
as a first step. If certain arteries or branches are not 
initially recognized by the segmentation algorithm, 
they can usually be appended to the coronary tree by 

to calculate curved MPRs or curved MIPs along the 
respective center lines. Two different types of ves-
sel segmentation are currently used. In the “vessel 
probe” approach, a marker is placed with a mouse 
click in the vessel of interest, either in the MPRs 
or in the VRT representation. A centerline extend-
ing on both sides of the marker is calculated, and 
the corresponding vessel segment is displayed as a 
curved MPR. Vessel probe approaches are fast and 

6.5 · Vessel Segmentation and Vessel Analysis
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marking them with an additional mouse click. The 
isolated coronary tree is then displayed as a VRT im-
age (Fig. 6.15), and the user can define centerlines 
between two arbitrary points on that tree as a basis 
for displaying the respective arteries or segments as 
curved MPRs or curved MIPs. Ideally, these curved 
MPRs (or curved MIPs) can be freely rotated to allow 
the inspection of plaques or stenoses from different 
viewing angles. MPRs on straight planes perpen-
dicular to the centerline of the vessel are shown in 
addition to the curved MPR to facilitate the compre-
hensive evaluation of coronary stenoses, including 
calcified, fibrous, and lipid rich plaques. In some of 
these advanced application packages, the degree of 
a stenosis has to be manually measured (e.g., by a 
length measurement using an electronic ruler). In 
others, the degree of stenosis can be automatically 
determined by calculating area ratios of the vessel’s 
cross-sections. As a representative example, Fig. 6.16 
shows a screenshot of a comprehensive cardiac eval-
uation tool (syngo Circulation, Siemens, Forchheim, 
Germany) that provides automated segmentation of 
the coronary artery tree and subsequent measure-
ment of stenosis.

As discussed in Sects. 6.2 and 6.3, curved MPRs 
and curved MIPs can be generated based on auto-
matic calculation of the centerline of a segmented 
coronary artery that defines the curved visualiza-
tion plane. Figures 6.17 and 6.18 demonstrate the 
feasibility of curved MPRs and curved MIPS with 
automated centerline detection in two patients with 
severe coronary artery disease. The cross-sectional 
images at the positions indicated by the markers are 
perpendicular to the vessel and allow for a detailed 
evaluation of plaques and wall changes, including 
density measurements.

In addition to vessel segmentation approaches, 
there is on-going development of advanced evalua-
tion tools that help visualize and quantify plaques 
in the coronary arteries. Clinical studies have dem-
onstrated the potential of multi-slice cardiac CT to 
not only detect but to some degree also characterize 
non-calcified and calcified plaques in the coronary 
arteries based on their CT attenuation (Schroeder 
2001a, Schroeder 2001b, Leber 2004, Leber 2005). 
Figure 6.19 shows an example of a work-in-progress 
plaque evaluation tool with color-coding of voxels 
belonging to three different ranges of CT numbers 

Fig. 6.14a, b. Virtual endoscopic view with VRT visualization of a RCA based on an examination obtained on a 16-slice CT scan-
ner with 16 × 0.75-mm collimation. a A path is being planned through the RCA that includes a stent. b The coronary artery lumen 
and stent struts can be visualized with virtual endoscopy. (Case courtesy of Mt. Sinai School of Medicine, New York, USA)

a b
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Fig. 6.15. An automated segmentation of the entire coronary artery tree, based on an examination obtained on a 64-slice CT 
scanner with acquisition of 64 × 0.6-mm slices per rotation. Based on the isolated heart with the rib cage removed (upper left 
quadrant), the software detects all coronary segments from a single marker (lower right quadrant) that was placed in the aorta 
just above the origin of the left main coronary arteries. (Case courtesy of Toyohashi Heart Center, Japan)

6.6 · Four-Dimensional Visualization and Functional Parameter Assessment

that may represent different types of plaques. The 
volume of the three compartments can be calculated, 
and an individual “plaque burden” can be derived 
for the patient. Clinical studies are needed to evalu-
ate the potential and the clinical relevance of these 
plaque quantification tools. Ideally, they could, for 
example, be used to monitor the therapy response 
of patients undergoing medical treatment aimed at 
reducing their total plaque burden.

6.6 
Four-Dimensional Visualization and 
Functional Parameter Assessment

Four-dimensional image data for the evaluation of 
functional parameters are readily available as an 
add-on for every retrospectively ECG-gated cardiac 
CT angiography examination. Compared to MR, 
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Fig. 6.16a–d. Example of a modern software-evaluation platform for automated segmentation and 
analysis of the coronary arteries based on an examination obtained on a 64-slice CT scanner with 
acquisition of 64 × 0.6-mm slices per rotation. d VRT visualization of the segmented coronary artery 
tree including the centerline (indicated in red) along the LAD is used for an overview. b An additional 
double-oblique MIP in the LAO helps to localize the exact position of the stent. c A curved MPR 
along the centerline allows for excellent visualization of the stent lumen due to isotropic sub-mil-
limeter resolution. a A cross-section perpendicular to the centerline at the position indicated by the 
red marker allows for accurate measurement of the lumen. (Case courtesy of Erasmus University, 
Rotterdam, Netherlands)

a b

c d
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Fig. 6.17a–c. Automated coronary analysis for a patient examination obtained on a 64-slice CT scanner with acquisition of 64 × 
0.6-mm slices per rotation. The software generates a the segmented coronary artery tree, b a curved MPR along the RCA, and c 
two cross-sections perpendicular to the centerline of the RCA for this patient with severe 3-vessel disease. The pink dots mark 
the positions of the cross-sectional images. (Case courtesy of New York University, USA)

ba c
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Fig. 6.18a–c. Automated coronary analysis for a patient examination obtained on a 64-slice CT scanner with acquisition of 64 
× 0.6-mm slices per rotation. The software generates a a thin-slab curved MIP along the RCA and b a curved MPR along the 
RCA based on the detected center line and c two cross-sections perpendicular to the centerline of the RCA in this patient with 
severe 3-vessel disease. The pink dots mark the positions of the cross-sectional images. (Case courtesy of Mayo Clinic Rochester, 
Minnesota, USA)

6.6 · Four-Dimensional Visualization and Functional Parameter Assessment
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multi-slice CT allows for a reliable assessment of 
left and right ventricular volumes, including left 
ventricular ejection fraction, and of regional wall 
motion at rest. Other parameters, such as peak fill-
ing rate, peak ejection rate, and regional wall mo-
tion under stress, cannot reliably be determined due 
to the still-limited temporal resolution of current 
multi-slice CT systems (Mahnken 2005a). Dedicat-
ed 4D visualization and evaluation tools are being 
developed to allow assessment of basic functional 
parameters from ECG-gated CT image data, such 
as end-systolic and end-diastolic volumes, stroke 
volume, ejection fraction, and myocardial mass. 
Advanced 4D visualization and quantification soft-
ware also provides cine views of the beating heart 
and are generated from 3D data sets that were re-
constructed at equidistant time points during the 
cardiac cycle. These tools can provide both visual 
and quantitative information regarding motion of 
the cardiac and coronary anatomy, ventricular wall 
motion, and ventricular wall thickening.

Series of complete 3D image data sets reconstructed 
in different phases of the cardiac cycle, at least in the 
end-systolic and end-diastolic phases (usually recon-
structed with, respectively, 20 and 80% relative delay 
to the onset of the R-wave), are needed for functional 
evaluation. Some evaluation tools require input data 
in the form of double-oblique MPRs generated from 

the original axial slices along the short and long heart 
axess (Fig. 6.20). These MPRs can be reduced in their 
spatial resolution in order to limit the amount of data 
that has to be handled, e.g., by using 5- to 8-mm MPR 
thickness or a reduced 256 × 256 image matrix. The 
ability of some CT scanners to directly generate dou-
ble-oblique MPRs along the short and long axes of the 
heart based on the raw scan data in different phases 
of the cardiac cycle (see Sect. 6.2) can simplify the 
clinical workflow. To derive functional parameters, 
such as ejection fraction and myocardial mass, endo-
cardial and epicardial contours may have to be drawn 
manually for one slice position of the short axis view, 
followed by an automatic propagation to other slice 
positions between the base and the apex of the heart. 
Wall thickening is most commonly displayed in the 
form of a polar map based on short axis reformations, 
known as a “bulls-eye plot”, following the AHA 17-
segment classification.

More recent evaluation-software platforms require 
series of thin and overlapping axial slices in different 
phases of the cardiac cycle as an input for functional 
evaluation, similar to the input needed for cardiac 
anatomy and coronary artery analysis. A manual or 
automatic definition of the basal plane through the 
mitral valve, which separates the left ventricle from 
the left atrium, in both end-systole and end-diastole 
is generated, after which the blood pool in the left 

Fig. 6.19a–c. A work-in-progress plaque evaluation tool. Different colors are assigned to voxels within different ranges of CT 
numbers. a A MPR view reveals a signifi cant stenotic lesion in the proximal RCA in this patient, who was scanned with a 64-
slice CT scanner using 64 × 0.6-mm slices per rotation. b Color-coding can be applied to this MPR and c to a cross-sectional 
image perpendicular to the centerline cutting through the lesion. Red is used for voxels with CT numbers between –25 and 40 
HU (potential “lipid” plaques), green for voxels with CT numbers between 40 and 110 HU (potential “fi brous” plaques), and 
blue for voxels with CT numbers between 110 and 445 HU (contrast-fi lled lumen). An additional threshold and color code can 
be defi ned for calcifi ed plaques. (Case courtesy of Erlangen University, Germany)

ba c
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ventricle is automatically segmented to allow calcula-
tion of end-systolic and end-diastolic volumes, stroke 
volume, and ejection fraction (Fig. 6.21). With these 
software tools, segmentation of the ventricular blood 
pool can be conveniently adjusted for standardiza-
tion purposes. This is particularly helpful for assess-
ment of the papillary muscles during calculation of 
left ventricular volumes. The papillary muscles are 
included in some functional evaluation approaches, 
while they are excluded in others. With the help of 
refined cardiac models, endocardial and epicardial 
contours may be automatically detected – requiring 
only minor user interactions for a correction – as a 
basis for calculating myocardial mass and for analyz-
ing wall thickening.

6.7 
Myocardial Perfusion Evaluation

Myocardial perfusion can be assessed via dynamic 
measurement of the enhancement of the myocar-
dium after injection of contrast, with the goal of 
differentiating viable from infarcted myocardium. 
An enhancement curve is determined by measur-
ing HU values in defined small regions of interest 
(ROIs) in thick axial slices or oblique MPRs that are 
acquired during ECG-triggered scans in consecutive 
cardiac cycles. Standard ROI-based dynamic mea-
surement tools are currently in use for generation of 
such enhancement curves. As evaluation of myocar-

Fig. 6.20. CT examination of a patient with an occlusion of the left descending coronary artery using a 
16-slice CT scanner with 16 × 0.75-mm collimation. Images for functional evaluation were reconstructed 
in 10 phases during the cardiac cycle, ranging from 0 to 90% of the RR-interval. The cardiac function 
evaluation software used in this example requires short-axis multi-planar reformations with 5- to 8-mm 
MPR thickness. It provides left ventricular volumes for all loaded phases, including end-systolic (upper 
left) and end-diastolic (upper right) volumes for determining ejection fraction (lower left). A “bulls-eye 
plot” for display of regional wall motion can also be generated (lower right). (Case courtesy of Tübingen 
University, Germany)

6.7 · Myocardial Perfusion Evaluation
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Fig. 6.21. Functional evaluation in a patient with a signifi cant LAD stenosis, examined with a 64-slice CT 
scanner with 64 × 0.6-mm slices per rotation. The evaluation was done using comprehensive slice-based 
cardiac evaluation software. Thin-slice axial images in different phases of the cardiac cycle are needed as 
an input. Following manual defi nition of the basal plane in end-systole and end-diastole, the blood pool in 
the left ventricle is automatically segmented to allow calculation of end-systolic and end-diastolic volumes, 
stroke volume, and ejection fraction. The papillary muscles are excluded in this approach. (Case courtesy 
of Toyohashi Heart Center, Japan)

dial perfusion does not yet play a significant role in 
today’s clinical practice and has not yet left the re-
search state, this application is not yet supported by 
dedicated post-processing tools. The limited z-axis 
coverage of current multi-slice CT scanners, inherent 
HU value inconsistency during dynamic, ECG-trig-
gered partial-scan acquisition, and the lack of clini-
cal validation have hampered the establishment of 
myocardial perfusion measurement with multi-slice 
CT in clinical practice. However, initial promising 
clinical results have been obtained with the recently 
introduced fast 64-slice CT scanners, which feature 
faster rotation speeds and larger z-axis coverage.

Nonetheless, measurement of myocardial en-
hancement based on first-pass contrast enhancement 

is gaining attention as a potential tool to predict pa-
tient outcome after myocardial infarction (Paul 2003, 
Mahnken 2005b). Information on first-pass myocar-
dial enhancement is readily available as a by-product 
of cardiac and coronary CT angiography examina-
tions, similar to functional information. Figure 6.22 
shows the use of a work-in-progress evaluation tool 
for a patient with myocardial infarction. The blood 
pool of the left ventricle has been segmented and 
removed to allow better differentiation of the subtle 
density changes in the myocardium. Density color-
coding was applied to direct the attention of the user 
to areas with abnormal enhancement.

For the examination of patients with suspected 
myocardial infarction, the additional evaluation of 
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Fig. 6.22a–e. Evaluation of myocardial enhancement in a patient with suspected myocardial infarction, based on scan data acquired 
on a 64-slice CT scanner with 64 × 0.6-mm slices per rotation. a MIP reconstruction reveals a high-grade stenosis in the proximal 
LAD. b, c Automated segmentation of the myocardium allows the generation of a color-coded map using a work-in-progress 
software. Short-axis reformation allows for the evaluation of fi rst-pass myocardial perfusion defects. d While the corresponding 
hypo-attenuated area in the myocardium can also be appreciated in the original MPR, e segmentation of the blood pool and color-
coding facilitates (blue color for low perfusion) the diagnosis. (Case courtesy of Hôpital Marie Lannelongue, Paris, France)

b d

a c e

late enhancement might be of clinical value. Visu-
alization of late myocardial enhancement resulting 
from contrast leakage in infarcted myocardium re-
quires an additional ECG-gated low-dose scan a few 
minutes after the first-pass cardiac or coronary CT 
angiography examination. While areas of hypo- or 
hyper-enhancement in the myocardium can also be 
detected in the source images, the subtle changes in 
HU values that have to be appreciated call for sup-
port of the user by means of advanced post-process-
ing techniques.

6.8 
Quantifi cation of Coronary Calcifi cation

The 3D visualization and post-processing techniques 
presented so far are predominantly intended for the 
visualization and quantitative evaluation of con-

trast-enhanced images from cardiac and coronary 
CTA examinations. The quantification of coronary 
calcification on the other hand is based on non-en-
hanced CT-images, yet it requires dedicated post-
processing tools and quantification algorithms.

The earliest and still frequently used algorithm 
for the quantification of coronary artery calcium 
is the so-called Agatston score (Agatston 1990), 
which was developed primarily for electron beam 
CT (EBCT) but has been adapted for multi-slice CT 
protocols. The Agatston score is semi-quantitative 
and is based on slice-by-slice analysis of non-over-
lapping axial CT images. A CT-value threshold of 
130 HU is commonly used for the identification of 
calcifications in every axial image (Fig. 6.23). All 
voxels in a slice that exceed this value are color-cod-
ed for an initial orientation. Among these suspicious 
voxels, which can represent false positives arising 
from image noise, the user has to manually pick the 
relevant coronary calcifications. Region-growing 
algorithms are used to identify all voxels belonging 

6.8 · Quantifi cation of Coronary Calcifi cation
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to a lesion (Fig. 6.24). A score Ag(n) is calculated for 
each individual lesion n by multiplication of the area 
(in mm2) with a co-factor (between 1 and 4) that de-
pends on the HU-peak value in the considered lesion 
(Eq. 6.2).

Ag Ag n Area n CoFactor n
n n
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To reduce the influence of image noise, a mini-
mum area Areamin can be used to discard very small 
scores that probably represent noise pixels. The 
scores of the individual lesions are separately accu-
mulated for the main coronary artery segments: left 
main (LM), LAD, CX, and RCA (Fig. 6.24). The sum 
of these separate scores yields a total score for the 
total calcified plaque burden.

The Agatston-scoring algorithm was developed 
for sequential image data and needs modification 

if overlapping slice data are processed. A straight-
forward approach is to calculate normalized scores 
AgN that are multiplied with the ratio of image 
reconstruction increment Inc and slice width SW 
(Ohnesorge 2000, Ohnesorge 2002):

AgN
Inc
SW

Area n CoFactor n
n

= ⋅∑ ( ) ( )  (6.3)

Due to the non-linear weighting operation with 
the integer variable CoFactor, the Agatston score 
is very prone to variations. Different studies have 
shown that the inter-scan variability of the scores 
can be more than 20% (Devries 1995, Becker 
2000), particularly for small amounts of calcifica-
tion; therefore, the reproducibility needs to be im-
proved.

Alternative volumetric quantification algorithms 
have been developed that can process sequential 
and overlapping image data of different slice width 
as well as provide volume-equivalents (in mm3) 
and mass-equivalents (in mg) of calcified plaques 
(Eqs. 6.4, 6.5). Non-linear operations that may in-
crease inter-scan variability are eliminated. Isotro-
pic interpolation procedures in between adjacent 

Fig. 6.23. The principle of coronary calcium 
quantifi cation (“Ca scoring”). Calcifi ed lesions 
are identifi ed on transaxial slices with a HU-
threshold of 130 HU. Calcium scores are derived 
for the different main coronary vessels (LM, LAD, 
CX, RCA) based on the areas of lesions and HU 
measurements within the lesions

LAD
RCA

Slice 1 Slice 2

Pixels ≥ 130 HU

HU-Peak

Area of 1 Pixel
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Fig. 6.24. Software platform used for the quantifi cation of coronary calcifi cation. Lesions exceeding the 
calcium threshold of 130 HU are identifi ed with color-coding and segmented with 3D-based picking and 
region-growing tools. After segmentation, the lesions are assigned to the various coronary arteries (LM, 
LAD, CX, RCA). Coronary calcifi cations are quantifi ed by means of Agatston score, calcium volume, and 
calcium mass calculation. Calibration factors that are pre-determined using phantom measurements and 
depend on the scan protocol form the basis for calculating calcium mass. The quantitative measurements 
are displayed and reported in table format

image slices can be used to reduce the influence of 
partial-volume errors for improved reproducibility 
(Callister 1998, Ohnesorge 2002).

Vol Vol n Area n Inc
n n

= = ⋅∑ ∑( ) ( )  (6.4a)

Mass Mass n
n

= =∑ ( )

         Area n Inc MeanHU n
n

= ⋅ ⋅∑ ( ) ( ( ))ρ  (6.4b)

Vol Vol n Area n Inc W nI I
n n

I= = ⋅ ⋅∑ ∑( ) ( ) ( )  (6.5a)

Mass Mass nI I
n

= ∑ ( )

 Area n Inc W n MeanHU n
n

I= ⋅ ⋅ ⋅∑ ( ) ( ) ( ( ))ρ    (6.5b)

The isotropic interpolation factor WI(n) takes in-
formation from the adjacent slices into account and 
modifies the contribution of a single image voxel to 
the score of an individual lesion. WI(n) may be greater 
or smaller than 1 depending on the propagation of a 
lesion (Fig. 6.25). Also, voxels that were not identified 
as part of a lesion due to a HU value < 130HU may 
contribute to the score of the lesion if correspond-
ing voxels at the same image position in the adjacent 

6.8 · Quantifi cation of Coronary Calcifi cation
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slice have a high contribution. A mass equivalent is 
calculated by multiplying the volume with a density 
factor ρ of the lesion. The latter is derived from the 
mean HU value in the plaque, which linearly depends 
on the mean density (in mg/mm3). The density fac-
tor ρ and its HU value must be determined from ap-
propriate calibration procedures (Ulzheimer 2003) 
for the scanner and according to the scan protocol 
used, and have to be included in the quantification 
software. A special phantom has been developed that 
allows for identification of calcium thresholds and 
calcium-mass calibration factors for different scan 

protocols (Fig. 6.26). The density factor ρ for an indi-
vidual lesion n depends on the difference of the mean 
HU value in the lesion and the HU value of water as 
well as on a scanner- and scan-protocol-specific con-
stant Cρ as given in Eq. 6.6:

ρ(MeanHU(n)) = Cρ · (MeanHU(n) – HUWater) (6.6)

For example, for a frequently used scan protocol 
for a certain evaluated scanner (e.g., SOMATOM 
Sensation 16, Siemens, Germany with 16 × 1.5-mm 
collimation, 3-mm slice width, 120-kV tube voltage, 
100-mA tube current), the constant Cρ was deter-
mined by the phantom study as:

C
mg

cm HUρ =
⋅

0 84
3

.  (6.7)

It could even be shown that, with such calibra-
tion efforts, coronary calcium mass can be accu-
rately quantified from contrast-enhanced scans of 
the coronary arteries with thin-slice reconstruction, 
which shows increased sensitivity for smaller calci-
fied lesions (Fig. 6.27). Based on an appropriate ad-
aptation of the calibration factors, a high degree of 
correlation with the results of pre-contrast calcium 
scoring scan was shown (Hong 2002) (Fig. 6.28).

z

Slice-by-Slice Score
Contour of
True Lesion

Interpolated Score

Images nImages n
z

Fig. 6.25. Interpolation algorithms during volumetric quanti-
fi cation of coronary calcifi cation. 3D-shaped calcifi ed lesions 
may be detected in consecutive slices. Interpolation between 
the slices can be useful for better reproduction of the true 
plaque size

Fig. 6.26. a The anthropromorphic chest phantom (Institute of Medical Physics, Erlangen, Germany and QRM, Möhrendorf, 
Germany) for determining the calibration factors for coronary calcium mass quantifi cation. b The phantom contains a centered 
Lucite cylinder that simulates the heart and includes calibration inserts and calcium hydroxyapatite inserts of different dimen-
sions and density that can be displayed in axial slices

a b
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?

a b

Fig. 6.27. Calibration phantom scanned with ECG-gated spiral acquisition on a 16-slice CT scanner using a 16 × 
1.5-mm collimation, 3.0-mm slice width and b 16 × 0.75-mm collimation, 1.0-mm slice width. Smaller lesions can 
be identifi ed with 1.0-mm slice width (smallest detectable lesion: 0.6 mg calcium hydroxyapatite; arrows). The best 
agreement between calcium mass detected with 1.0-mm slice width and that detected with 3.0-mm slice width and 
130 HU threshold was achieved using a calibration coeffi cient Cρ = 0.84 mg/(cm3·HU) for the 3-mm slice-width and 
Cρ = 0.88 mg/(cm3·HU) at a modifi ed calcium threshold of 350 HU for a 1.0-mm slice width

6.8 · Quantifi cation of Coronary Calcifi cation

Fig. 6.28a, b. Examination of a 57-year-old male with calcifi ed coronary artery plaques. a Spotty calcifi cations in the 
left main stem (arrowheads) and long calcifi cations in the mid-segment of the LAD (arrow) can be detected in the 
non-enhanced coronary calcium scan with 3.0-mm slice width and a 130-HU calcium threshold. b The same spotty 
calcifi cations (arrowheads) and long calcifi cation (arrow) can be detected in the contrast-enhanced high-resolution 
scan with 1.25-mm slice width and 350-HU calcium threshold

a b
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The Agatston algorithm for quantification of cor-
onary calcification is still frequently used. However, 
the Agatston score and the closely related acquisi-
tion parameters may not be an appropriate basis 
for coronary calcium quantification with a wide 
spectrum of different acquisition systems. With 
the advent from different manufacturers of multi-
slice CT scanners with different scan parameters, 
cross-technology quality control and calibration 
methods gain importance. The most promising ap-
proach to establish a cross-industry standard is to 
use absolute mass quantification, which can include 
different scanner properties and protocol variations 
via phantom calibration (Hong 2002, Ulzheimer 
2003). Moreover, recent studies indicate that the use 
of quantitative mass measurement provides better 
results for inter-scan and inter- and intra-observer 
variability than obtained with the traditional Ag-
atston scoring method (Ohnesorge 2002). There-
fore, assessing coronary artery calcification by 
evaluating absolute calcium mass shows great po-
tential for increasing the accuracy, consistency, and 
reproducibility of coronary calcium measurements 
(Ulzheimer 2003) and will replace the traditional 
Agatston scoring system in the near future.
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Clinical Indications 7

This chapter is intended to provide the reader with a 
comprehensive overview of the most recent clinical 
experience with multi-slice CT and recommendations 
for its clinical indications. Clinicians from Europe 
and the United States who are recognized world-wide 
as experts in their fields share their experience with 
respect to the currently most relevant clinical applica-
tions and indications of multi-slice cardiac CT. Insti-
tutions from all around the world have shared their 
latest case studies to further enhance the value of this 

chapter. The chapter starts with a review of the clinical 
usefulness of cardiac and coronary CT imaging, from 
the viewpoints of radiologists and cardiologists, and 
discusses the advances from 4- to 64-slice CT technol-
ogy from a clinical perspective. This review is followed 
by sections that discuss in-depth the individual clini-
cal findings based on 16-slice CT data and initial clini-
cal experience with the latest 64-slice CT scanners.

7.1 
Current and Future Clinical Potential

C. Becker, A. Knez
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7.1.1 
Cardiac Multi-slice CT Technique

In recent years, improvements in multi-slice CT in 
terms of spatial and temporal resolution as well as 
acquisition speed has enabled reliable investiga-
tion of the heart and coronary arteries in a similar 
fashion as achieved with cardiac catheterization 
(Table 7.1). The accepted scan mode for cardiac 
multi-slice CT is retrospective ECG gating (Flohr 
2001). In addition, various clinical indications have 
established the value of coronary calcium screen-
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ing and plaque imaging, coronary CT angiography 
(CTA), coronary bypass graft CTA, and assessment 
of myocardial morphology and function.

Coronary calcium screening enables investiga-
tion of the entire heart with 3-mm slices within one 
breath-hold and without the administration of con-
trast agent to the patient. Overlapping slice recon-
struction has improved the reproducibility of coro-
nary calcium quantification (Ohnesorge 2002).
Protocols have been optimized so that the radiation 
exposure associated with this technique is reduced 
to a minimum (~2 mSv). ECG pulsing allows for a 
further 50% reduction in patient exposure by mini-
mizing the redundant exposure that occurs during 
systole (Jakobs 2002). The reproducibility of the 
results obtained with coronary calcium scanning, as 
determined by multi-slice CT, is similar if not supe-
rior to measurements made with electron-beam CT.

Coronary CTA for plaque imaging and detection 
of coronary artery stenoses requires the highest 

Table 7.1. Parameters for CT angiography and cardiac catheterization

4-slice CT 16-slice CT 64-slice CT Cardiac catheterization

Spatial resolution 1 mm 0.8 mm 0,4 mm 0,2 mm

Temporal resolution 250 ms 185–210 ms 165 ms 20 ms

Contrast volume 160 ml 120 ml 80 ml ~60 ml

Radiation exposure ~4–8 mSv ~5–10 mSv ~6–12 mSv ~3–4 mSv

level of temporal and spatial resolution. Depending 
on the technical possibilities, the scan and contrast 
protocols depend on the specific multi-slice CT scan-
ner used. Temporal and spatial resolution improves 
with every new generation of multi-slice CT scan-
ner (Figs. 7.1, 7.2). Further technical improvements 
are expected in the coming years and will mainly 
focus on shorter exposure times in order to image 
the heart at any heart rate and, in particular, the 
coronary arteries in the diastolic phase, when their 
diameters are widest.

The newest 64-slice CT technology has already 
emerged as a modality that allows image acquisition 
for the entire heart in about 10 s (or even less) with 
as little as 80 ml of contrast medium. The amount of 
contrast medium is therefore already comparable to 
that used in a cardiac catheter examination. In addi-
tion, the volume of contrast medium can be adapted 
for selective contrast enhancement of the left ven-
tricle (Fig. 7.3).

Fig. 7.1a,b. Comparison between investigations with a 4-slice CT and b 64-slice CT. In addition to the 
fact the scan was acquired within 10 instead of 40 s with the 64-slice CT, the images reveal a higher 
spatial resolution and less blooming of calcium (arrow) in the coronary arteries

a b
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Fig. 7.2a,b. In the volume rendering image, it becomes obvious that both the higher resolution and the dedicated 
contrast protocol lead to better visualization of the coronary arteries with 64-slice CT (b) than with 4-slice CT (a)

a b

Fig. 7.3a–c. The scan time and therefore the amount of contrast media necessary can be reduced from 4-slice CT (a), to 16-
slice CT (b), to 64-slice CT (c). With dedicated timing, selective enhancement of the left ventricle is possible with just 80 ml of 
contrast media

ba c
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Thus, cardiac multi-slice CT has already emerged 
as a non-invasive clinical tool to demonstrate cardiac 
and coronary pathologies that are difficult or even 
impossible to detect by any other modality, even car-
diac catheterization.

7.1.2 
Coronary Calcium Screening

Coronary atherosclerosis begins as early as the first 
decade of life with endothelial dysfunction, prolif-
eration of smooth muscle cells, and accumulation of 
fat (fatty streaks) in the coronary artery wall (Stary 
1994). During later stages of the disease, these lesions 
may lead to the accumulation of cholesterol within 
the intimal and medial layer of the coronary artery 
wall and the formation of a fibrous cap separating 
the lipid pool from the arterial lumen (Stary 1995). 
Inflammatory processes, such as the invasion of 
macrophages and activation of matrix metallopro-
teases, weaken the fibrous cap (Pasterkamp 2000), 
which leaves the plaque vulnerable to rupture when 
exposed to shear stress. If this occurs, thrombogenic 
lipid material comes into contact with the blood. In 
the most unfortunate sequela, thrombus progres-
sion may turn the vulnerable plaque into a culprit 
lesion that occludes the coronary vessel, leading to 
myocardial ischemia, ventricular fibrillation, and 
death (Virmani 2000).

In many patients, unheralded myocardial infarction, 
associated with a mortality of approximately 20%, is the 
first sign of coronary artery disease (CAD). The likeli-
hood of such an event strongly depends on risk factors, 
including hypertension, hypercholesteremia, smoking 
habit, family history, age, and gender. Based on these risk 
factors, the Framingham (Wilson 1998) and PROCAM 
(Assmann 2002) algorithms provide an estimation of 
the midterm (10-year) risk for an individual to experi-
ence a cardiac event. According to international guide-
lines, persons with a midterm risk of less than 10% are 
considered to be at low risk and usually do not require 
any specific therapy. Individual with a midterm risk 
of more than 20% are considered to be at high risk 
and thus equivalent to patients with CAD. Similar to 
patients with established CAD, these asymptomatic 
subjects may require intensive therapy ranging from 
life-style changes to lifetime medial treatment.

Approximately 40% of the population is consid-
ered to have a moderate midterm risk of 10–20%. 
Nonetheless, any of the stratification schemes suf-
fers from a lack of accuracy in correctly determin-
ing risk, and uncertainty exists regarding how to 
treat subjects at intermediate risk. Thus, other tools 
that are able to provide information concerning the 
necessity to either reassure or to treat these subjects 
are needed. Currently, assessment of the atheroscle-
rotic plaque burden is considered to provide valid 
information for this cohort (Greenland 2000).

It has recently been reported that the combined 
use of the Framingham risk assessment and the cal-
cium measurement is superior to the selected use 
of the Framingham risk assessment alone (Green-
land 2004). Grundy et al. proposed an alternative 
scheme in which the age score in the Framingham 
model is replaced by a scheme in which the coronary 
calcium percentiles are taken into account. If the 
amount of coronary calcium is between the 25th and 
75th percentile, the Framingham risk score remains 
unchanged. If the amount of calcium is below the 
25th or above the 75th percentile, the score is the 
same as for subjects approximately 10 years younger 
or older, respectively (Grundy 2001).

An international consortium comprising all CT 
vendors (Siemens, Toshiba, Philips, General Electric) 
and several leading research and clinical institutions 
has recently agreed upon a standardized measure-
ment for coronary calcium. The consortium provides 
guidelines for standardized CT scan protocols for 
any company, as well as guidelines for calibration, 
quantification, and quality assurance. In addition, it 
has agreed upon absolute mass quantification as the 
algorithm with the highest inter-scanner reproduc-
ibility (Fig. 7.4). Once finalized, the consortium will 
also provide a web-based database entry allowing the 
event risk to be estimated according to Framingham, 
PROCAM, and other algorithms, also taking into 
account age- and gender-specific percentile rankings 
of the calcium mass (McCollough 2003).

7.1.3 
Coronary CT Angiography

Contrast-enhanced CTA of the coronary arteries 
is a new application of multi-slice CT. Preliminary 
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Fig. 7.4. Due to the low radiation and the fact that contrast medium is not required, coronary calcium screening remains a simple 
and effective tool to exclude or detect coronary atherosclerosis. An international consortium has agreed upon the calibrated 
(circle 1) absolute mass (circle 2) as the method of choice to quantify coronary calcium. The calcium mass is then assigned to 
age- and sex-dependent percentiles in order to incorporate it into conventional risk assessment

1

2

attempts in which coronary CTA and conventional 
catheter-based coronary angiography were com-
pared with respect to the detection of coronary 
artery stenoses were encouraging (Achenbach 
2001, Nieman 2001, Knez 2001). In particular, 
sensitivity and specificity values between 86 and 
95% were reported for 16-slice CT (Nieman 2002, 
Ropers 2003). However, such high values can only 
be achieved if non-evaluable coronary segments 
are excluded from the analysis. In fact, most of the 
excluded coronary segments were excluded because 
of motion artifacts. With 16-slice CT technology 
and the related rotation speeds, fully motion-free 

images can only be achieved in patients with low 
and regular heart rates. Otherwise, patients under-
going CTA examination by 16-slice CT should be 
administered a β-blocker prior to the investigation 
in order to reduce the heart rate and thus improve 
image quality.

Other limitations of coronary multi-slice CTA 
include the difficulty in detecting stenoses and 
plaques if calcium or other dense materials, such as 
metallic stents, are present. The appearance of these 
components is exaggerated by CT, which prevents 
assessment of the coronary artery wall and lumen. 
With the newest 64-slice CT and its higher spatial 
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resolution, the "blooming" artifact is substantially 
reduced and the lumens of larger stents (>3 mm in 
diameter) and thinner struts (>140 µm) are now 
assessable (Fig. 7.5).

In addition to displaying the contrast-filled lumen, 
as is the case in cardiac catheterization, CTA is a cross-
sectional modality in that the coronary artery wall 
is also displayed. Coronary atherosclerotic changes 
may appear as calcified, non-calcified, or mixed 
plaques. In a recent study, Leber et al. reported that 
non-calcified lesions were predominantly found in 
patients with acute myocardial infarction whereas 
calcified lesions were found more often in patients 
with chronic stable angina (Leber 2003). In patients 
with an acute coronary syndrome, a non-calcified 
lesion in the coronary artery may correspond to an 
intra-coronary thrombus (Becker 2000).

The current gold standard to detect coronary 
atherosclerosis in vivo is intravascular ultrasound 
(IVUS). Studies comparing IVUS with multi-slice 
CT have shown good correlation between the echo-
geneity and CT density of coronary atherosclerotic 
lesions (Schröder 2001). The sensitivity and speci-
ficity of CT in the detection of calcified and non-
calcified coronary atherosclerosis ranges from 78 to 
94%, respectively.

CT density measurements in carotid arteries 
(Estes 1998) and heart specimen (Becker 2003) 

showed that CT densities of 50 and 90 HU within 
plaques are specific for lipid and fibrous tissue, 
respectively. In recent work by Langheinrich et al. 
using micro-CT and ultrahigh spatial resolution, the 
ability of CT to distinguish between different plaque 
components, such as lipid, fibrin, and calcium, was 
demonstrated. Interestingly, smooth muscle cell 
proliferation increases the CT density of the plaque 
(Langheinrich 2004).

Coronary CTA is also well-suited to visualize cor-
onary anatomical anomalies and to identify patients 
in whom the aberrant coronary artery has its course 
in between the ascending aorta and the pulmonary 
outflow tract. In this particular location, the coro-
nary artery is at risk for being squeezed in between 
the two major vessels, which may result in myocar-
dial ischemia (Figs. 7.6, 7.7). Coronary CTA can also 
provide valid and useful information in patients 
with vasculitis, aneurysms (Fallenberg 2002), fis-
tulas (Fig. 7.8), or dissection.

The current strength of coronary CTA is its high 
negative predictive value compared to cardiac cath-
eterization. In patients with unspecific complaints 
or ambiguous stress tests, coronary CTA may serve 
as a reliable non-invasive alternative to rule out 
CAD (Fig. 7.9). Also, patients referred from the 
emergency department with atypical chest pain may 
benefit from a CTA investigation that allows all-at-

Fig. 7.5. a Patient investigated 
with 64-slice CT. A thrombus clot 
is seen in the left anterior de-
scending coronary artery within 
(arrow A) and distal (arrow B) to 
the stent. b Another patient with 
in-stent (arrow A) and pre-stent 
(arrow B) stenoses in the right 
coronary artery

a b
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Fig. 7.6a,b. Common origin of the right and left coronary arteries displayed with axial maximum-intensity projection 
(MIP) (a) and double-oblique MIP (b). Scan data were acquired using 64-slice CT. The intramural course of the left 
coronary artery (arrow) between the aorta and the pulmonary outfl ow tract caused angina in this patient

a b

Fig. 7.7a,b. Patient investigated with 64-slice CT. Severe calcifi cation and vegetation of a bicuspid aortic valve 
(a, arrow). This patient had a split left coronary artery with separate origins of the left anterior descending and the 
circumfl ex coronary artery (b)

a b

once ruling in or out of pulmonary emboli, aortic 
dissection, or coronary thrombus (Fig. 7.10). Coro-
nary CTA is also a valuable technique for assess-
ing patients with acute coronary syndrome and 
unstable angina, since certain types of non-calcified 

lesions may indicate an increased risk of myocardial 
infarction in this particular cohort (Fig. 7.11). If the 
results of coronary CTA confirm the identification 
of patients at risk, further therapeutic strategies can 
subsequently be considered, such as intensive medi-
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Fig. 7.9a,b. Several studies have shown that the negative predictive 
value of CTA is approximately 98%. An 80-year-old female with 
left branch block and suspicion of coronary artery disease was 
examined by CTA using 64-slice CT. All coronary segments are 
well-assessable and no stenoses or atherosclerosis can be detected 
in either the left (a) or right (b) coronary system. Cardiomyopathy 
is most likely the reason for the patient’s left branch blocka

b

Fig. 7.8a,b. Patient with a heart murmur examined with 16-slice CT. The coronary CT angiography (CTA) investigation and 
volume-rendering technique (VRT) demonstrate a fi stula of the circumfl ex coronary artery (a, arrow) with kinking draining 
into the right atrium (b)

a b
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Fig. 7.10. A patient who presented with chest pain was inves-
tigated with 64-slice CT. Patients referred from the chest pain 
unit may benefi t from a 64-slice CT scan of the entire chest 
with ECG gating, as this allows for complete assessment of the 
pulmonary (arrow, PA) and coronary (arrow, CA) arteries as 
well as the aorta (Ao)

CA

PAAo

Fig. 7.11a–c. The 64-slice coronary CTA investigation of a patient with unstable angina without signs of myocardial ischemia. 
a Volume rendering of the dataset shows a regular vessel lumen. b The axial slice, however, demonstrates a well-defi ned plaque 
in the middle segment of the left anterior descending coronary artery (arrow). c Perpendicular reformatting demonstrates a 
vulnerable plaque with a low-density (fatty) center surrounded by higher-density (fi brous) tissue. Three weeks later, this plaque 
ruptured, resulting in an anterior wall infarction in this patient

ba c
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cal treatment or invasive approaches, e.g., plaque 
sealing.

In patients with acute myocardial infarction, 
coronary CTA may be able to display the location 
as well as the culprit lesion in the coronary artery 
(Fig. 7.12) (Paul 2003). However, the key applica-
tion of coronary CTA will be non-invasive triage 
of patients with stable angina for conservative 
therapy, interventional treatment, or bypass sur-
gery, thus limiting the need for cardiac catheter-
ization of patients in whom coronary interventions 
are likely to be unnecessary. Follow-up investiga-
tion after stent placement of bypass graft surgery 
(Fig. 7.13) is the second most important demand for 
this approach.

There remains a shortfall of large-scale clinical 
studies providing sufficient evidence for the wide-
spread clinical use of coronary CTA. A first multi-
center study (Garcia 2006) could demonstrate 
the clinical feasibility of coronary CTA in a larger 
patient cohort, however, the accuracy of the results 
was limited due to the use of older generation 16-
slice CT technology. Nonetheless, with every new 
generation of multi-slice CT, the spatial and tem-
poral resolution comes closer to that of cardiac 
catheterization. The present-day generation of 16- 
and 64-slice CT is already making some catheter 
investigations redundant, and the replacement of 

V

R

M

Fig. 7.13. Patient examined with 64-slice CT. An arterial T-graft 
of the internal mammary (arrow, M) and radial (R) arteries to 
the left anterior descending coronary artery, and to the diago-
nal branch and venous graft (arrow, R) to the right coronary 
artery. An additional and venous graft (arrow, V) supplies the 
right coronary artery. The 64-slice CT examination reveals that 
all three bypass grafts are open

Fig. 7.12a,b. Images of a patient with acute myocardial infarction. a A culprit lesion (arrow) is seen in the proximal left ante-
rior descending coronary artery. b The consecutive myocardial infarction and the related perfusion defect (arrow) can also be 
delineated as a hypo-dense area in the anterior wall of the left ventricle

a b
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a significant number of diagnostic cardiac cath-
eterizations by coronary CTA is foreseeable in the 
near- to mid-term future.

7.1.4 
Non-coronary Applications

Contrast-enhanced multi-slice CT acquisition with 
ECG triggering or ECG-gated spiral scanning also 
accurately displays the cardiac morphology and 
allows the diagnosis of general cardiac diseases. 
The cardiac anatomy can be examined based on 
either a dedicated scan protocol with a specific 
clinical indication or as a by-product of a CTA of 
the coronary arteries. Clinical indications of multi-
slice cardiac CT include visualization of cardiac 
masses, the cardiac valves, myocardial perfusion 
defects, pericardial disease, the thoracic aorta, and 
the pulmonary arteries and veins. Application of 
multi-slice CT as a primary tool in the diagnosis 
of cardiac morphology can be particularly useful 
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Fig. 7.14a–c. Patient with severe 3-vessel disease, pericarditis, and a functional defect was examined with 
16-slice CT. a VRT reveals calcium deposits in the pericardium resulting from the pericarditis. Long-axis 
reconstruction in end-diastole (b) and end-systole (c) reveals the related reduced left ventricular func-
tion. (Case courtesy of Erlangen University, Germany)

a

b

c

in acute-care settings and in patients who have to 
be excluded from other imaging modalities, such 
as those with pacemakers and those with artificial 
or transplanted hearts. Retrospectively ECG-gated 
multi-slice CT examinations also enable basic car-
diac function parameters to be visualized and quan-
tified as an add-on to the anatomical information 
(Fig. 7.14). In addition, multi-slice CT examination 
of the cardiac venous system has proven to be very 
useful for planning electrophysiological (EP) abla-
tion procedures (Fig. 7.15). Imaging of the general 
cardiac anatomy and cardiothoracic vasculature 
usually requires larger scan ranges with high resolu-
tion, which has limited the distribution of 4-slice CT 
scanners for this purpose. Recent 16- and 64-slice 
CT scanners, however, have overcome this limita-
tion and provide scan ranges up to 20 cm within a 
short single breath-hold. Therefore, with the recent 
technology advances, ECG-gated multi-slice CT has 
developed into a robust routine tool for the non-
invasive diagnosis of general cardiac diseases and 
non-invasive planning of EP procedures.
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Fig. 7.15a,b. Patient examined with 16-slice CT to visualize the pulmonary vein for planning of an ablation procedure. Special 
contrast agent protocols are required for imaging the cardiac venous system. High-quality image data of the pulmonary vein, 
including side branches (a, arrows) can be provided as input for special segmentation software (b). (Case courtesy of Mas-
sachusetts General Hospital, Boston, USA)

a b
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7.2 
Risk Assessment with Coronary Artery 
Calcium Screening

R. Fischbach

7.2.1 
Introduction

Direct relationships between coronary artery cal-
cification (CAC) and the presence, and to a modest 
degree, the extent and severity of coronary athero-
sclerotic disease (CAD) have been demonstrated in 
comparisons based on histology (Rumberger 1995), 
ultrasound (Baumgart 1997), and angiography 
(Kajinami 1997). This correlation of CAC with the 
amount of coronary artery plaque has raised signifi-
cant interest in the noninvasive detection and quan-
tification of coronary calcium for diagnosing coro-
nary atherosclerosis and estimating the prognosis of 
patients with coronary heart disease. Electron-beam 
CT (EBCT) was the first accurate and sensitive non-
invasive technique with which to quantify coronary 
calcium and it has been used in most clinical studies. 
Therefore, the relevant clinical data to date come 
from studies that were carried out using this specific 
CT technology and based on a standardized method 
for imaging, identifying, and quantifying calcified 
coronary artery plaque. Despite the different scan-
ner technologies, major disagreements between cal-
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cium quantification results obtained in the same 
patients by EBCT vs. multi-slice CT have not been 
reported (Becker 2001, Stanford 2004).

Recent studies indicate that CAC quantification 
plays an important role in the assessment of cardio-
vascular disease risk in asymptomatic individuals 
with subclinical atherosclerosis. In this context, the 
primary goal in calcium scanning is to detect and 
quantify calcified coronary artery plaque and not to 
identify significant coronary artery obstruction, as 
is done in coronary CTA. The introduction of multi-
slice CT has brought a rapidly increasing variety of 
multi-purpose CT systems that allow cardiac scan-
ning using prospective ECG triggering or retrospec-
tive ECG gating. While this has allowed CAC quanti-
fication to become available to larger populations, it 
has made standardization of image acquisition pro-
tocols and quantification methods an increasingly 
important clinical issue.

7.2.2 
Methods of Coronary Artery Calcifi cation 
Quantifi cation

The calcified coronary artery plaque is traditionally 
quantitated with a score developed by Agatston 
et al., in which the area of a calcified plaque with 
an attenuation of more than 130 HU is multi-
plied by a weighting factor that is based on the 
peak density of the calcified lesion, as depicted in 
Figure 7.16 (Agatston 1990). When applying the 
Agatston method to coronary calcium quantifica-
tion using multi-slice CT technology, it has to be 
kept in mind that the Agatston score was initially 
designed for a specific modality (EBCT) and scan 
protocol. Any changes in image acquisition param-
eters, such as scan volume, section thickness, image 
increment, image reconstruction kernel, or X-ray 
spectrum, may influence the quantification result 
(Ulzheimer 2003). Due to the use of a non-linear 
weighting factor, the Agatston score is rather sus-
ceptible to partial-volume effects and has shown 
only limited reproducibility in repeat examinations. 
Another reason for the limited reproducibility of 
calcium quantification results is artifacts due to 
either cardiac motion or patient motion during the 
breath-hold.
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HU-Peak

Pixel Area

Cofactor
1 = 130–199 HU
2 = 200–299 HU
3 = 300–399 HU
4 = >400 HU

Calcium Score:
Σ Area(n) · Cofactor(n)

Volume:
Σ Area(n) · Increment

Mass = c · CTCa · Volume

Fig. 7.16. Quantifi cation methods to measure coro-
nary artery calcifi cation. The Agatston score or tra-
ditional calcium score is calculated by multiplying 
the calcifi ed plaque area with a density-dependent 
weighting factor. The sum of all scores is the total 
calcium score. The volume score is the sum of the 
calcifi ed area multiplied with the image increment. 
Calcium mass is proportional to the volume of the 
lesion times the average CT density of the lesion. 
n denotes a specifi c calcifi ed lesion. c represents a 
calibration factor, CTCa the average CT HU-value 
of the lesion

In order to improve the inter-scan reproducibil-
ity, a volume-based quantification method has been 
introduced (Callister 1998, Ohnesorge 2002). 
Plain volume measurement is less susceptible to 
partial-volume effects and allows quantification 
independent from section thickness or image over-
lap. This becomes especially important when a spiral 
technique with overlapping image reconstruction is 
used. However, the different volume scoring meth-
ods that are currently available are influenced by 
an empirically chosen density threshold (130 HU), 
which has been shown to suffer from system and 
patient factors (McCollough 1995). An adapted 
density threshold for segmentation of a specific 
amount of coronary artery calcium, as opposed to a 
fixed density threshold, has been shown to improve 
the accuracy and comparability of calcium quanti-
fication on different scanners and using different 
scan protocols (Ulzheimer 2003). Since the mea-
sured volume of a calcified plaque is related to the 
registered attenuation of a lesion, changes in the X-
ray radiation energy spectrum (determined by tube 
voltage) as well as hardware-associated factors that 

influence the X-ray absorption of a calcified coro-
nary plaque will affect the measured volume score 
(Fig. 7.17). Therefore, a quantification method that 
is standardized, reproducible, and independent of 
scanner hardware and image acquisition param-
eters is required to produce accurate results. This is 
especially the case in view of the rapidly emerging 
diversity of the multi-slice CT systems available and 
the expected clinical role of multi-slice CT calcium 
quantification in coronary risk stratification.

Quantification of absolute coronary artery cal-
cium mass, which can be reliably obtained regardless 
of differences in CT systems and scanning protocols 
if appropriate calibration is used, has been suggested 
to improve the reliability of calcium measurement 
(Ohnesorge, 2002, Hong 2002, Ulzheimer 2003). 
The CT scanner can be calibrated to an external stan-
dard or a calibration phantom can be included within 
the scan field, as in bone density measurement. Cal-
cium mass is proportional to the mean CT number 
of a calcified plaque multiplied by the lesion volume. 
Since objects smaller than the section thickness are 
displayed with decreased mean CT numbers, calcium 
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Fig. 7.17. Coronary calcium score and volume score are affected by the tube voltage. At 80 kV, the score of the simulated calcifi ed 
plaque is 831, whereas it is 673 for the same lesions measured at 140 kV. The calibrated calcium mass remains constant. Note 
the different calibration factors used for the different scans (0.515 vs. 0.833)
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Fig. 7.18. Topogram showing the typical scan range and fi eld 
of view for a calcium scoring exam from the mid-level of the 
left pulmonary artery down to the diaphragm

Fig. 7.19. Unenhanced coronary scan with 4-slice CT in an individual without detectable calcifi ca-
tion. The coronary arteries are well seen in the epimyocardial course. Ao Aorta, LAD left anterior 
descending artery, D1 fi rst diagonal branch, LCx left circumfl ex coronary artery, RCA right coro-
nary artery

LAD

LAD
RCA

LCx

D1Ao

7.2 · Risk Assessment with Coronary Artery Calcium Screening

mass automatically corrects for linear partial-volume 
effects. Calibrated calcium mass furthermore repre-
sents a real physical measure (mg calcium) and can be 
used across different CT systems and scanning tech-
niques. For current and future applications of coro-
nary artery calcium scoring, calibrated mass-based 
quantification seems superior to traditional quanti-
fication methods (Ohnesorge 2002, Ferencik 2003, 
Hong 2003) but validation in clinical practice is still 
pending. A major drawback regarding volume and 
mass scores is the lack of reference data for large pop-
ulations, in contrast to data available for the Agatston 
score. Although calcium scoring results obtained with 
the Agatston method using multi-slice CT correlate 
well with results obtained by EBCT (Becker 2001), 
new reference databases for multi-slice CT coronary 
calcium quantification involving calibrated measure-
ments for volume and mass quantification remain to 
be developed (Haliburton 2003).

7.2.3 
Multi-slice CT Examination Technique

The coronary arteries are easily recognized in their 
epimyocardial course even in non-enhanced scans, 
as they are surrounded by low-attenuation perivas-

cular fat. The scan extends form the mid-level of 
the left pulmonary artery down to the diaphragm 
(Fig. 7.18). All multi-slice CT scanners are able to 
cover this distance in a single breath hold. Imaging 
of coronary calcifications is typically done using 
a low-dose technique without contrast enhance-
ment. The coronary arteries are well-depicted due 
to the surrounding epimyocardial fat (Fig. 7.19), 
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and even small calcium deposits are detected with 
high sensitivity (Fig. 7.20). Synchronization of the 
image acquisition (prospective ECG triggering) or 
image reconstruction (retrospective ECG gating) 
with cardiac motion is mandatory to scan the heart 
at reproducible positions in order to avoid gaps or 
overlaps, which would result in image mis-registra-
tion, as detailed in previous chapters.

7.2.3.1 
Sequential Scanning with Prospective ECG 
Triggering

Calcium scanning has been carried out using pro-
spective ECG triggering and scanning in a sequential 
mode in most clinical and research approaches. As 

Fig. 7.20. 4-slice CT showing massive calcifi cations of all major coronary arteries in an asymptomatic person with increased 
cardiovascular disease risk. Note the aortic valve (top, arrowhead) and mitral valve (bottom, arrow) calcifi cation. LM Left main 
coronary artery

LAD

RCA

LCxLM

LAD

LAD

RCA RCA

long as the heart rate and rhythm remain constant, 
a prospective estimation of the duration of the next 
RR-interval will reliably position the scan in mid- 
to late diastole. In patients with varying heart rate 
or with arrhythmia, motion artifacts can impose a 
major problem for reliable calcium quantification 
(Mao 1996). While common scan windows for cal-
cium scoring with EBCT are at 80% or 40% of the 
RR-interval, 50–60% of the RR-interval seems to be 
more appropriate with the current-generation multi-
slice CT scanners in order to avoid motion artifacts. 
With prospectively ECG-triggered scanning, the 
section thickness depends on the detector design. 
Most 4-slice systems will acquire 2.5-mm sections 
instead of the established 3-mm section thickness. 
Other potential disadvantages of sequential scan-
ning with multi-slice CT are discussed below.
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7.2.3.2 
Spiral Scanning with Retrospective ECG Gating

Spiral image acquisition has several advantages 
over sequential scanning. First, the continuous 
data acquisition speeds up the scanning process, 
which allows for the use of thinner section thick-
ness to improve spatial resolution. Although it can 
be shown that a section thickness less than the tra-
ditionally used 3 mm can improve measurement 
accuracy, it is unclear whether clinical decision-
making will be influenced by the improved spa-
tial resolution. Moreover, the ability to reconstruct 
overlapping images without increasing scan time or 
radiation exposure to the patient seems more impor-
tant than increased spatial resolution. Overlapping 
image reconstruction will improve the sensitivity 
for detecting small calcifications due to decreased 
partial-volume averaging and it has been shown 
to improve measurement reproducibility in repeat 
examinations, especially in patients with low plaque 
burden (Ohnesorge 2002, Moser 2004). Second, 
image reconstruction in ECG-gated spiral scanning 
can make use of multi-segment image reconstruc-
tion algorithms, as described in earlier chapters. 
Multi-segment reconstruction improves temporal 
resolution, a well-recognized factor in image qual-
ity. Retrospective ECG gating furthermore assures 
optimal agreement with the desired phase of the car-
diac cycle and allows for retrospective optimization 
of the image reconstruction window should motion 
artifacts occur. Individual selection of the specific 
reconstruction window with the least amount of 
motion effects has resulted in the most reproducible 
scoring results (Fallenberg 2003). Overall, spiral 
multi-slice CT is more stable in terms of image qual-
ity and measurement reproducibility than compet-
ing sequential scanning techniques (Kopp 2002).

7.2.3.3 
Radiation Exposure

With prospective triggering, the effective dose is 
approximately 1 mSv, which is similar to that of 
EBCT (McCollough 2003). Multi-slice CT with 
constant tube output during spiral scanning will 
more than double the radiation exposure, since 
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radiation is emitted even in phases of the cardiac 
cycle that are not used for image reconstruction. 
ECG controlled tube output modulation can achieve 
a mean dose reduction of 48% for males and 45% 
for females (see previous chapters). Considering the 
advantages of spiral scanning regarding sensitiv-
ity, speed, and reproducibility of calcium measure-
ments, a slightly higher effective dose for spiral data 
acquisition should be acceptable.

7.2.4 
Clinical Applications of Coronary Calcium 
Measurement

7.2.4.1 
Coronary Heart Disease and Risk Assessment

Coronary heart disease (CHD) remains the major 
cause of mortality and morbidity in the industrial-
ized nations and accounts for 54% of all cardiovascu-
lar deaths and 22% of all deaths in the United States 
(American Heart Association 2002). Although the 
mortality rate from CHD declined by 25% from 1990 
to 2000, the absolute number of deaths decreased 
only 7.6%. Sudden coronary death or nonfatal myo-
cardial infarction is the first manifestation of disease 
in up to 50% of CHD victims and approximately 
50% of patients with acute myocardial infarction die 
within the first month of the event. CHD typically 
manifests in middle-aged and older, predominantly 
male individuals. In the Framingham Heart Study, 
the lifetime risk of CHD for individuals at age 40 who 
were initially free of CHD was 49% in men and 32% in 
women (Lloyd-Jones 1999). Accordingly, it becomes 
clear that prevention of ischemic heart disease is the 
most efficient approach to reducing morbidity and 
mortality associated with cardiovascular disease. 
There is growing evidence that cholesterol-lowering 
drugs and anti-platelet drugs will reduce the risk for 
new-onset CHD in otherwise asymptomatic persons. 
Thus, the rationale for early detection of persons 
who are at high risk of developing a future coronary 
event is that detection during the subclinical stages 
of disease might permit the reliable identification of 
individuals at increased risk of an acute myocardial 
event and that those at high risk could potentially 
benefit from early preventive efforts.
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Current guidelines stress clinical risk assessment 
as the key to the selection of persons for medical 
primary prevention. The presence and expression 
of a single cardiovascular risk factor is not a good 
predictor of a future coronary event, since risk fac-
tors interact in a complex way, making a simple 
risk assessment in the individual patient compli-
cated. Well-recognized risk factors are tobacco 
smoking, high LDL cholesterol levels, low HDL 
cholesterol, diabetes mellitus, arterial hyperten-
sion, and a family history of premature myocardial 
infarction. Algorithms or scoring systems derived 
from large prospective epidemiological stud-
ies, such as the Framingham Study in the United 
States and the Prospective Cardiovascular Münster 
Study (PROCAM) in Europe, can be used to calcu-
late a person’s CHD risk (Assmann 2002, Wilson 
1998). Risk calculation tables for the Framingham 
risk index and the PROCAM score are listed in 
Tables 7.2 and 7.3.

Risk-factor assessment is the established initial 
approach to identify populations at risk, as it is a way 
to evaluate the statistical probability that coronary 
atherosclerosis has developed. Despite the dem-
onstrated efficacy of risk assessment in predicting 
future coronary events in a population, identifica-
tion of the individual at risk remains unsatisfactory, 
mainly due to the wide variability of atherosclerosis 
manifestations in populations with identical risk-
factor exposure. Coronary calcium scanning, in 
contrast, allows for direct visualization of calcified 
coronary plaque.

Although CAC is found more frequently in 
advanced atherosclerotic lesions, it is frequently 
present long before clinical manifestation of CAD 
and has been detected as early as the second decade 
of life. The process of calcium accumulation in ath-
erosclerotic lesions seems to be actively regulated 
and involves mechanisms similar to those of bone 
formation and resorption (Wexler 1996). It is a 
matter of debate whether calcification of a plaque 
is a sign of stability or instability. Histomorpho-
logic studies reveal that plaques with healed rup-
tures and fibroatheromas frequently are calcified 
whereas acute plaque ruptures show lesser amounts 
of calcium and plaque erosions usually do not show 
calcifications (Burke 2000, Burke 2001). Since 
the extent of CAC reflects the total plaque burden 

(Rumberger 1995, Schmermund 1999), the 
amount of calcified plaque may indicate the like-
lihood of the presence of potentially vulnerable 
lesions.

CAC is a surrogate marker for coronary athero-
sclerotic plaque, so that the coronary calcium score 
(CCS) reflects the life-long exposure of the arterial 
wall to a variety of risk factors and an individual’s 
response to such risk-factor exposure. In short, cal-
cium scanning can identify the individual in whom 
risk-factor exposure has led to the development of 
CAD. Assessment of coronary plaque burden may 
therefore provide a more accurate estimate of an 
individual’s CHD risk.

7.2.4.2 
Patient Selection for Risk Assessment

Most patients with established CHD have a 10-
year risk for major coronary events (myocar-
dial infarction and coronary death) greater than 
20%. International expert guidelines recommend 
initiating treatment of hypertension and hyper-
cholesterolemia in asymptomatic patients whose 
global 10-year risk for a coronary event exceeds 
20%. As a consequence, it is questionable whether 
imaging studies to further stratify these high-
risk individuals is of clinical value. Since one-
third of all coronary events occur in persons at 
intermediate risk (10-year risk of 10–20%), there 
is considerable need to improve the sensitivity 
and specificity of risk prediction in this group 
(Schmermund 2001, Taylor 2000). For these rea-
sons, the identification of persons at “intermediate 
risk” has become a clinically important challenge.

This implies that CAC quantification should 
be used primarily in patients who have already 
undergone clinical risk assessment. In individuals 
at intermediate risk for a coronary event, elevated 
calcium scores may indicate a higher risk category; 
conversely, a low or absent calcium score may estab-
lish a lower risk (Elkeles 2002, Greenland 2004). 
Clear definitions regarding which asymptomatic 
individuals will benefit from calcium scanning have 
not been provided. Therefore, the indication for 
calcium scoring should be based on referral from a 
qualified physician.
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10-year risk of event (%) dependent on total risk points

Total points ≤20 20 28 32 35 38 40 43 45 48 51 54 57 ≥60

10-year risk (%) ≤1 1 1.9 2.9 4.0 5.1 61 8.0 10.2 12.8 16.8 21.7 25.1 ≥30

Risk factor Points

Age

  35–39 0

  40–44 6

  45–49 11

  50–54 16

  55–54 21

  60–65 26

LDL cholesterol (mg/dl)

  < 100 0

  100–129 5

  130–159 10

  160–189 14

  ≥ 190 20

Risk factor Points

HDL cholesterol (mg/dl)

  < 35 11

  35–44 8

  45–54 5

  ≥ 55 0

Triglycerides (mg/dl)

  < 100 0

  100–149 2

  150–199 3

  ≥ 200 4

Smoking

  Nonsmoker 0

  Smoker 8

Risk factor Points

Diabetes mellitus

  No 0

  Yes 6

Myocardial infarction 
in family history

  No 0

  Yes 4

Systolic blood pressure (mmHg)

  120 0

  120–129 2

  130–139 3

  140–159 5

  160 8

Table 7.3. PROCAM point system for men (from Assmann 2002)

Risk factor Points

   Age range 20–39 40–49 50–59 60–69 70–79

Smoking

   Nonsmoker 0 0 0 0 0

   Smoker 8 5 3 1 1

Total cholesterol (mg/dl)

   < 160 0 0 0 0 0

   160–199 4 3 2 1 0

   200–239 7 5 3 1 0

   240–279 9 6 4 2 1

   ≥ 280 11 8 5 3 1

Risk factor Points

HDL (mg/dl)

   < 40 2

   40–49 1

   50–59 0

   ≥ 60 -1

Systolic blood pressure (mmHg) Untreated Treated

   < 120 0 0

   120–129 0 1

   130–139 1 2

   140–159 1 2

   ≥ 160 2 3

10-year risk of event (%) dependent on total risk points

Total points <0 0–4 5–6 7 8 9 10 11 12 13 14 15 16 ≥17

10-year risk (%) <1 1 2 3 4 5 6 8 10 12 16 20 25 ≥30

Table 7.2. Framingham point system for men (from: Adult Treatment Panel III at www.nhlbi.nih.gov/)
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7.2.4.3 
Coronary Artery Calcifi cation and CHD Risk

A number of prospective studies have addressed the 
prognostic value of coronary calcium scanning of 
asymptomatic individuals in order to better predict 
the likelihood of coronary events. All of these stud-
ies found substantial increases in relative risk of a 
cardiovascular event in the presence of increased 
coronary calcium scores. Arad et al. reported an 
odds ratio of 22 for the prediction of myocardial 
infarction or death in 1173 self-referred men and 
women, when comparing event rates in the group 
with calcium scores > 160 versus those among sub-
jects with scores < 160 (Arad 2000). Raggi et al. 
reported an odds ratio of 21.5 for suffering an acute 
myocardial infarction or cardiovascular death in 
subjects with a calcium score above the 75th percen-
tile for age and gender when compared to individu-
als with a calcium score in the first quartile (Raggi 
2000). In a study of 926 subjects who were either 
referred because of risk factors or self-referred, the 
highest calcium score quartile was associated with a 
relative risk of cardiovascular events of 7.8 compared 
to subjects without coronary calcification (Wong 
2000). The calcium score and serum C-reactive pro-
tein (CRP) level may contribute independently to 
risk stratification for cardiovascular events. In 1461 
patients without manifest CHD, the relative risk for 
individuals with the highest CRP and calcium scores 
was 7.5-fold greater than for those with the lowest 
respective values (Park 2002).

In a study of over 10,000 asymptomatic individu-
als who underwent cardiac risk-factor analysis and 
CCS, the calcium score was a significant indepen-
dent predictor of mortality and it supplemented 
the prognostic information provided by risk-factor 
analysis (Shaw 2003).

7.2.4.4 
Interpretation of Calcium Scoring Results

Empirical guidelines in the clinical interpretation 
of calcium scans in asymptomatic but at risk indi-
viduals have been suggested (Rumberger 1999). 
Calcium scores are divided into several categories 
(0–10, 11–100, 101–400, >401) in order to provide 

treatment recommendations and estimate CHD risk 
(Table 7.4). Since a high calcium score indicates a 
significant plaque burden, absolute values will pro-
vide a certain orientation when assessing a calcium 
scan, e.g., calcium scores > 100 are highly consis-
tent with CAD and should lead to modification of 
risk factors. Very high calcium scores are associated 
with an exceedingly high risk of coronary events 
(Wayhs 2002). It has to be kept in mind, however, 
that age and gender are important determinants of 
the presence and extent of CAC. In addition, the 
prevalence of CAC increases with age and shows 
significant differences between men and women. As 
reported in a study of over 35,000 asymptomatic 
males and females (Hoff 2001), the median calcium 
score for men was 1 in individuals 40–44 years of 
age and 309 for individuals 70–74 years of age, while 
the corresponding values for women were 0 and 53 
(Tables 7.5–7.7). These data stress the difficulties 
encountered when using absolute scores in an indi-
vidual to estimate CHD risk or to make treatment 
recommendations. For example, a calcium score of 
80 is well within the expected norm for a 64-year-
old male, but suggests advanced atherosclerosis in 
a 44-year-old male (Table 7.6). The absolute calcium 
score should therefore be put into perspective with 
the expected norm. If the calcium score is above the 
75th percentile or the median for age and gender, 
increased cardiovascular risk has to be assumed.

7.2.5 
Further Clinical Applications of Calcium 
Scanning

7.2.5.1 
Coronary Artery Calcifi cation and Differential 
Diagnosis of Chest Pain

A positive coronary calcium scan has a low predic-
tive value for identifying stenoses but a concomi-
tant high negative predictive value for ruling out 
obstructive CAD in the absence of detectable calci-
fications. A negative predictive value close to 100% 
has been reported for coronary chest pain or myo-
cardial infarction in subjects with acute symptoms 
and nonspecific ECG (Georgiou 2001, McLaugh-
lin 1999). Knowledge of the presence or absence 
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Table 7.4. Guidelines for coronary calcium score interpretation (from Rumberger 1999)

Agatston 
score

Atherosclerotic 
plaque burden

Probability of significant 
coronary artery disease

Implications for 
cardiovascular risk

Recommendations

0 No plaque Very unlikely, < 5% Very low Reassure patient; discuss general guidelines 
for primary prevention of CV diseases

1–10 Minimal Very unlikely, < 10% Low Discuss general guidelines for primary pre-
vention of CV diseases

11–100 Mild Mild or minimal coro-
nary stenoses likely

Moderate Counsel about risk factor modification, strict 
adherence with primary prevention goals; 
daily aspirin administration

101–400 Moderate Non-obstructive CAD 
highly likely; obstructive 
disease possible

Moderately high Institute risk factor modification and second-
ary prevention goals; consider exercise testing; 
daily aspirin administration

> 400 Extensive High likelihood (> 90%) 
of at least one significant 
coronary stenosis

High Institute very aggressive risk factor modifi-
cation; consider exercise or pharmacologic 
nuclear stress testing; daily aspirin adminis-
tration

Table 7.5. Coronary artery calcium scores in 35,246 asymp-
tomatic men and women (from Hoff 2001)

Total calcium score

Men Women

Age Mean Median Mean Median

< 40 12 ± 70 0.5 2 ± 14 0

40–44 27 ± 27 1 8 ± 97 0

45–49 57 ± 175 3 18 ± 186 0

50–54 121 ± 305 16 29 ± 135 0.5

55–59 203 ± 411 49 54 ± 189 1

60–64 350 ± 972 113 78 ± 250 3

65–69 464 ± 731 180 147 ± 338 24

70–74 665 ± 921 309 225 ± 515 53

> 74 836 ± 1053 473 258 ± 507 75

7.2 · Risk Assessment with Coronary Artery Calcium Screening

of coronary calcification may thus be helpful in 
making decisions regarding diagnostic or thera-
peutic measures.

7.2.5.2 
Coronary Artery Calcifi cation and Disease 
Progression

Several studies have tracked changes in coronary 
calcium. Score progression seems to be accelerated 
in patients with obstructive CAD compared with 
patients who have no clinically manifest disease 
(27% vs. 18%) (Janowitz 1991). A mean annual rate 
of calcium score increase for untreated patients of 
24–36% has been found. Recent studies have shown 
the ability of calcium quantification to moni-
tor the progression of coronary calcification and 
to document the effect of risk-factor modification 
and medical treatment (Achenbach 2002, Budoff 
2000, Maher 1999). In 66 patients with coronary 
calcifications, the observed increase in coronary 
calcium volume score was 25% without treatment; 
it decreased to 8.8% under treatment with statins 
(Achenbach 2002). Progression of coronary artery 
calcium scores has substantial variability in patients 
with similar risk factors under treatment. Recent 
data suggest that subjects with increased progres-

sion of coronary calcium are at higher risk of sus-
taining a coronary event than subjects with slower 
progression rates (Raggi 2004). Since different pro-
gression rates might reflect differences in treatment 
response, monitoring of calcium score progression 
by CT could influence treatment modification.
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7.2.6 
Conclusion

Atherogenesis is a dynamic process that represents 
the result of a life-long exposure of an individual to 
a variety of predisposing factors. Coronary plaque 
burden is a good predictor of future coronary events 
and coronary artery calcium reflects total plaque 
burden. The CCS can thus be of value in risk strati-
fication of asymptomatic persons with moderate to 
increased coronary risk. However, long-term epi-

demiological studies are still needed to determine 
which patient populations could benefit from a 
calcium score examination in terms of risk strati-
fication and risk-factor management. Currently, 
the data indicate that asymptomatic individuals at 
intermediate coronary risk (10-year risk 10–20%) in 
whom clinical decision-making is most uncertain 
may become the most important target population.

From the technological point of view, multi-slice 
CT scanning, especially using spiral technique with 
overlapping slice reconstruction and calcium quan-

Fig. 7.21. Coronary calcium measurement in a patient with moderate calcifi cations who had a heart rate of 105 bpm during the 
scan. Data were acquired on a 64-slice CT scanner with 0.33-s rotation time. 3-mm slices were reconstructed with 1.5-mm image 
increment based on the acquisition of 64×0.6-mm slices per rotation and retrospective ECG gating. Despite the high heart rate, 
all calcifi cations are displayed accurately without motion artifact. (Case courtesy of Stanford University, USA)

Table 7.7. Coronary artery calcium score percentiles for as-
ymptomatic women (from Hoff 2001)

Total calcium score

Age 25th 50th 75th 90th

< 40 0 0 1 3

40–44 0 0 1 4

45–49 0 0 2 22

50–54 0 0 5 55

55–59 0 1 23 121

60–64 0 3 57 193

65–69 1 24 145 410

70–74 3 52 210 631

> 74 9 75 241 709

Table 7.6. Coronary artery calcium score percentiles for as-
ymptomatic men (from Hoff 2001)

Total calcium score

Age 25th 50th 75th 90th

< 40 0 1 3 14

40–44 0 1 9 59

45–49 0 3 36 154

50–54 1 15 103 332

55–59 4 48 215 554

60–64 13 113 410 994

65–69 32 180 566 1299

70–74 64 310 892 1774

> 74 166 473 1071 1982



203

tification based on calibrated calcium mass mea-
surement, holds promise to become the reference 
approach of the future. Already, 4-slice CT scanners 
with 0.5-s rotation have demonstrated satisfactory 
accuracy of coronary artery calcium measurement 
in clinical practice. Due to higher spatial and tem-
poral resolution, modern 16- and 64-slice CT scan-
ners may further increase the sensitivity and repro-
ducibility for detecting smaller amounts of calcium 
(Fig. 7.21).
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7.3 
Detection and Exclusion of Coronary Artery 
Stenosis

K. Nieman, N. Mollet, F. Cademartiri, 
P. De Feyter

7.3.1 
Introduction

Conventional coronary angiography is and will 
most likely remain the standard of reference for the 
detection of coronary stenosis, but with the expan-
sion of therapeutic options there is also an increas-
ing demand for less invasive coronary angiography. 
Multi-slice spiral CT is one, and arguably the most 
efficient, imaging modality for non-invasive assess-
ment of the luminal integrity of the coronary arter-
ies. While mechanical CT was long regarded as too 
slow to image moving organs, current state-of-the-
art multi-slice spiral CT scanners offer a temporal 
resolution of less than 200 ms, a sub-millimeter iso-
tropic resolution, and a total scan time of less than 
20 s. Comparative studies suggest that the current 
diagnostic accuracy of spiral CT angiography war-
rants further clinical evaluation.

7.3.2 
Diagnostic Performance of 4-Slice CT

Four-slice spiral CT scanners were the first gen-
eration of mechanical CT scanners to allow nearly 
motion-free imaging of the heart, with sufficient 
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spatial resolution to visualize the small coronary 
arteries and enough detector rows to cover the entire 
heart within the time of a long breath-hold.

Between 2001 and 2002, a number of studies that 
compared 4-slice CT with conventional coronary 
angiography were published (Table 7.8). Despite 
the varying patient characteristics and methods of 
evaluation, these studies showed that detection of 
coronary stenoses by multi-slice CT was certainly 
feasible. As for adequate image quality, multi-slice 
CT detected significant coronary obstruction in the 
main branches and larger side branches with a sen-
sitivity and specificity that varied between 75 and 
95%, and 76 and 99%, respectively.

The number of vessels with an image quality 
that was considered adequate for assessment varied 
between 6 and 32%, which represented the main 
limitation of the technique at the time. Reported 
causes for non-assessability included motion arti-
facts, calcified plaque material, respiratory motion, 
advanced venous contrast enhancement, technical 
scanner failure, and arrhythmia. In a number of 
patients, the scan duration of up to 40 s was too long 
to maintain in a breath-holding position. A number 
of studies reported an overall sensitivity, which 
considers lesions in non-evaluable vessels as false-
negative scores, that varied between 49 and 93% 
(Nieman 2001, Achenbach 2001, Knez 2001, Kopp 
2002, Nieman 2002b,c, Giesler 2002).

While interpretability and diagnostic accuracy 
seem related to the diameter and proximity of the 
coronary segment, the right coronary artery appears 
to be more difficult to assess, which is related to the 
more extended motion radius and short interval of 
relative motionless of the vessel (Nieman 2002b, 
Wang 2001). In two studies, the diagnostic accuracy 
of multi-slice CT in relation to the patient’s heart rate 
was evaluated. Giesler et al. divided 100 patients 
into four groups according to their heart rate during 
the scan. In patients with a heart rate of ≤60, 61–70, 
71–80 min, and >80 bpm, motion artifacts were 
found in 8, 18, 41, and 22% of the coronary arteries, 
respectively (Giesler 2002). The overall sensitivity 
to detect a stenosis >70% of the arterial diameter 
was 67, 55, 35, and 22%, for each group, respectively. 
In a study by Nieman et al. 78 patients were equally 
divided into three groups according to their average 
heart rate (Nieman 2002b). In the low- (56±4 bpm), 
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Table 7.8. Diagnostic performance of 4- and 16-slice MSCT in the detection of coronary stenosis, with conventional angiogra-
phy as the standard of reference

β N Assess. SD (%) Excl (%) Sens (%) Spec (%) PPV (%) NPV (%) Sensa (%)

4-slice

Nieman 2001 – 31 Segment 50 27 81 97 81 97 68

Achenbach 2001 – 64 Branch 50 32 85 76 56 93 55

70 32 91 84 59 98 58

Knez 2000 – 43 Segment 50 6 78 98 84 96 51

Vogl 2001 + 64 Segment 50 28 75 99 92 98 NR

Kopp 2002a – 102 Segment 50 15 86 96 76 98 86

93 97 81 99 93

Giesler 2002b + 100 Branch 70 29 91 89 66 98 49

Nieman 2002ba – 78 Segment 50 32 84 95 67 98 63

16-slice

Nieman 2002c + 58 Branch 50 0 95 86 80 97 95

Ropers 2003 + 77 Branch 50 12 92 93 79 97 73

64-slice

Leschka 2005 – 67 Segment 50 0 94 97 87 99 94

Raff 2005 + 70 Segment 50 12 86 95 66 98 NR

Branch 50 91 92 80 97 NR

Patient 50 95 90 93 93 NR

Abbreviations: β β-Blocking pre-medication, Assess. branch- or coronary segment-based method of assessment, SD diameter 
reduction regarded as significant stenosis, Excl percentage of excluded segments/branches, Sens sensitivity, Spec specificity, PPV, 
NPV positive and negative predictive value after exclusion of non-assessable segments/branches, Sensa sensitivity including 
missed lesions in non-assessable segments/branches, NR not reported.
aResults by two observers, without consensus reading.
bStudies include patients from earlier publications.

intermediate- (67±3 bpm), and high-heart-rate 
group (82±9 bpm), 78, 73, and 54%, respectively of 
the segments were assessable, resulting in an over-
all sensitivity to detect luminal stenosis >50% of 82, 
61, and 32%, respectively. The accuracy of multi-
slice CT to classify patients as having no, single-, 
or multi-vessel disease, without exclusion of non-
assessable segment, was 73, 54, and 42%, for each 
respective group.

7.3.3 
Diagnostic Performance of 16-Slice CT

To compensate for the limitations encountered 
with 4-slice CT, the next generation of multi-slice 

CT scanners acquired up to 16 slices per rotation 
and were equipped with thinner detector rows to 
increase the spatial resolution and further shorten 
the total scan time. The faster gantry rotation 
reduced motion artifacts, although most investiga-
tors by then had incorporated β-receptor-blocking 
pre-medication in their scan protocol.

Two representative studies compared the perfor-
mance of 16-slice CT with conventional coronary 
angiography (Table 7.8). Nieman et al. examined 58 
patients with a (pre-medicated) heart rate of 57 bpm, 
and evaluated all coronary vessels with a minimal 
diameter of 2.0 mm (Nieman 2002c). Although 7% 
of the vessels contained poorly assessable sections, 
no vessels were excluded from the analysis, and 82/86 
(95%) of the lesions were detected. The high sensi-
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tivity, with all missed lesions in the left circumflex 
branch, came at the expense of a slightly lower spec-
ificity of 86%. In seven cases multi-slice CT revealed 
a significant stenosis but overestimated the degree 
of stenosis. As determined by quantitative coronary 
angiography, these overestimated coronary arteries 
contained mild stenoses, i.e., vessel diameter reduc-
tion between 40 and 49%. In 78% of the patients, a 
correct overall classification as having no, single- or 
multi-vessel disease could be given. Using 4-slice 
CT, the same investigators provided a correct classi-
fication in only 56% of the patients (Nieman 2002b). 
Ropers et al. evaluated 77 patients with a (pre-medi-
cated) heart rate of 62 bpm, and evaluated all ves-
sels with a diameter of more then 1.5 mm (Ropers 
2003). After exclusion of 12% of the vessels, which 
were considered non-interpretable, significant ste-
noses were detected with a sensitivity and specificity 
of 92 and 93%. By regarding the missed lesions as 
false-negative interpretations, the overall sensitivity 
was 73%.

With the general availability of 16-slice CT scan-
ners, more clinical studies have become available 
that provide important data concerning patient 
selection criteria. Hoffmann et al. demonstrated 
the limited value of 16-slice CT in the diagnosis of 
coronary stenosis in patients with a high likelihood 
of coronary artery disease (Hoffmann U 2004). 
The high prevalence of massive calcifications was 
one of the main reasons for the compromised sen-
sitivity in the detection of high-grade stenosis. For 
better performance of 16-slice CT in patients with 
a high prevalence of coronary artery calcification, 
Kuettner et al. proposed obtaining a non-contrast 
pre-scan to determine the amount of calcification 
before administration of contrast agent (Kuettner 
2004b). In that study, high sensitivity and specific-
ity in the detection of high-grade coronary steno-
sis was demonstrated in patients with an Agatston 
score less than 1000 and calcium mass less than 
250 mg. Mollet et al. suggested expanding the 
clinical spectrum of multi-slice coronary CTA to 
patients with stable angina and stable sinus rhythm 
(Mollet 2004). The compromised diagnostic accu-
racy in the presence of coronary calcification and 
motion artifacts remain the main limitations of 16-
slice coronary CTA. Increasing temporal resolution 
with faster rotation time down to 370 ms reduced 

the presence of motion artifacts and increased diag-
nostic accuracy also in patients with higher heart 
rates (Kuettner 2005, Mollet 2005). Initial prom-
ising results were also achieved in the evaluation of 
coronary stenosis and the progression of coronary 
artery disease in patients after heart transplant, who 
usually present with high heart rates (Romeo 2005). 
Later studies carried out with 16-slice CT scan-
ners from various manufacturers confirmed both 
the findings and the limitations that were demon-
strated in the initial studies (Martuscelli 2004, 
Hoffmann M 2005).

7.3.4 
Diagnostic Performance of 64-Slice CT

While 16-slice CT scanners can provide sufficiently 
short breath-hold times for multi-slice coronary 
CTA in most patients, further increased temporal 
and spatial resolution is still desirable to improve 
the diagnostic accuracy in the detection and grad-
ing of stenosis. The latest 64-slice CT scanners apply 
special sampling techniques to resolve details of less 
than 0.4 mm in size and can provide increased tem-
poral resolution based on a reduced rotation time 
down to 0.33 s (Flohr 2004). Two preliminary stud-
ies compared the performance of these new 64-slice 
CT scanners with conventional coronary angiogra-
phy in the detection of significant coronary steno-
sis (Table 7.8). Leschka et al. (2005) reported that 
the improved spatial and temporal resolution of 
64-slice CT increased image quality and facilitated 
the assessment of CAD with increased diagnostic 
accuracy. The shortened scanning of 12 s allowed 
a decreased breath-hold time, better exploitation 
of the contrast medium with less enhancement of 
adjacent structures, and a lower dose of contrast 
medium. The high negative predictive value of 99% 
in that study suggests an important future role of 
multi-slice coronary CTA for reliably excluding 
CAD in patients with an equivocal clinical presen-
tation. Although image degradation in patients with 
higher heart rates was still observed, no segments 
had to be excluded from the evaluation. Owing to 
the increased spatial resolution, Raff et al. (2005) 
demonstrated a high quantitative and qualitative 
diagnostic accuracy of 64-slice CT compared to 
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quantitative coronary angiography in a broad spec-
trum of patients. In their study, 12% of coronary 
segments had to be excluded from the evaluation. 
The applied 15-segment model included smaller 
coronary vessels with diameters that are regularly 
below 1.5 mm, and the majority of the excluded ves-
sels comprised these smaller vessels. Nonetheless, 
99% of all examined coronary branches could be 
evaluated, and patient-based analysis of the data 
revealed sensitivity, specificity, positive predictive 
value (PPV) and negative predictive value (NPV) 
all above 90%.

7.3.5 
Image Processing and Analysis

For evaluation of the large amount of CT data, 
several post-processing techniques are available 
(Figs. 7.22–7.25). Maximum intensity projection 
(MIP) of a thin slab positioned parallel to a vessel of 
interest, selectively displaying the highest densities 
within this slab, is convenient for initial screen-
ing of the luminal integrity of the vessel. How-
ever, in the presence of extensive calcified plaque 

material or other high-density material, such as 
stents, this method is unsuitable. Particularly 
in these cases, multi-planar reformation (MPR), 
which uses maneuverable cross-sectional planes, is 
more effective. More advanced applications allow 
(semi-) automatic determination of the vessel’s 
central lumen line, and reconstruction of curved 
cross-sections along the entire vessel, optionally 
under various rotational angles. Three-dimen-
sional image reconstruction, such as shaded-sur-
face display (SSD) and volume-rendering technique 
(VRT), provide a comprehensive overview of the 
cardiac anatomy, the location of lesions, and the 
myocardial tissue at risk. More so than 2D image 
presentation, 3D display of the coronary arteries is 
user-dependent and is therefore not well-suited for 
the initial coronary assessment, particularly in the 
presence of stents, extensive atherosclerosis, and, 
in particular, calcified plaque material (Figs. 7.25–
7.27). Advanced post-processing techniques may 
mask image artifacts or otherwise result in incor-
rect interpretations of the data. Therefore, con-
firmation of any findings using the original axial 
source images is recommended.

7.3.6 
Discussion

Multi-slice spiral CT is a relatively simple proce-
dure that does not require arterial access or hospi-
tal admission. After optional pre-medication, i.e., 
a β-receptor blocker, the scan is performed in 20 
s after intravenous injection of contrast medium. 
The entire procedure does not require more than 15 
min. Images can be reconstructed during different 
cardiac phases, which allows retrospective selection 
of the phase with the least motion artifacts, but also 
assessment of ventricular performance. The imag-
ing characteristics of multi-slice CT and conven-
tional coronary angiography differ substantially, 
and none of the currently available non-invasive 
techniques should be expected to surpass the high 
image quality and diagnostic versatility of catheter-
based techniques in the coming decade. There are, 
however, benefits to multi-slice CT compared to 
invasive coronary angiography, such as vessel-wall 
visualization and non-invasive quantification and 

Fig. 7.22. LAD occlusion examined with 16-slice CT. Complete 
occlusion (arrow) of a small LAD, without any other visible 
plaque or calcium. The large diagonal branch (D) with the 
great cardiac vein (GCV) crosses underneath

LAD

GCVD

GCV
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Fig. 7.23. A lesion in the LAD examined with 16-slice CT. Severe narrowing (arrow) of the LAD by a partially calcifi ed plaque. 
Just distal from the fi rst large diagonal branch, the lesion can be visualized using maximum-intensity projection (MIP), curved 
multi-planar reformation (MPR), and VRT (bottom images). It was confi rmed by conventional coronary angiography (CAG)

CX

LAD

LAD

LADLADLADLAD

3D

D
D

D

CAG MIP MPR MPR

D

D
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RCA

Fig. 7.24. An occlusion of the RCA examined with 16-slice CT. Complete occlusion (arrow) of the RCA with minimal retrograde 
fi lling of the distal part (arrowhead) can be appreciated using MIP or 3D VRT, and is confi rmed by CAG

CT-VR CAG CT-MIP

7.3 · Detection and Exclusion of Coronary Artery Stenosis



210 Chapter 7 · Clinical Indications

Fig. 7.25. A missed lesion due to coronary calcifi cation, examined with 16-slice CT. The lesion (arrow) at the ostium of the LAD, 
according to CAG, was missed by multi-slice CT using different post-processing techniques: curved MPR, MIP, and 3D VRT. The 
reason is extensive coronary wall calcifi cation

3D VR MPR A

CAG A CAG B

MPR B
CAG CD GCV

CX
LAD
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D
D D
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LAD
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CX CX
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Fig. 7.26. Diffuse disease of the LAD, examined with 16-slice 
CT. The segment between the left circumfl ex (CX) and fi rst 
diagonal branch (D) contains bright calcifi ed and dark non-
calcifi ed plaque material. The conventional angiogram shows 
that, despite the corresponding locations of the plaques 
(arrows), the vessel is at no point narrowed by more than 50%. 
LM Left main coronary artery

D
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Fig. 7.27. Severe atherosclerotic lesions in the LAD and CX in a patient who had a heart rate 
between 89 and 93 bpm during the 64-slice CT examination. Owing to the increased temporal 
resolution of 64-slice CT, the coronary vessels can be evaluated free of motion artifacts. MIP re-
construction of the CX coronary artery revealed signifi cant stenosis in conjunction with complex 
calcifi ed and non-calcifi ed plaque structures (arrow). The CX stenosis was confi rmed by CAG

characterization of atherosclerotic plaque material 
(Fig. 7.26). The value and applicability of multi-slice 
CT plaque imaging is currently a topic of investiga-
tion and will be discussed in other chapters.

The advancements made in non-invasive coro-
nary imaging with multi-slice CT are impressive, 
and the recent introduction of 64-slice CT has pro-
vided another significant improvement of diagnos-
tic accuracy in the evaluation of coronary stenosis 
(Fig. 7.27). Nevertheless, some limitations remain 
that need to be addressed with future technol-
ogy enhancements. The CT angiogram consists of 
data acquired during a number of heart beats and 
is reconstructed during a retrospectively selected 
time interval within the cardiac cycle. Strong alter-
nation of the heart cycle duration, such as occurs in 
atrial fibrillation, results in reconstruction of slices 
during varying phases of cardiac contraction and 
longitudinal discontinuity of the CT angiogram. 
Highly attenuating material, such as calcium and 
stents, causes beam hardening artifacts and par-

tial voluming, which can interfere with interpreta-
tion of the lumen diameter. Therefore, the lumen 
within stents and adjacent to severely calcified ves-
sels is more difficult to evaluate. Despite continu-
ing acceleration of the CT gantry rotation speed, 
motion artifacts remain a problem in patients with 
a fast heart rate.

While the overall image quality with 4- and 16-
slice CT seems to be good in the majority of patients 
with a heart rate below 65–70 bpm, β-receptor block-
ing pre-medication in order to decelerate the heart 
rate during the scan is required in patients with a 
faster heart rate. Multi-segmental reconstruction 
algorithms that decrease the effective temporal 
resolution have not yet demonstrated diagnostically 
relevant improvements under clinical conditions. 
The recent development of 64-slice CT scanners 
with a rotation time down to 0.33 s holds promise 
that patients with a stable sinus rhythm can be suc-
cessfully examined at heart rates up to 90 bpm, so 
that β-receptor blocking pre-medication can be 
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restricted to patients with heart rates over 90 bpm 
or to patients with possible arrhythmia during the 
scan (Leschka et al. 2005).

Considering the spatial resolution of the scan-
ner in relation to the size of the coronary arteries, 
in addition to the small but never completely absent 
motion of the heart, one cannot expect multi-slice 
CT to quantify the severity of stenosis to an extent 
comparable to that achieved with conventional cor-
onary angiography. Nevertheless, reproducible and 
user-independent quantification of stenosis severity 
is desired, particularly in the presence of extensive 
calcification. While the spatial resolution of 4- and 
16-slice CT scanners is insufficient for quantitative 
coronary stenosis measurements, the latest 64-slice 
CT technology may allow such measurements with 
good correlation to conventional angiography in the 
main coronary segments (Raff et al. 2005). How-
ever, further enhancements of spatial and temporal 
resolution and standardized quantification tools 
are needed to improve the quantification accuracy 
of 64-slice CT over that of conventional angiography 
with quantitative coronary angiography (Leber et 
al. 2005).

Often, multi-slice coronary CTA is merely 
regarded as a non-invasive alternative to catheter-
based coronary angiography. It is, however, unlikely 
that multi-slice CT will completely replace con-
ventional angiography in the near future. Instead, 
multi-slice CT will need to find its own place as a 
diagnostic tool. For example, it could be used as a 
non-invasive coronary imaging device in patients 
with favorable characteristics and to rule-out of cor-
onary disease in patients with low pre-test probabil-
ity. Due to its less-invasive nature, the potential use 
of non-invasive CTA at an earlier stage in the work-
up of patients with anginal symptoms, as an alter-
native to (functional) non-invasive tests, has been 
suggested. The additional value of atherosclerosis 
imaging of calcified and non-calcified plaque mate-
rial needs further investigation. With the advent of 
64-slice CT technology, multi-slice coronary CTA is 
increasingly being used in general clinical practice. 
The diagnostic and clinical success of multi-slice 
coronary CTA for specific indications will need to 
be evaluated in further clinical trials, in particular 
multi-center trials, to determine its role in cardio-
vascular medicine.
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7.4 
Assessment and Interpretation of 
Atherosclerotic Coronary Plaques

S. Achenbach

7.4.1 
Clinical Background

Acute coronary events, such as unstable angina, 
myocardial infraction, or sudden cardiac death, are 
usually caused by erosion or rupture of a coronary 
atherosclerotic plaque. Exposure of thrombogenic 
material to the blood stream leads to platelet aggre-
gation, and the resulting thrombus may partially 
or completely occlude the coronary artery lumen, 
leading to ischemia and possible myocardial necro-
sis. In the majority of cases, the “culprit lesion”, i.e., 
the atherosclerotic plaque that ruptures or erodes 
to initiate the process outlined above, does not 
reduce the lumen of the coronary artery to a signifi-
cant extent before the acute coronary event (Falk 
1995, Little 1988, Little 1996). Most underlying 
lesions are non-stenotic; that is, they do not lead 
to significant obstruction of the blood f low prior 
to rupture. For this reason, many individuals are 
asymptomatic prior to their first coronary event 
and acute myocardial infarction or sudden death 
often occurs without previous symptoms to alert 
the patient to the fact that coronary atherosclero-
sis is present and acute ischemia is about to occur 
(Harper 1979).
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Since targeted therapy, such as lipid-lower-
ing medication, can substantially reduce the risk 
of coronary artery disease events (Sheperd 1995, 
Downs 1998), it is necessary to identify individuals 
who are at increased risk for acute coronary events 
in the asymptomatic stage. Traditionally, the clas-
sical cardiovascular risk factors have been used to 
identify individuals at risk – and most professional 
societies have endorsed their use to quantify an 
individual’s risk for future coronary events. Specific 
algorithms have been developed that are based on 
atherosclerotic risk factors, such as the Framing-
ham algorithm, which considers age, sex, total and 
HDL cholesterol levels, blood pressure, and smoking 
status [Adult Treatment Panel III 2001; in some ver-
sions also diabetes (Wilson 1998)], or the PROCAM 
algorithm, which incorporates age, LDL cholesterol, 
trigylcerides, blood pressure, diabetes, smoking, and 
family history of coronary disease, but is available 
only for men (Assmann 1993, Assmann 2002). These 
and other risk-prediction algorithms are established 
and useful in clinical practice but have limited pre-
dictive power, as the maximum relative risk that can 
be predicted is approximately a ten-fold increase 
compared to individuals without any risk factors. 
However, frequently, patients with acute coronary 
events have no “traditional” risk factors at all.

Since coronary disease events are caused by 
plaque rupture, it is an intriguing concept to use 
imaging methods that permit detection, quantifica-
tion, and possibly also characterization of coronary 
atherosclerotic plaque to carry out individualized 
risk stratification. Assessment of coronary athero-
sclerotic plaque burden through quantification of 
coronary calcification has already been shown to 
be of high predictive value concerning the occur-
rence of future coronary events in asymptomatic 
individual and to permit better risk stratification 
than risk factor analysis (Raggi 2000, Shaw 2003, 
Vliegenhart 2002) (also see Sect. 7.2). Since, how-
ever, calcium constitutes only one component of 
plaque and non-calcified morphological structures, 
such as a large necrotic core and thin fibrous cap, 
are usually considered to indicate high propen-
sity towards plaque rupture (Burke 2003), there is 
growing interest in the use of imaging to visualize 
and analyze non-calcified coronary atherosclerotic 
plaque components.
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7.4.2 
Clinical Concepts

Theoretically, plaque visualization and analysis 
through imaging may be useful in two related, but 
distinct clinical situations. First, in asymptomatic 
individuals with a certain constellation of risk fac-
tors, it can be difficult to make decisions about ini-
tiating, e.g., lipid-lowering therapy. Even modern 
guidelines leave room for individual decisions; for 
example, the NCEP-ATP III guidelines state that in 
individuals with 0 to 1 “traditional” risk factor and 
an LDL cholesterol level of 160–190 mg/dl, the use 
of lipid-lowering medication is “optional”. It is cur-
rently assumed that imaging for further risk strati-
fication is most useful in individuals who, based 
on analysis of traditional risk factors, seem to be 
at “intermediate risk” for coronary artery disease 
events (a risk between 5 and 20% over the next 10 
years) (Taylor 2003, Greenland 2001).

Second, patients who have diffuse or localized 
atherosclerotic disease of the coronary arteries, 
as demonstrated by invasive angiography, but an 
absence of hemodynamically relevant coronary 
artery stenoses may profit from further work-up. 
There is justified hope that, in the future, imaging 
will guide certain interventions to specifically lower 
the risk of rupture of plaques deemed to be “vul-
nerable”, i.e., those at high risk to cause ischemic 
events. However, even though fitting terms, such as 
“plaque sealing”, have already been coined for such 
treatments (Meier 1997, Mercado 2003), it is a con-
cept that still requires validation since no appropri-
ate studies have been conducted thus far.

7.4.3 
Visualization of Coronary Atherosclerotic 
Plaques

Invasive coronary angiography, the clinical “gold 
standard” for coronary artery visualization, is lim-
ited to providing a “luminogram” of the coronary 
arteries. The occurrence of coronary atherosclerotic 
plaque is usually accompanied by an outward growth 
of the vessel (compensatory enlargement), so that in 
spite of growing amounts of atherosclerotic plaque, 
the lumen remains unchanged. This process of usually 
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referred to as “remodeling” (Glagov 1997). There-
fore, invasive angiography is therefore unsuited to 
visualize coronary atherosclerotic plaque (Fig. 7.28), 
and, instead, intravascular ultrasound (IVUS) is con-
sidered the clinical method of choice (Mintz 2001). 
In IVUS, high-resolution cross-sectional images of 
the coronary artery wall are obtained. However, it is 
an extremely invasive and expensive modality and 
therefore unsuited for routine applications in risk 
stratification. Optical coherence tomography is also 
an invasive, cross-sectional imaging method that 
provides even better spatial resolution than IVUS 
(Brenzinski 1996, Jang 2002), but much like IVUS 
requires the catheter to be introduced into the coro-
nary artery, is thus highly invasive and expensive, 
and not suited for routine applications.

Non-invasive imaging modalities that have been 
evaluated as to their ability to assess coronary ath-
erosclerotic plaques include magnetic resonance 
imaging (MRI) and multi-slice CT (Fayad 2002). 
MRI offers the theoretical advantage of being free 
of potentially limiting side effects (such as radiation 
exposure and the need for contrast injection), but 
is fraught with limited spatial resolution and long 
examination times. Even though the ability to visu-
alize coronary atherosclerotic plaques in-vivo has 
been shown (Fayad 2000, Botnar 2000, Kim 2002), 
these disadvantages have so far proven to severely 
limit clinical applications. Multi-slice CT, by con-
trast, is widely available, can be performed rapidly, 
and provides high-resolution images. The evaluation 
of multi-slice CT concerning its ability to visual-
ize non-calcified coronary atherosclerotic plaques, 
first reported by Becker et al. (2000), has therefore 
been pursued by a number of research groups, With 
the increasingly sophisticated imaging technology, 
promising initial results have been obtained.

7.4.4 
Visualization of Non-calcifi ed Plaques by 
Multi-slice CT

While coronary calcifications, due to their high 
X-ray attenuation, can be assessed by CT in non-
contrast-enhanced images, visualization of non-
calcified plaque components requires intravenous 
contrast enhancement and the use of scan protocols 
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with higher spatial resolution – and, consequently, 
substantially higher radiation exposure (Hunold 
2003). Such scan protocols were initially used to 
visualize coronary artery stenoses (Nieman 2002, 
Ropers 2003); however, the observation that non-
calcified coronary atherosclerotic plaque could 
frequently be visualized in these high-resolution 
CT scans of the coronary arteries (Becker 2000) 
sparked rapidly growing interest in using this imag-
ing modality for the non-invasive detection, quan-

Fig. 7.28a–d. Case report: A 63-year-old female patient was admitted to the hospital because of chest pain at rest (unstable an-
gina). Coronary angiography showed only non-signifi cant stenosis of the proximal LAD (a). The patient was examined using in-
travascular ultrasound (IVUS) (b) and 16-slice CT (c). Both showed substantial amounts of non-calcifi ed atherosclerotic plaque 
in the proximal LAD (arrows). The patient was discharged on aspirin and lipid-lowering medication. Two months after the fi rst 
admission, she was admitted to the hospital again with an acute non-ST-elevation myocardial infarction. Immediate coronary 
angiography showed a tight stenosis in the proximal LAD (d, arrow). Plaque rupture had occurred at a site that had been free 
of signifi cant stenosis but with substantial plaque burden, undetected by invasive angiography, at initial presentation.

a b

c d

tification, and characterization of coronary plaque 
in the context of risk assessment (Fayad 2002, 
Naghavi 2003). Several studies using 4-, 16-, and 
recently also 64-slice CT scanners have confirmed 
the ability of multi-slice cardiac CT to visualize 
non-calcified or partly calcified coronary athero-
sclerotic plaques (Fig. 7.29), but clinical applications 
will require thorough assessment and validation of 
the ability of CT to detect, quantify, and perhaps 
characterize the composition of coronary athero-
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Fig. 7.29a–d. Coronary atherosclerotic plaque visualization with 16-slice CT. a A partly calcifi ed plaque in the proximal LAD is 
depicted on an axial cross-sectional image with 1-mm slice thickness. b The cross-section of the LAD lesion shows the partly 
calcifi ed plaque (large arrow calcifi ed plaque, small arrow contrast-enhanced coronary artery lumen). c Non-calcifi ed plaque 
(arrow) at the proximal LAD visualized with MPR. d Completely calcifi ed plaque (arrow) in the LM in MIP

a b

c d
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sclerotic plaques. Such evaluations are currently in 
an early stage and firm conclusions as to clinical 
applicability would be premature.

7.4.4.1 
Detection of Non-calcifi ed Plaques

Becker et al. (2003) reported a sensitivity of 66% 
for the ability of 4-slice CT to detect single coronary 
atherosclerotic plaques in ex-vivo heart specimens. 
In a recent in-vivo study done with 16-slice CT, 
Achenbach et al. (2004) analyzed 22 patients (83 
coronary artery segments) by IVUS and multi-

slice CT. A sensitivity of 78% and specificity 
of 87% for the detection of coronary artery seg-
ments with non-calcified plaque was reported. In 
a study of 37 patients, Leber et al. (2004) com-
pared 16-slice CT to IVUS in 875 coronary artery 
segments, each 3 mm in length. Similar to the 
previous study, the authors also found a sensitiv-
ity of 78% for the detection of non-calcified plaque 
(specificity 92% for any plaque). Schoenhagen 
et al. (2003) provided area under the receiver operat-
ing characteristics curve values for plaque detection 
by 16-slice CT and IVUS in 46 coronary segments 
(14 patients). Values of 0.87–0.97 indicated the high 
accuracy of 16-slice CT for plaque detection com-
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pared to IVUS (Schoenhagen 2003). Leber et al. 
(2005) compared the performance of new 64-slice 
CT technology, with enhanced spatial and temporal 
resolution, with those of IVUS in the detection of ath-
erosclerotic plaques in 18 patients and 32 coronary 
branches that showed 55 lesions (Leber 2005). The 
authors found a sensitivity of 84% and a specificity 
of 91% in the detection of lesions compared to IVUS 
and a significantly increased accuracy compared to 
16-slice CT. They concluded that contrast-enhanced 
64-slice CT allows for the identification of proximal 
coronary lesions with excellent accuracy and that 
measurements of plaque and lumen areas correlated 
well with the results obtained with IVUS.

The drawback to all of these studies is that they 
were small. Thus, so far, information about the accu-
racy and reproducibility of multi-slice CT for plaque 
detection is limited, and both systematic validation 
of the methodology and further studies on a larger 
scale are advisable.

7.4.4.2 
Quantifi cation of Coronary Atherosclerotic 
Plaques

Currently, knowledge about the ability of CT tech-
niques to quantify the amount of non-calcified coro-

nary atherosclerotic plaque is extremely limited. In 
a phantom study, it was observed that under the 
prerequisite of using thin slice collimation, multi-
slice CT may permit assessment of plaque volumes, 
but systematic overestimation of plaque volumes 
may occur (Schroeder 2001). Achenbach et al. 
described a close correlation (r = 0.8) but systematic 
underestimation of the mean plaque volume per cor-
onary segment in multi-slice CT (24 ± 35 mm3) com-
pared to IVUS (43 ± 60 mm3) (Achenbach 2004). 
The reason for this may have been the fact that lim-
ited image quality prevented plaque visualization by 
multi-slice CT in some segments, thus leading to a 
global underestimation of plaque volume.

7.4.4.3 
Characterization of Coronary Atherosclerotic 
Plaques

Under the assumption that lipid-rich plaques have a 
higher risk of rupture with consequent thrombosis 
than fibrotic plaques, researchers have tried to use 
measurements of CT attenuation values to differ-
entiate plaque types (Kopp 2001). Reports in which 
multi-slice CT and IVUS were compared demon-
strated that CT could detect a variety of densities in 
coronary atherosclerotic plaques in vivo. In a study 

Fig. 7.30a,b. Quantifi cation of atheroslcerotic plaque dimensions with 16-slice CT. a Cross-section of 
the proximal LAD, with an eccentric atherosclerotic plaque (arrow), reveals a vessel area of 0.23 cm2. 
b The corresponding IVUS cross-section determines a vessel area of 0.21 cm2

a b
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of 12 patients, Schroeder et al. (2001) found that 
plaques characterized as “hypo-echoic” or “soft” on 
IVUS – and thus usually assumed to be more likely 
to rupture – had a lower mean CT attenuation (14 
± 26 HU) than plaques characterized as “fibrotic” 
(91 ± 21 HU) or “calcified” (419 ± 194 HU). In the 
study mentioned above, Leber et al. (2004) found 
a mean density of 49 ± 22 HU for “soft”, 91 ± 22 
HU for “fibrous”, and 391 ± 156 HU for calcified 
plaques. Similar observations were made ex vivo: In 
21 specimens of carotid arteries, lipid-rich plaques 
could be distinguished from fibrous plaques by their 
mean CT attenuation (39 ± 12 HU vs. 90 ± 24 HU) 
(Estes 1997), and in ex-vivo heart specimens, den-
sities of 47 ± 9 and 104±28 HU, respectively, were 
found for 33 lipid-rich and fibrous plaques (Becker 
2003). Animal models have also confirmed the in-
vivo and ex-vivo findings in human arteries. Viles-
Gonzalez et al. (2004) reported lipid-rich plaques 
with a density of 51 ± 25 HU and fibrous-rich plaques 
with a density of 116 ± 27 HU based on 16-slice 
CT scans of rabbit aortas (Viles-Gonzalez 2004), 
(Table 7.9). It should be noted that a potential pitfall 
is that CT attenuation values of thrombus overlap 
with those measured by CT density for “soft” coro-
nary atherosclerotic plaques. Here, the morphology 
of the lesion in relation to the vessel wall may give 
further distinguishing information.

Even though these findings are intriguing and 
certainly indicate an opportunity to detect and 
analyze coronary atherosclerotic plaques non-inva-
sively by CT, it again needs to be pointed out that 
the current knowledge is preliminary and that the 
clinical implications of these initial findings are still 
unclear.

7.4.4.4 
Clinical Results

Several smaller studies have investigated the visu-
alization and detection of non-calcified coronary 
atherosclerotic plaques in defined patient subgroups 
without further validation. Fischbach et al. (2003) 
used 4-slice CT in a study of 100 subjects at high 
risk according to the PROCAM score. In more 
than 80% of cases, the coronary arteries of these 
patients showed calcified or non-calcified lesions 

(Fischbach 2003). The authors suggested classify-
ing these high-risk individuals as pre-symptomatic 
patients with subclinical atherosclerosis. Leber et 
al. (2003) carried out contrast-enhanced 16-slice 
CT in 21 patients with acute myocardial infarction 
and 19 patients with stable angina. While 96% of 
plaques were calcified in patients with stable angina, 
only 76% of all plaques were calcified in patients 
after acute myocardial infarction. Ten percent of 
patients with acute myocardial infarction (2 out of 
21) had no detectable calcium, but did have detect-
able non-calcified plaques (Leber et al. 2003). Sim-
ilarly, Schroeder et al. (2003) reported that, out 
of 68 patients with risk factors for coronary artery 
disease, three out of 29 patients without calcified 
plaque had detectable non-calcified plaque (Schro-
eder 2003). Nikolaou et al. (2003) reported that 
seven of 48 (15%) patients investigated in another 
series had detectable non-calcified plaque in the 
absence of coronary calcification. All of these stud-
ies were limited by the lack of a validation method, 
such as IVUS, but the results seem to indicate that, in 
some cases, the presence of coronary atherosclerotic 
plaque may be possible without detectable calcium. 
Since no follow-up was performed in either study, 
the prognostic significance of this observation is 
unknown and it remains to be clarified whether 
the additional effort to detect non-calcified plaque 
(investigation time, contrast agent, and radiation) 
as compared to coronary calcium imaging alone is 
justified, especially since false-positive findings are 
well possible.

7.4.5 
Perspective

Experience collected with coronary calcium detec-
tion by CT over many years provides clear evidence 
that the assessment of coronary atherosclerotic 
plaque burden by CT can be a useful prognostic 
marker. Initial data concerning imaging of non-cal-
cified plaque by CT demonstrated that multi-slice 
CT may indeed be able to detect and quantify the 
presence and amount of non-calcified plaque with 
impressive accuracy and that limited conclusions 
concerning the characterization of plaque can be 
drawn from measurements of CT attenuation within 

7.4 · Assessment and Interpretation of Atherosclerotic Coronary Plaques
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Fig. 7.31a–c. Visualization and quantitative 
measurement of a non-calcifi ed atheroslcerotic 
plaque based on 64-slice CT acquisition. VRT 
(a) and curved MPR (b) reveal a high-grade ste-
nosis in the proximal RCA and a related non-
calcifi ed lesion (arrow). Automated segmen-
tation of the vessel wall (green), lumen (red), 
and lesion (light blue), based on cross-sectional 
reformations (c), enables quantifi cation of the 
lesion, including measurement of the plaque 
area, diameter, volume, density, and mass

Area: 0.17 cm2

Density: 34 HU

a b

c

Table 7.9. CT attenuation measured in various types of atherosclerotic plaques by multi-slice CT

Author Material, scanner Lipid-rich plaque Fibrous plaque Calcific plaque

Estes 1998 Carotid endatherectomy (ex-vivo), 1-slice 39 ± 12 HU 90 ± 24 HU –

Schroeder 2001 Coronary plaque (in vivo), 4-slice 14 ± 26 HU 91 ± 21 HU 419 ± 159 HU

Leber 2003 Coronary plaque (in vivo), 16-slice 49 ± 22 HU 91 ± 22 HU 391 ± 156 HU 

Becker 2003 Coronary plaque (ex vivo), 4-slice 47 ± 9 HU 104 ± 28 HU –

Viles-Gonzalez 2004 Aortic plaque in rabbit (in vivo), 16-slice 51 ± 25 HU 116 ± 27 HU –

the atherosclerotic lesion. Future developments will 
be two-fold: First, steady improvements of scanner 
technology has occurred during the past several 
years and will continue to occur. It is thus reasonable 
to expect that the accuracy for plaque detection and 
the ability to provide some sort of plaque character-

ization will also continue to improve. Second, there 
is currently a paucity of clinical data concerning the 
prognostic significance of the observations that have 
been made so far. Appropriately conducted clinical 
trials will need to deliver evidence that multi-slice 
CT plaque imaging can provide useful data – either 
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in primary risk assessment of asymptomatic indi-
viduals or, more likely, in the assessment of the 
propensity of non-stenotic lesions discovered in 
invasive coronary angiography to rupture and cause 
acute coronary events at a later time. The recently 
introduced 64-slice CT scanners with high spatial 
and temporal resolution in conjunction with semi-
automated measurement tools will serve as a robust 
basis for further clinical evaluation (Fig. 7.33).

These developments will have to be accompanied 
by the design and verification of appropriate treat-
ment methods. The combination of non-invasive 
imaging for risk assessment and effective interven-
tions to lower the risk of coronary events will only 
then offer a life-saving approach for thousands and 
thousands of patients.
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7.5 
Coronary CT Angiography in Patients with 
Chest Pain

A. Küttner, S. Schröder

CT are currently under clinical investigation. Ini-
tial promising results with regard to the detection 
of coronary atherosclerosis have been reported for 
EBCT in that a large number of experimental and 
clinical studies demonstrated that this technique is 
useful to detect the presence of CAD by determining 
coronary calcifications (Erbel 2000, Rich 2002). In 
addition, EBCT was used to visualize the coronary 
arteries non-invasively. The results were encourag-
ing, despite 25% non-assessable coronary segments 
(Achenbach 1998). Also, MRI coronary angiogra-
phy was evaluated in a multi-center trial consist-
ing of 109 patients. However, it is still in a state 
of clinical research, since analysis was restricted 
to proximal vessel segments only (84% with diag-
nostic image quality), and specificity in excluding 
coronary lesions was low (42%) (Kim 2001). Due to 
improvements in temporal and spatial resolution, 
multi-slice CT scanners can be used for the non- 
invasive visualization of human coronary arteries 
(Ohnesorge 2000, Kopp 2000). Promising results 
were reported for the first-generation with 4 detec-
tor slices (Nieman 2001, Achenbach 2001, Gerber 
2002, Kopp 2002), and even better results for the 
second scanner generation with 16 detector slices. 
The non-assessability of a significant portion of cor-
onary segments has been reported as the main limi-
tation of 4-slice CT, whereas no coronary segments, 
not even distal segments or side branches, had to 
be excluded in a study comparing the results in 58 
patients with conventional ICA (Nieman 2002b). In 
that study, a 95% sensitivity and an 86% specificity 
in the detection of coronary stenoses >50% were 
reported (Nieman 2002b). The very recent introduc-
tion of 64-slice CT has provided further enhance-
ment of temporal and spatial resolution compared 
to 16-slice CT (Flohr 2004). This newest CT genera-
tion holds promise that very high accuracy in the 
detection of hemodynamically significant coronary 
lesions can be achieved also in patients with higher 
heart rates (Leschka 2005).

In the following, we present our experience with 
regard to the usefulness of multi-slice coronary CTA 
as a first- line imaging technique for further clini-
cal decision-making in patients with known or sus-
pected CAD and low to intermediate probability of a 
severe coronary lesion. The data are discussed with 
respect to a cohort of consecutive patients that were 
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7.5.1 
Clinical Background

Coronary artery disease is the leading cause of 
morbidity and mortality in the Western world. 
While conventional invasive coronary angiography 
(ICA) is still the gold standard in the diagnosis of 
CAD, it is limited by its invasiveness and related 
possible complications. Mortality is quoted with 
0.1% and the total risk of major complications with 
1.7% (Scanlon 1999). The majority of all diag-
nostic ICAs are not followed by therapeutic inter-
ventions. For example, in 2001, 611,882 diagnostic 
ICAs were performed in Germany alone, but coro-
nary interventions took place only in 195,280 cases 
(Mannebach 2002). Thus, there is growing interest 
in non-invasive technologies to diagnose and visual-
ize CAD (Achenbach 2001). Different non-invasive 
imaging techniques have been evaluated in the past 
few years, and EBCT, MRI, and multi-slice spiral 
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examined with 4-slice and 16-slice CT technology 
between the years 2001 and 2003. Although newer 
CT technology has become available in the mean-
time, the conclusions that can be derived from these 
findings are still up to date and valid also for newer 
scanner generations. Remarks on potential improve-
ments of clinical outcomes with the enhanced tem-
poral and spatial resolution of newer 16- and 64-slice 
CT scanners are included in the respective sections.

7.5.2 
Methods and Protocols

This section describes the results obtained for 
136/142 (96%) consecutive patients who had been 
referred to the interdisciplinary Cardiac Imaging 
Outpatient Clinic of our institution to undergo non-
invasive coronary angiography using multi-slice CT. 
Based on encouraging results of comparative studies 
with ICA (Kopp 2002), multi-slice CT examinations 
of the heart were already being performed at our 
institution in selected patients on a routine clinical 
basis, e.g., for the exclusion of CAD.

The initial contact with potential candidates was 
by telephone to evaluate the indication for coro-
nary imaging. All patients were advised to consult 
an established cardiologist to perform further non-
invasive examinations (e.g. exercise ECG, echocar-

diography, blood tests) and to evaluate the necessity 
of further diagnostics. All patients had to be referred 
by a cardiology and/or internal medicine specialist 
to get an appointment in our Cardiac Imaging Out-
patient Clinic.

Multi-slice CT examinations were indicated in the 
presented study group of patients based on clinical 
suspicion of CAD or progression of CAD after PTCA 
or CABG-surgery because of chest pain and/or posi-
tive stress tests.

Cardiovascular risk factors had been evaluated 
by the referring doctors and were defined as follows: 
smoking, hyperlipidemia, hypertension, or diabetes 
mellitus. Positive stress tests were defined as exami-
nations (exercise ECG, myocardial perfusion imag-
ing) with pathological results as judged by the refer-
ring doctors.

7.5.2.1 
Multi-slice CT Examination

Of the 136 multi-slice CT scans, 114 (84%) were per-
formed using 4-slice CT and 22 (16%) with a 16-
slice CT scanner. Routine protocols were used as 
mentioned elsewhere in this book. A native scan 
was performed to quantify coronary calcifications; 
a contrast-enhanced scan was done to assess the 
vessel wall and the coronary lumen (Fig. 7.32).

Fig. 7.32a,b. 16-slice CT examination of a patient with chest pain. a A non-contrast scan is performed prior to the contrast-
enhanced study to evaluate the amount of calcifi cation. b The contrast-enhanced study demonstrates no hemodynamically 
relevant stenosis, and no coronary catheterization was recommended

a b
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7.5.2.2 
Interpretation of the Multi-slice CT Scans

Image quality was determined on contrast-media-
enhanced axial slices for each coronary vessel seg-
ment. For segmentation of the coronary arterial tree, 
a modified AHA classification was used. A coronary 
segment was considered to have diagnostic image 
quality if it was visualized in its entire length, and 
if the vessel lumen was accurately distinguishable 
from the adjacent tissue.

Image quality of the multi-slice CT scans was 
graded as: 1, excellent; 2, good; 3, sufficient; 4, not 
diagnostic according to the number of assessable 
segments with diagnostic image quality (10–11 seg-
ments, excellent; 8–9 segments, good; 7–8 segments, 
diagnostic; <7 segments, not diagnostic).

7.5.2.3 
Clinical Recommendations

Based on the clinical data and the multi-slice CT 
examination, the following recommendations were 
made:

Group I:
No coronary angiography recommended.

• Ia: No severe stenosis was detected on multi-slice 
CT scans, but the initiation of medical therapy 
(aspirin, lipid-lowering, β-blockade, ACE inhibi-
tor, statin) was recommended.

• Ib: CAD was excluded by multi-slice CT (no calci-
fi ed or non-calcifi ed plaques detectable, Agatston 
score: 0).

Group II:
Coronary angiography recommended. Additionally, 
the initiation of medical therapy (aspirin, lipid-low-
ering, β-blockade, ACE inhibitor, statin) was recom-
mended.

• IIa: Detection of a hemodynamically relevant 
lesion.

• IIb: Insuffi cient image quality or severe calcifi -
cations prohibiting accurate determination of 
lesion severity.

7.5.2.4 
Clinical Follow-Up

Patients were interviewed by telephone to inquire 
about their further clinical course. The following 
topics were evaluated: (a) whether the referring doc-
tors complied with the recommendation based on 
the multi-slice CT examinations; (b) the results of 
coronary angiographies, if performed; (c) the cor-
respondence between coronary angiography and 
multi-slice CT results; (d) the patient’s clinical symp-
toms (graded as: 1, better; 2, equal; 3 worse), quality 
of life (graded as: 1, better; 2 equal; 3 worse), and 
with the Cardiac Imaging Outpatient Clinic (graded 
as: 1,very satisfied; 2, satisfied; 3, not satisfied). Also, 
the medication was evaluated at follow-up.

7.5.3 
Results in a Representative Patient Population

In the study group of 136 patients, the following car-
diovascular risk factors and clinical characteristics 
were reported (Table 7.10).

7.5.3.1 
Indication for Performing a Multi-Slice CT Scan of 
the Heart

Of the 136 patients, 95 (69.8%) patients had the clini-
cal suspicion of CAD: due to the finding of angina 
in 83 (87.4%), and/or pathological exercise ECG in 29 
(30.5%), and/or pathological myocardial perfusion 
imaging in two (2.1%), and/or pathologic intimal 
media thickness in 14 (14.7%).

Known CAD with suspicion of progression of 
disease was found in 24 (17.6%) of the 136 patients: 
due to the finding of angina in 16 (66.6%), and/or 
pathological exercise ECG in five (20.8%), and/or 
pathological myocardial perfusion imaging in one 
(4.2%).

Seventeen (12.5%) of the 136 patients had a CABG 
in their medical history. Of these, cardiac-CT was 
performed due to the finding of angina in 14 (82.4%), 
and/or pathological exercise ECG in four (23.5%), 
and/or pathological myocardial perfusion imaging 
in one (5.9%).
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7.5.3.2 
Image Quality of Cardiac CT

Within the presented cohort of 136 patients, 40 scans 
were of excellent image quality, 27 were good, 60 had a 
diagnostic image quality, and nine were graded as not 
diagnostic. Of those nine scans, eight were 4-slice CT 
examinations but only one was a 16-slice CT examina-
tion. The main reasons for non-assessable coronary 
segments in the not diagnostic exams were the pres-
ence of severe calcification or motion artifacts.

7.5.3.3 
Recommendations Based on Cardiac CT

Group I, for which ICA was not recommended, com-
prised 77 (56.6%) of the 136 patients:
• Ia: In 51 (37.5%) patients because no severe ste-

nosis was detected.
• Ib: In 26 (19.1%) patients because of exclusion of 

CAD.
Group II, for which ICA was recommended, com-
prised 59 (43.4%) of the 136 patients:
• IIa: In 38 (27.9%) because of severe stenosis was 

detected.
• IIb: In 21 (15.4%) because of insuffi cient image 

quality (9/21) or severe calcifi cations prohibit-
ing an accurate determination of lesion severity 
(12/21).

The severity of CAD in group I and group II was 
classified according to the multi-slice CT findings 
as follows:

• Ia: In 31 of the 51 patients, there were vessel wall 
alterations but no severe lesions: 1-vessel disease 
in seven patients, 2-vessel disease in two patients, 
and 3-vessel disease in 11 patients.

• Ib: CAD was excluded in all 26 patients.
• IIa: One-vessel disease was found in 18 of the 38 

patients, fi ve had 2-vessel disease, and 15 had 3-
vessel disease.

• IIb: Not applicable.

The Agatston-scores in group I and group II were 
as follows:
• Ia: 151 ± 251
• Ib: 0
• IIa: 395 ± 945
• IIb: 1111 ± 1957

7.5.3.4 
Follow-Up Results

Clinical follow-up was through a telephone inter-
view in 136 of the 142 (96%) patients who had been 
examined in the Cardiac Imaging Outpatient Clinic. 
Of the remaining six (4%) patients who could not 
be contacted, two had died (1 patient because of 
esophageal carcinoma, 1 because of sudden death of 
unknown reason), one patient refused participation 
in the follow-up interview, and four patients could 
not be contacted because they had moved. Although 
ICA had been recommended based on the multi-
slice CT results in 59 (43%) of the136 patients, it was 
actually performed in 27 (20%). The ICA findings 
corresponded to those obtained with multi-slice CT 
in 18 (67%) of these 27 patients. In two patients, 
false-negative multi-slice CT results became overt, 
and in seven patients false-positive results were 
revealed. The detailed follow-up results are sum-
marized in Table 7.11.

7.5.3.5 
Satisfaction, Symptoms, and Quality of Life at 
Follow-Up

Of the 136 patients, 58 (42%) reported improved 
clinical symptoms and 42 (31%) improved quality 
of life after multi-slice CT examination. Clinical 

Table 7.10. Clinical characteristics in the study group. SD Stan-
dard deviation

N (± SD) %

Patient cohort 136 Patients 
(104 male, 32 female)

Age (years) 60 ± 10

Hypertension 103/136 75.6

Hyperlipidemia 98/136 72.1

Familiar predisposition 37/136 27.2

Smoking 24/136 17.6

Diabetes mellitus 19/136 13.9

β-blockade 47/136 34.6
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Table 7.11. Clinical follow-up results according to telephone interviews focusing on the cor-
respondence between the results of invasive coronary angiography (ICA) and multi-slice CT 
(MSCT)

Patient group Group I (n = 77) Group II (n = 59)

Subgroup Ia (n = 51) Ib (n = 26) IIa (n = 38) IIb (n = 21)

ICA recommended 0 0 38 21

ICA performed 4 0 16 7

Corresponding results with MSCT 2 0 10 6

Non-corresponding results 2a 0 6b 1b

aFalse-negative results.
bFalse-positive results.

Table 7.12. Satisfaction, clinical symptoms and quality of life of the study group at follow-up

Group I (n = 77) Group II (n = 59)

Level Ia (n = 51) Ib (n = 26) IIa (n = 38) IIb (n = 21)

Symptomsa 1 18 13 12 5

2 33 13 24 14

3 0 0 2 2

Quality of lifeb 1 16 10 12 4

2 35 16 25 15

3 0 0 1 2

Satisfactionc 1 18 11 7 6

2 32 14 28 14

3 1 1 3 1

aSymptoms: 1 better, 2 equal, 3 worse.
bQuality of life: 1 better, 2 equal, 3 worse.
cSatisfaction: 1 very satisfied, 2 satisfied, 3 not satisfied.

symptoms were unchanged in 86 (61%) patients and 
quality of life was unchanged in 91 (67%). Four (3%) 
patients reported aggravated clinical symptoms, 
and three (2.2%) reduced quality of life. The results 
are summarized in Table 7.12.

7.5.4 
Discussion

The presented study demonstrates that multi-slice 
coronary CTA can be useful in selected patients 
with unclear chest pain to close the gap between 
non-invasive modalities and ICA in the diagnosis 
of CAD. The false-negative examinations obtained 
with 4-slice CT, while rare, still occur and thus limit 

wide clinical use of this technology. No false-nega-
tive examinations were reported in our study in 
the sub-group of patients examined with 16-slice 
CT, which indicates a higher clinical reliability of 
this technique. Further increased robustness can be 
expected with the introduction 64-slice CT with even 
better temporal and spatial resolution (Fig. 7.33).

7.5.4.1 
Current Indications and Limitations of Multi-slice 
CT Coronary Angiography

Since multi-slice coronary CTA is, by nature, a 
purely diagnostic procedure, its application should 
be restricted to patients who have a low or inter-
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Fig. 7.33. 64-slice CT examination of a patient with chest pain. 
No β-blocker medication was used and the patient had a heart 
rate between 71 and 78 bpm during the scan. The entire coro-
nary artery tree can be readily assessed despite the higher 
heart rate

mediate probability of hemodynamically relevant 
stenosis or to the clarification of coronary anoma-
lies (Nieman 2002a). In addition, a further selection 
of patients suitable for multi-slice CT is advisable. 
With 4-slice and 16-slice CT scanners, patients with 
atrial fibrillation, stents, extreme obesity (body mass 
index >35 kg/m2) or chronic obstructive pulmonary 
disease are not likely to profit from the examina-
tion, since a diagnostic image quality is uncertain 
(Gerber 2002). In patients with higher heart rates, 
4-slice and 16-slice CT scanners cannot provide 
sufficient temporal resolution to assure diagnostic 
image quality. A reduction to <65 bpm by using 
β-blocker pre-medication has been recommended 
(Kopp 2001, Nieman 2002a, Schroeder 2002). 
The higher temporal and spatial resolution of the 
latest generation of 64-slice CT scanners in com-
bination with increased X-ray power and reduced 
breath-hold times (Flohr 2004, Leschka 2005) may 
enable diagnostic image quality also in patients with 
a substantial degree of obesity, shortness of breath, 
higher heart rate, and stents.

Radiation exposure is still one of the method-
ological limitations of multi-slice CT, especially 
when compared with MRI. By using advanced tube-
current modulation methods, exposure could be 
reduced by 50% to approximately 4–5 mSv (Jakobs 
2002). With these techniques, the exposure is of the 
same order of magnitude as natural background 
radiation or as ICA for diagnostic purposes (Becker 
1999).

7.5.4.2 
Image Quality of Non-invasive Multi-slice CT 
Coronary Angiography

In this study, the majority of multi-slice CT scans 
were obtained using a 4-slice scanner. Image qual-
ity was sufficient to visualize a mean of 8.2 ± 2.7 
out of 11 coronary segments (Table 7.11). Still, the 
number of false-negative (n = 2) and false positive 
(n = 7) multi-slice CT results compared with ICA 
was low. The two patients with false-negative results 
were examined with 4-slice CT and showed severe 
coronary calcifications (Agatston scores 470 and 
1087, respectively) as determined on native scans. 
Severe coronary calcifications are known to limit 

the accurate determination of stenosis severity by 
4-slice CT scanners (Kuettner 2002). It is evident 
that multi-slice coronary CTA is of limited use in 
patients with severe calcifications (Agatston score 
> 1000, calcium mass > 250 mg) when using 4-slice 
or 16-slice CT scanners. Based on its higher spatial 
resolution, the new 64-slice CT scanner generation 
has the potential to provide more accurate results 
also in patients with higher degrees of calcification 
(Nikolaou 2005).

7.5.4.3 
Usefulness of Multi-slice CT as an Imaging 
Technique in Patients with Unclear Chest Pain

Multi-slice CT was found to be useful to evaluate 
the need for an ICA in the investigated cohort of 
patients. While 113of the 136 patients (83%) pre-
sented with chest pain, only 42 (31%) had positive 
stress tests, eight of which were in patients without 
clinical symptoms. However, all 136 patients desired 
further clarification by an imaging technique and 
were referred by established colleagues to our Car-
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diac Imaging Outpatient Clinic. In the presented 
cohort, an ICA was performed in a minority of 
patients (27/136, 20%), and the recommendation of 
the Cardiac Imaging Outpatient Clinic was followed 
in a majority of patients (86/136, 71%), especially 
in group I patients, for whom ICA was not recom-
mended. No coronary angiographies were per-
formed in patients with exclusion of CAD (group Ib), 
and only in four patients without evidence of severe 
lesions (group Ia). In this latter group, ICA could 
thus be avoided in 73 of 77 (95%) of the patients.

The most important and reliable parameter indi-
cating a successful revascularization procedures is 
clinical symptoms. In the presented cohort, almost 
a third of the patients reported improved clinical 
symptoms (58/136, 42%) and quality of life (42/136, 
31%) at follow-up, despite no revascularization or 
significant change of medical therapy. In addition, 
130/136 (96%) patients were satisfied with the Car-
diac Imaging Outpatient Clinic and the opportunity 
of non-invasive coronary imaging. Furthermore, the 
use of multi-slice CT appears to reduce costs in this 
selected group of patients with unclear chest pain, as 
hospital stay can be shortened.

Multi-slice coronary CTA is a safe procedure. 
Complications occurred in only one patient, in whom 
there was extravasation of the contrast agent. The 
number of complications was low because patients 
with contraindications for iodated contrast agents 
were not examined.

7.5.4.4 
Study Limitations

The majority of patients of our study group were 
investigated using 4-slice CT. Substantially improved 
reliability of results has been proven with 16-slice CT 
and, even better reliability with 64-slice CT technol-
ogy (Flohr 2002, Heuschmid 2002, Nieman 2002b, 
Leschka 2005).Thus, further studies are needed 
to evaluate, whether also the excluded groups of 
patients with chest pain might profit from a multi-
slice CT examination of the heart. The multi-slice 
CT scans in the presented cohort were performed 
using two scanner generations, both of which are 
useful to visualize the coronary arteries non-inva-
sively (Nieman 2001, Kopp 2002, Nieman 2002b). 

The principal conclusions are valid for both scan-
ner generations and can also be expanded to the 
newer 16-slice and 64-slice CT scanner technology. 
Our results underline that multi-slice CT warrants 
further attention in clinical cardiology.

7.5.5 
Conclusions

Multi-slice CT is a new and evolving non-invasive 
technology to visualize the coronary arteries. It was 
found to be safe and reliable to detect or exclude 
the presence of quality-of-life-limiting CAD. Multi-
slice CT appears to be useful as a first-line imaging 
technique in carefully selected patients to evaluate 
the need for ICA. While clinical reliability of 4-slice 
CT scanners is questionable in patients with higher 
heart rates, severe calcification, shortness of breath, 
and high body mass index, 16-slice CT and, even 
more so, 64-slice CT provide sufficient robustness 
to justify introducing multi-slice coronary CTA for 
patients with chest pain into clinical practice. Further 
studies with larger patient numbers and the use of 
later-generation scanner technology are required to 
underline the place of multi-slice CT in the diagnostic 
algorithm of CAD in patients with chest pain.
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7.6 
Evaluation of Coronary Artery Bypass 
Grafts

A. Küttner, A. Kopp

7.6.1 
Clinical Background

Coronary artery bypass grafting is one of the most 
common procedures for the treatment of symptom-
atic CAD. In excess of 570,000 procedures were car-
ried out in 1999 in the US alone (Nieman 2003). 
Early follow-up studies on the treatment of CAD 
using CABG in Europe (European Coronary Sur-
gery Study Group 1982) and in the USA (Cameron 
1995) indicated that CABG resulted in significant 
short-term relief from the symptoms of CAD, as 
well as improved mortality rates in certain patient 
sub-groups. However, longer-term follow-up stud-
ies have demonstrated a significant recurrence of 
disease between 1 and 6 years following treatment. 
More than 20% of treated patients presented with 
chest pain within 1 year of CABG, a figure that rose 
to > 40% at 6 years post-treatment. Furthermore, up 
to 25% of grafts were found to be occluded within 5 
years of CABG (Cameron 1995, Fitzgibbon 1996, 
Yusuf 1994). Relapse is thought to result either from 
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reoccurrence and progression of disease in the native 
vessels or from de novo disease in the bypass graft, 
with venous grafts apparently proving to be more 
susceptible than arterial grafts to de novo synthesis 
(Loop 1986, Lytle 1985). Clearly then, one of the 
key issues for successful treatment management and 
securing improved mortality rates for symptomatic 
CAD patients is monitoring of graft patency and 
disease progression in both the distal run-off and 
the other native coronary arteries.

For the purposes of follow-up and monitoring, 
non-invasive techniques are preferable from both a 
patient care and cost perspective. MRI and CT are 
obvious candidates, and both have been used to suc-
cessfully monitor graft patency (Kreitner 2004). 
However, limitations in these imaging technologies 
have previously hindered the follow-up of disease 
in the native coronary vessels distal to the grafts 
(Ropers 2001, Nieman 2003). The introduction, in 
1998, of multi-slice CT scanners acquiring 4 slices 
per rotation revolutionized cardiac imaging, not only 
facilitating the assessment of graft patency (Ropers 
2001, Froehner 2002) but also allowing visualiza-
tion of the coronary arteries. Although early studies 
were hampered by relatively long acquisition times 
and associated prolonged breath-hold, motion arti-
facts at higher heart rates, and limited spatial resolu-
tion, cardiac CT imaging quickly became an impor-
tant part of CAD diagnosis and follow-up. The next 
generation of 16-slice CT scanners, with faster gantry 
rotation times down to 0.37 s per rotation, became 
available in 2002. This scanner technology provided 
significant improvement of diagnostic cardiac imag-
ing as it allowed visualization of smaller coronary ves-
sels with improved resolution and volume coverage 
(Flohr 2002, Nieman 2002, Ropers 2003). A recent 
study by Schlosser et al. demonstrated that 16-slice 
CT allows for reliable differentiation between patent 
and occluded bypass grafts and an accurate detec-
tion of graft stenosis (Schlosser 2004). In a study of 
51 patients, the authors found 96% sensitivity, 95% 
specificity, 81% positive predictive value, and 99% 
negative predictive value for the detection of signifi-
cant stenosis in grafts compared to conventional cor-
onary angiography. Spatial and temporal resolution 
has been further improved with the recent introduc-
tion of 64-slice CT scanners. Coronary bypass graft 
imaging can strongly benefit from this development, 
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as 64-slice CT scanners enable significantly faster 
volume coverage and reduced breath-hold times for 
the required larger scan ranges.

In this section, we discuss our approach to the 
assessment of bypass graft patency and diagnosis of 
the corresponding native cardiac vessels using the 
most recent 16-slice CT technology. Our conclusions 
and recommendations are based on the latest clini-
cal studies and our own experience with a limited 
number of consecutively examined patients. Although 
64-slice CT technology has since become available, 
the conclusions from our findings are also valid also 
for the newer scanner generations. Remarks on fore-
seeable improvements of clinical outcomes with the 
enhanced temporal resolution, spatial resolution, 
and volume coverage of 64-slice CT scanners and a 
report of preliminary clinical experience using the 
new technology for examinations of coronary bypass 
grafts are included in the respective sections.

7.6.2 
Protocol to Assess Graft Patency and Native 
Vessels with Multi-slice CT

At our institution, a standardized work-flow is used 
for routine cardiac CT examinations. Prior to the CT 
exam, β-blockers are administered to regulate the 
patient's heart rate. A native scan is then performed 
to assess calcium burden, and the circulation rate 
is determined before administering IV contrast and 
starting the diagnostic scan. Images are then post- 
processed and the data reported. Here we describe the 
protocol developed at our institution to assess coro-
nary bypass graft patency and native vessel disease 
using multi-slice CT. We present the results of a study 
in which a total of 43 bypass grafts in 13 patients were 
examined with 16-slice CT .All of the patients had 
previously undergone conventional angiography.

7.6.2.1 
Regulation of Patient Heart Rate

In our experience, most patients with CABG pres-
ent with a history of long-term β-blocker treat-
ment for existing CAD. However, an additional β-
blocker 45 min prior to the scan is recommended 

for all patients in order to stabilize heart rate during 
breath-hold. This also maximizes the benefits of the 
ECG-dependent dose modulation algorithm, which 
minimizes radiation exposure. Typically, 100 mg 
metroprolol p.o. 45 min prior to the scan is admin-
istered.

7.6.2.2 
Assessment of Coronary Calcium Burden

A native scan (i.e., without contrast medium) was 
performed first in order to assess the calcium burden 
of the coronary vessels. All patients were scanned 
with a standardized protocol using retrospective 
ECG gating with 16 × 1.5-mm collimation, 3.0 mm 
slice-width, 133 mAs, 120 kV, and a table-feed of 
3.8 mm/rotation in the craniocaudal direction.

7.6.2.3 
Measurement of Circulation Time and Diagnostic 
Scan

To evaluate the circulation time, 20 ml of contrast 
media (at 4 ml/s, 400 mg iodine/ml) and a chaser 
bolus of 30 ml saline was administered into an ante-
cubital vein. The correct scanning delay was estab-
lished by measuring CT attenuation values in the 
ascending aorta, taking the last slice with maximum 
contrast as the circulation time. Alternatively, auto-
mated bolus detection can be used. The rationale for 
not applying an automated bolus detection system is 
based on subsequent difficulty of patient compliance 
with the breath-hold necessary for longer scan ranges 
and breath-hold times between 22 and 27 s. Using a 
dual-head power injector, 80 ml intravenous contrast 
agent plus a 20-ml chaser bolus was injected (50 ml at 
4.0 ml/s followed by 30 ml at 2.5 ml/s). The CT scan 
was started at the diaphragm caudally and ended 
in the mid-ascending aorta cranial to all coronary 
ostia and the origin of all venous grafts. In our study, 
the contrast-enhanced scan was acquired with 16-
slice CT using the following protocol: 16 × 0.75-mm 
collimation, 0.37-s rotation time, table-feed 3.8 mm/
rotation, pitch 0.25, and 650 effective mAs at 120 kV 
tube voltage. The latest 64-slice CT scanners allow for 
faster volume coverage combined with faster rotation 
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times, down to 0.33 s, and higher spatial resolution 
with the acquisition of 0.6-mm slices. Owing to the 
larger detector coverage, the breath-hold time can 
be reduced to about 10–15 s depending on the scan-
ner geometry used. ECG pulsing with reduced tube 
current during systole should be used whenever pos-
sible to minimize radiation exposure. It should not 
be used in patients with extra systoles and variable 
heart rate. In our study, ECG pulsing was used for all 
patients. Generally, we have found no need to adapt 
scanning protocols for cardiac imaging of patients 
with prior CABG procedure in comparison to those 
without bypass grafts. The key adaptation has been 
extension of the scan range to include the ascending 
aorta (Fig. 7.34). To date, there is no conclusive data 
as to whether the proximal part of internal mam-
mary artery (IMA) grafts, including its origin from 
the subclavian artery, should be included in the scan 
range. Most centers prefer to limit the scan range to 
the proximal ascending aorta due to dose consider-
ations.

7.6.2.4 
Image Reconstruction

For image reconstruction, a standard reconstruc-
tion algorithm was used. Generally, the reconstruc-

tion window is set to start at 60% of the RR-inter-
val for all native images and for contrast-enhanced 
scans. If coronary segments show motion artifacts, 
an additional test series, ranging from 20 to 75% 
relative to the RR-interval, in which single slices 
are reconstructed in 5% steps for a given z-posi-
tion is recommended. The time point with the least 
motion artifacts is then chosen to reconstruct the 
entire stack of images of the multi-slice CT scan. 
With 16-slice CT, we typically use a slice thickness 
of 0.75–1.0 mm with an increment of 0.5–0.8 mm. 
With 64-slice CT, spatial resolution can be increased 
by the reconstruction of well-defined 0.6-mm slices 
with an increment of 0.4–0.5 mm. Independent of 
the number of slices, a medium-smooth recon-
struction kernel should be used for optimized con-
trast-to-noise ratio in the axial slices (e.g., B25f on 
SOMATOM Sensation 16 or 64, Siemens Medical 
Solutions).

7.6.2.5 
Visualization Techniques

Generally, advanced post-processing techniques, 
such as 3D VRT and curved MIPs are too time-
consuming and often of limited use for diagnosis. 
However, bypass grafts, especially sequential grafts, 

Fig. 7.34a,b. Topograms displaying the scan ranges for examining a normal heart without bypasses (a) and a heart with bypass 
grafts (b). To examine bypass grafts, the scan range is extended to the middle of the aortic arch

a b
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are considerably tortuous and therefore difficult to 
visualize in a single plane. Thus, curved MIP has 
proven to be the most appropriate technique to 
assess the entire graft (Fig. 7.35–7.37). In general 
practice, information about the precise number of 
grafts and the exact location of distal anastomoses is 
often unavailable; thus, 3D volume rendering of the 
entire cardiac anatomy is helpful in many cases.

7.6.3 
Results in a Representative Patient Population

In the considered patient cohort, 43 grafts from 
13 patients who had also undergone conventional 
angiography were scanned using 16-slice CT and 
the above mentioned protocol. Of those 43 bypass 
grafts, 41 (95%) could be analyzed, including the 

Fig. 7.35a–d. Patient examined with 16-slice CT with triple venous bypass grafts on the RCA, CX, and D1, and an additional 
internal mammary artery (IMA) graft on the LAD. Prior to the fi rst scan in 2003 (a VRT, b curved MIP) a total occlusion of the 
venous graft on D1 was known (marked by *). All other grafts were fully patent. On the follow-up scan 1 year later, the large 
graft on the CX is also occluded (c VRT, d curved MIP). Orange lines indicate the original course of the occluded D1 venous 
graft (a–d). The fi rst scan demonstrates non-calcifi ed graft angiopathy (b, arrows)

24.02.2003

17.03.2004

*

a b

c d
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Fig. 7.36a–d. 16-slice CT examination of a 74-year-old female patient with CABG procedure with IMA graft onto the LAD and a 
radial artery graft onto the CX. No venous graft material was available due to venous stripping surgery for treatment of chronic 
venous insuffi ciency. The patient presented for a follow-up examination for the CABG procedure 6 months earlier. The IMA graft 
is patent with no signs of stenosis in its entire course (a–c, arrows), whereas the radial graft is totally occluded (a, arrowheads), 
a common complication for this particular graft type. The dominant RCA reveals no pathology (b, d)

a b

c d

native coronary vessel. Two IMA grafts could not 
be evaluated due to severe metal artifacts related 
to clips and/or the non-assessability of the distal 
anastomoses and the native coronary vessel. The 
remaining 11 IMA grafts and the 30 other grafts 
(28 venous grafts, 1 right IMA graft and 1 radial 
artery graft) could be correctly diagnosed regarding 
bypass patency, proximal and distal anastomosis, 
and distal run-off. According to conventional angi-

ography results,16 of 43 (37%) grafts showed a sig-
nificant stenosis (> 70%). All 16 of these grafts were 
also correctly diagnosed by multi-slice CT (sensi-
tivity: 100%) (Figs. 7.35, 7.36). The two non-assess-
able grafts and the corresponding coronary vessels 
did not show significant stenosis in conventional 
angiography. One graft showed a 50% anastomosis 
stenosis in conventional angiography that was also 
detected by multi-slice CT. Of the 27 grafts without 



237

Fig. 7.37a–d. 16-slice CT examination of a 62-year-old patient with known 2-vessel-disease and prior CABG procedure, with 
two venous grafts on the LAD and fi rst obtuse marginal branch (M1). The patient presented with angina under stress ECG. 
Both venous grafts are fully patent with an absence of stenosis in the proximal anastomoses, the bypass-graft itself, the distal 
anastomosis, and the distal run-offs. The use of curved MIP facilitates the diagnosis of LAD (a) and M1 (b) grafts. Reconstruc-
tion of the RCA in curved MIP (c) and VRT (d) reveals a total RCA occlusion, explaining the patient’s symptoms

a b

c d

severe lesion, as assessed by conventional coronary 
angiography, 25 also showed no significant stenosis 
using multi-slice CT (specificity 93%, positive pre-
dictive value 89%, negative predictive value 100%) 
(Fig. 7.37). It can be expected that the number of 
non-assessable grafts will be further minimized 
and diagnostic accuracy increased using 64-slice CT 
scanners, which have higher temporal and spatial 
resolution and reduced breath-hold time compared 
to 16-slice CT (Fig. 7.38).

7.6.4 
Conclusion

Our data demonstrate the excellent diagnostic 
quality of multi-slice CT technology when applied 
to the follow-up and evaluation of CABG treat-
ment in symptomatic CAD patients. Multi-slice CT 
facilitates imaging of both graft and native vessels 
with unheralded detail, thereby allowing confident 
evaluation and diagnosis, which ultimately will lead 

7.6 · Evaluation of Coronary Artery Bypass Grafts
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Fig. 7.38. 64-slice CT examination of a patient with 3-vessel-
disease and prior CABG procedure with two IMA grafts onto 
the LAD and CX, and one venous graft onto the RCA. A scan 
range of 25 cm was selected so that the IMA grafts could be 
visualized over their entire course. Despite this long range. the 
scan could be completed in less than 20 s. Clip artifacts are 
minimal due to the higher spatial resolution with 64-slice CT. 
VRT demonstrates patency of all three grafts as well as the 
distal anastomoses and the run-off of the native vessels. (Case 
courtesy of Toyohashi Heart Center, Tokyo, Japan)

to more successful long-term disease management 
(Schlosser 2004). In addition, multi-slice CT may 
be useful in the planning process of new minimally 
invasive bypass graft surgery procedures (Herzog 
2003, Begemann 2005). The new scanner generation, 
with up to 64 slices per rotation and faster gantry 
rotation time down to 0.33 s, further increases the 
clinical robustness of this technique.
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7.7 
Patency Control of Coronary Stents

K. Nieman, N. Mollet, F. Cadamartiri, 
P. de Feyter

ter resolution have resulted in further improvements 
(Nieman 2002, Ropers 2003, Leschka 2005).

Patients who previously underwent PCI often 
developed recurrent symptoms due either to re-ste-
nosis at the location of the previous obstruction or to 
progression of atherosclerosis at other sites. Post-PCI 
patients are more likely to require repeated angio-
graphic coronary evaluation, so that a non-invasive 
technique would therefore be desired. Possible clini-
cal indications for multi-slice coronary CTA could 
include suspected early occlusion of stents after the 
procedure, late in-stent restenosis, or progression of 
coronary artery disease in non-stented vessel seg-
ments.

7.7.2 
CT Imaging Characteristics of Stents

Stents are small catheter-delivered expandable 
devices that maintain the lumen diameter after dil-
atation or restore endothelial integrity after vessel 
dissection. The devices are expected to sustain 
considerable inward radial force, while maintain-
ing longitudinal flexibility. Most stents are laser-
cut stainless steel meshes, of which recent designs 
include coating with a drug to prevent restenosis. 
Currently used stents have variable radiopacity, and 
consequently, variable visibility on conventional X-
ray angiography.

Most stents are well-visible on CT images. The CT 
density of natural tissues in and around the coronary 
artery is much lower than the density of the metal 
stent material. Intravenous contrast enhancement 
used in multi-slice CT results in a lower concentra-
tion of contrast medium and in less X-ray attenua-
tion of the intra-coronary lumen compared to con-
ventional angiography with selective intra-coronary 
contrast injection. As a consequence, stents appear 
as bright structures on multi-slice CT images.

In vitro sub-millimeter multi-slice CT imaging 
of static coronary stents (Nieman 2003) has shown 
that the stent struts appear significantly larger than 
their actual size (Fig. 7.39). A combination of partial 
voluming caused by the limited spatial resolution 
in relation to the diameter of the stent struts, beam 
hardening artifacts, and a slightly widened slice-sen-
sitivity profile related to spiral scanning are likely 
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7.7.1 
Introduction

The use of percutaneous intervention (PCI) for the 
treatment of ischemic coronary artery disease has 
expanded dramatically over the last two decades. 
Initially, balloon angioplasty offered an alternative 
to bypass surgery in focal lesions, but it involved a 
considerable risk of acute dissection, thrombosis, 
or late coronary re-stenosis. Continuous technical 
innovation has expanded the indications for PCI and 
reduced both the procedural risk and the occurrence 
of post-procedural re-stenosis. Nowadays, most 
interventions involve intra-coronary expansion of 
stents. Still, until the introduction of coated stents, 
neointimal hyperplasia caused clinically significant 
re-stenosis in at least 20% of patients (Kiemeneij 
2001). Although the occurrence of re-stenosis may 
be less in the future with increasing use of drug-
eluting stents, the progression of atherosclerotic 
degeneration in the remaining coronary arteries is 
not affected (Morice 2002).

Multi-slice spiral CT allows minimally invasive 
angiographic imaging of the coronary arteries. The 
diagnostic accuracy to detect coronary stenoses is 
good (Nieman 2001, Achenbach 2001), particularly 
in the absence of extensive vascular calcification and 
in patients with low heart rates: The introduction of 
16-slice and 64-slice CT scanners with sub-millime-
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Fig. 7.39. In vitro imaging (4-slice CT, 0.5-mm detector colli-
mation) of stents in contrast-enhanced silicon tubes: Synthesis 
Star 4.0 and 3.0 mm (CardioVascular Dynamics, Irvine, USA). 
While the magnitude of the blooming effect seems similar in 
both stents, only a very limited area of relatively artifact-free 
lumen remains in the 3.0-mm stent

responsible for this blooming effect, or increased CT 
density outside the actual location of the stent itself. 
As a result the coronary lumen within the stent has 
a higher density that extends from the vessel wall 
and decreases towards the center. Depending on 
the size of the vessel and the metal density of the 

stent, depiction of a variable central part of the 
vessel will remain unaffected by the stent-related 
artifacts (Fig. 7.39). Particularly small radiopaque 
stents (3.0-mm diameter) result in a density incre-
ment throughout the lumen (Nieman 2003). In gen-
eral, stent-related artifacts and visualization of the 
in-stent lumen strongly varies with different stent 
types, depending on stent diameter, caliber of the 
stent struts, and stent material (Maintz 2003a). 
Use of the thinner slice-collimation available with 
the newer 16-slice and 64-slice CT scanners in com-
bination with special edge-preserving reconstruc-
tion kernels for higher in-plane resolution improves 
visualization of the in-stent lumen (Maintz 2003a, 
Maintz 2003b).

7.7.3 
Post-processing and Analysis

Various post-processing techniques exist for evalu-
ation of CT coronary angiograms, including MPR, 
thin-slab MIP, curved reformations, various 3D 
reconstructions such as shaded-surface display 
(SSD), VRT, and virtual endoscopy. Cross-sectional 
images, either the axial source images or (curved) 
MPRs, are best-suited for evaluation of the coronary 
lumen within the stent. The anatomical location of 
stents can be nicely visualized with VRT (Fig. 7.40). 
When evaluating a stented coronary artery, the 
exaggerated stent appearance, and consequently the 
decreased lumen diameter, need to be taken into 
account and do not necessarily imply in-stent re-
stenosis (Fig. 7.41). Complete or near-complete stent 
obstruction will become clear by an overall density 
that is lower than that of the other coronary seg-
ments (Fig. 7.42). Visualization of tissue within the 
stent without significant obstruction requires the 
highest possible resolution, beyond the capabilities 
of 4- and 16-slice CT scanners. The latest 64-slice 
CT scanners, however, with spatial resolution below 

LM
LAD

CX

Fig. 7.40. Three-dimensionally reconstructed CT angiogram 
(4-slice CT with 1.0-mm detector collimation) of a patient 
with three stents in the LM, LAD, and CX
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Fig. 7.41. A 3.0-mm diameter stent in the LAD, imaged with 
contrast-enhanced 16-slice CT. Visualization of the in-stent 
lumen is compromised due to blooming artifacts

Fig. 7.42a,b. Occluded stent in the CX coronary artery exam-
ined with 16-slice CT using clipped 3D reconstruction (a) and 
curved MPR (b). The low-density material (arrow) represents 
the occlusion in the mid-section of the stenta

b

0.4 mm, may provide sufficient resolution to also 
visualize mild and moderate in-stent stenosis.

More advanced post-processing techniques are 
less suitable for the evaluation of coronary stents. 
External 3D display does generally not show the 
intra-coronary lumen. Adjustment of the display 
settings to correct for the presence of the stent and 
particularly the stent-related artifacts is not readily 
done and does not substantially improve interpreta-

tion. MIP of thin slabs is a useful method for ini-
tial evaluation of the coronary arteries, but the high 
density value of the stent material leads to further 
over-projection and precludes assessment of the 
coronary lumen. Therefore, curved MPR and cross-
sectional MPR perpendicular to the vessel lumen 
are the most useful techniques for visualizing the 
in-stent lumen.

7.7.4 
In Vivo Coronary Stent Imaging

While the feasibility and diagnostic accuracy of 
detection of obstructive coronary disease by multi-
slice CT imaging has been described extensively, 
the usefulness of this approach in patients who have 
undergone coronary intervention and subsequent 
stent placement has only been evaluated in prelim-
inary and small studies. EBCT has been used in 
CTA after balloon angioplasty, but nowadays few 
patients undergo PCI without implantation of stents 
(Achenbach 1997).

In-vivo imaging of coronary stents requires scan 
protocols that are optimized for spatial resolution. 
As in imaging of the native coronary vessels, imag-
ing of coronary stents is influenced by cardiac motion, 
depending on the heart rate and the location of the 
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stent, and by the presence of calcified plaque material 
in the vessel wall. Because a blooming artifact depends 
on the spatial resolution in relation to the vessel diam-
eter, the effect on smaller stented vessels is greater.

While 4-slice CT cannot reliably visualize stented 
coronary vessels and in-stent lumen, 16-slice CT 
combined with a sufficiently slow heart rate can 
provide a reasonably good assessment of coronary 
artery segments with stents (Fig. 7.43). Although no 
large comparative studies have been published, there 
seems to be consensus about the ability of 16-slice CT 
to accurately assess stent patency and to recognize 
complete stent occlusion (Hong 2003). Hong et al. 
investigated 19 patients with 16-slice CT to follow-
up and confirm stent patency 1–3 weeks after stent 
placement. A total of 26 stents were investigated with 
different reconstruction techniques and stented 
lumen diameters were measured. Five patients had 
heart rates of more than 70 bpm during the scan and 
the six stents could not be reliably assessed due to 
motion artifacts. In the remaining 20 stents, stent 
patency was accurately determined. The use of a spe-
cial reconstruction kernel resulted in improved accu-
racy of the delineation of the in-stent lumen diame-
ter and of the diameter of the vessel lumen proximal 
and distal to the stent. In contrast to the assessment 
of coronary arteries without stents, the detection of 
moderate stenosis in stented coronary vessels with 
16-slice CT is regarded as less reliable, due to bloom-
ing artifacts that cover the tissue and the lumen near 

the stent struts. Blooming artifacts also limit qualita-
tive interpretation of the plaque material within the 
stent. As a result, the role of 16-slice CTA after PCI is 
limited to the detection of disease progression in the 
coronary segments without stents, detection of ste-
nosis near the edges of the stent, assessment of stent 
patency, and detection of in-stent occlusion and per-
haps high-grade stenosis.

Better stent visualization has become possible 
with further improvement of the spatial resolution 
with 64-slice CT by implementation of thinner detec-
tor slices combined with a flying focal spot sampling 
technique in the z-direction (Figs. 7.44, 7.45). Dedi-
cated image reconstruction and post-processing 
techniques have been developed to further reduce 
stent-related image artifacts and more accurately 
depict the coronary lumen adjacent to the stent. In 
a very recent study, Rist et al. used 64-slice CT to 
examine 44 stented coronary arteries in 23 patients. 
The authors evaluated the detection accuracy of sig-
nificant pre-stent, in-stent, and post-stent stenosis 
compared to conventional angiography (Rist 2005). 
Conventional angiography revealed four pre-stent, 
five in-stent, and three post-stent stenoses with 
>50% lumen narrowing in the 44 stented segments. 
With 64-slice coronary CTA, the sensitivity for pre-
stent stenosis was 75%, the specificity 95%, NPV 
97%, and PPV 60%; for in-stent stenosis, sensitivity 
was 80%, specificity 97%, NPV 95%, and PPV 75%; 
for post-stent stenosis, sensitivity was 67%, specific-
ity 85%, NPV 97%, and PPV 25%. The high speci-
ficity and high NPV suggest that 64-slice CT with 
improved spatial resolution can rule-out significant 
coronary stenosis also in stented vessels.

Stent manufacturers have introduced stents with 
thinner struts and less radiopaque material. In partic-
ular, the latest-generation drug-eluting stents are usu-
ally less radiopaque than conventional stents. These 
newer stents improve multi-slice CT evaluations in 
that blooming artifacts are largely reduced (Fig. 7.46).

7.7.5 
Conclusion

While the diagnostic accuracy of coronary CTA in 
non-stented vessels has reached the stage of clinical 
applicability, the use of multi-slice CT after coro-

RCA

LCA

Fig. 7.43. Low-opaque stent (arrow) in the ostium of the RCA, 
visualized with curved MPR. There is practically unhindered 
interpretability of the vessel lumen, which was imaged with 
16-slice CT. LCA Left coronary artery
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Fig. 7.44a–d. Patent stent 
in the LAD, examined with 
64-slice CT. Curved MPR 
(a) and cross-sectional 
MPR (b) reveals a patent 
lumen without the pres-
ence of stenosis. VRT re-
construction demonstrates 
the run-off of the native 
vessel (c). Conventional 
angiography confi rms the 
64-slice CT fi ndings (d). 
(Case courtesy of Gros-
shadern Clinic, University 
of Munich, Germany)
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LV
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RVOT
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Fig. 7.45a,b. 64-slice CT examination of a patient with long extend-
ing stents of the LAD and RCA. VRT reconstruction with a special 
setting to mimic radiography demonstrates the stents and the strut 
structure (a). Curved MPR reveals a moderate in-stent restenosis 
in the LAD stent (b). (Case courtesy of Toyohashi Heart Center, 
Tokyo, Japan) ba

a b

c d
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nary intervention with stent placement is still chal-
lenging. With 16-slice CT scanners, assessment is 
restricted to determining stent patency and total 
stent occlusion; however, the latest 64-slice CT scan-
ners holds promise to enable significant stenosis of 
stented coronary segments to be reliably excluded.

Fig. 7.46a,b. 64-slice CT examination of a patient after placement of a drug-eluting stent in the proximal LAD. The 
low-opaque stent can be visualized with curved MPR (a) and curved MIP (b), with practically unhindered interpret-
ability of the patent vessel lumen. (Case courtesy of Sarawak Heart Center, Kuching, Malaysia)

a b
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7.8.1 
Introduction

Non-atherosclerotic lesions of the coronary arteries 
present as a manifold and heterogeneous spectrum 
with different clinical relevance and distinguish-
ing congenital and acquired forms. The acquired 
non-atherosclerotic diseases of the coronary arter-
ies have different causes. They can develop over a 
long time and remain clinically inconspicuous, or 
they can result in life-endangering acute clinical 
symptoms. Catheter angiography is not able to dem-
onstrate all of these anomalies in detail, especially 
complex anomalous courses, because selective prob-
ing and subsequent interpretation of vessel anatomy 
is difficult and the angiographer is not aware of an 
atypical location of the vessel orifice.

Multi-slice CT, in particular the newly available 
16- and 64-slice CT scanners with their ability to 
generate nearly isotropic voxels, represent a highly 
promising tool to visualize coronary arteries with 
respect to their origin and course. MPR, thin MIP, 
SSD, and VRT allow for accurate visualization of 
the coronary arteries, including the detection and 
characterization of anomalies of the coronary artery 
system.

7.8.2 
Anomalies of the Coronary Arteries

Coronary artery anomalies constitute 1–3% of all 
congenital malformations of the heart. In approxi-
mately 0.46–1% of the normal population, anoma-
lies of the coronary arteries are found incidentally 
during catheter angiography or autopsy.

The etiology of coronary artery anomalies is still 
uncertain. Maternal transmission of some types has 
been suggested, particularly when only a single cor-
onary artery is involved. Familial clustering is also 
reported for one of the most common anomalies, 
in which the left circumflex coronary artery (CX) 
originates from the right sinus of Valsalva. Anoma-
lies of the coronary arteries may also be associated 
with Klinefelter’s syndrome and trisomy 18 (i.e., 
Edwards syndrome). Cardiac causes for early and 
sudden infant death include anomalies of the coro-
nary arteries; the Bland-White-Garland-Syndrome 
may be one relevant cause. Anomalies of the coro-
nary arteries found in children may be associated 
with other congenital anomalies of the heart like 
Fallot’s syndrome, transposition of the great arter-
ies, Taussig-Bing heart (double-outlet right ventri-
cle), or common arterial trunk.

The normal anatomy (Fig. 7.47) of the coronary 
arteries is well-known. The left main coronary 
artery (LMA) arises from the left sinus of Valsalva 
(LSV) and bifurcates into the left anterior descend-
ing (LAD) and CX. The right coronary artery (RCA) 
originates from the right sinus of Valsalva (RSV).

Anomalies of the coronary arteries can concern 
their origin, course, and aberrant distal branches. 

Fig. 7.47. The normal anatomy of the coronary arteries

PA
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LCX

ASV
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Common variants are anomalies with origin from 
the contralateral side of the aortic bulb. These 
include an origin of the LMA or the LAD from the 
RSV or the proximal RCA and an origin of the RCA 
from the LSV or the LMA. There are four possible 
pathways for these aberrant vessels to cross over 
to their regular peripheral locations: (1) “anterior 
course” ventral to the pulmonary trunk or the right 
ventricular outflow tract, (2) “interarterial course” 
between the pulmonary artery and aorta, (3) “septal 
course” through the interventricular septum, and 
(4)”retro-aortic course”. Clinically, course anoma-
lies of the coronary arteries are subdivided into 
“malignant” and “non-malignant” forms. Malig-
nant forms are associated with an increased risk of 
myocardial ischemia or sudden death and mostly 
show a course between the pulmonary artery and 
aorta (i.e., “interarterial”). The most common case 
is an origin of the RCA from the LSV that courses 
between the aortic bulb and the pulmonary artery. 
Anomalies of the LMA or the LAD arising from the 
RSV with a similar course are associated with higher 
cardiac risk, too. It is suggested that myocardial 
ischemia and sudden death result from transient 
occlusion of the aberrant coronary artery, due to an 
increase of blood flow through the aorta and pul-
monary artery during exercise or stress. The reason 
is either a kink at the sharp leftward or rightward 
bend at the vessel’s ostium or a pinch-cock mecha-
nism between the aorta and pulmonary artery. Up 
to 30% of such patients are at risk for sudden death. 
Courses of anomalously long coronary arteries ven-
tral to the pulmonary artery may be associated with 
a higher risk of myocardial ischemia. Dilatation of 
the pulmonary trunk in pulmonary hypertension 
can lead to a stretching mechanism of the aberrant 
vessel that causes lumen reduction and consecutive 
myocardial ischemia.

An origin of the left (or right) coronary artery 
from the pulmonary artery (Bland-White-Garland-
Syndrome for the left coronary artery) has to be con-
sidered as malignant. The LMA arises from the left 
or posterior aspect of the pulmonary trunk imme-
diately above a pulmonary sinus of Valsalva. If col-
laterals are well-developed, the RCA and its major 
branches are dilated and tortuous. This anomaly 
is frequently associated with myocardial ischemia 
and sudden death in early childhood. Clinically 

silent forms can also be found. The aberrant coro-
nary artery is mostly fed by collaterals from the 
other coronary arteries. Early detection is manda-
tory for successful and surgical intervention, which 
is absolutely required. Other courses do not lead to 
clinical symptoms, but are incidental findings in 
catheter angiography, CT of the coronary arteries, 
or autopsy. In case of planned cardiac surgery, these 
anomalies nevertheless acquire increasing impor-
tance in order to avoid being endangered by acci-
dental surgical injuries, for example, a retro-aortic 
course of the CX in mitral valve surgery. Therefore, 
every anomaly of origin and course of the coronary 
arteries should be described accurately prior to car-
diac surgery. If catheter angiography does not pro-
vide detailed information, multi-slice CT should be 
performed to depict the exact courses of aberrant 
coronary vessels. Finally, aberrant coronary arteries 
have been discussed to carry a higher risk of arterio-
sclerosis, in particular a retro-aortic-coursing CX. 
Thus, careful attention must be paid to these vessels 
in patients with atypical chest pain or pathological 
ECG findings.

The following figures are a diagrammatic collec-
tion of the most important and frequent coronary 
anomalies for the LMA (Fig. 7.48), LAD (Fig. 7.49), 
CX (Fig. 7.50), RCA (Fig. 7.51), and other complex 
anomalies (Fig. 7.52). The exclamation mark in the 
figure indicates a malignant anomaly. Coronary 
anomalies can be reliably identified with 16-slice 
CT and 64-slice CT, as demonstrated by the case 
examples given in Figures 7.53–7.57.

7.8.3 
Coronary Artery Fistulas

Coronary artery fistulas are a rare condition rep-
resenting arteriovenous communications between 
one or several coronary arteries and the right heart 
chambers (right atrium, right ventricle, 65%) or cen-
tral veins (superior or inferior vena cava, coronary 
sinus, or pulmonary artery, 17%). The hemodynam-
ics resemble those of an extracardiac left-to-right 
shunt.

In many cases, the amount of blood flow through 
the coronary fistula is small. Other cases represent 
“high-flow” coronary fistulas with diminished per-
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Fig. 7.48a–h. Possible anomalies of the left main coronary artery (LMA). a Separate ostia of the LAD and LCx from the left sinus 
of Valsalva; no clinical relevance. b Origin of the LMA from the right sinus of Valsalva, interarterial course; “malignant”. c Origin 
of the LMA from the right sinus of Valsalva, anterior course; no clinical relevance. d Origin of the LMA from the right sinus of 
Valsalva, retro-aortic course; no clinical relevance. e Origin of the LMA from the right sinus of Valsalva, anterior course of the 
LAD, interarterial course of the CX; “malignant”. f Origin of the LMA from the right sinus of Valsalva, septal course; “malignant”. 
g Origin of the LMA from the coronary sinus of Valsalva, no clinical relevance. h “Bland-White-Garland-Syndrome”, origin of 
the LMA from the pulmonary artery; “malignant”

b

d f

h

a c

e

g

fusion of the portion of the myocardium supplied by 
the arterial feeder of the fistula. A so-called hemo-
dynamic steal phenomenon may occur. In high-
flow fistulas, the feeding coronary artery is dilated 
and often tortuous. Focal saccular aneurysms may 
develop, which eventually can become calcified and/
or thrombosed; aneurysm ruptures have also been 
reported. Up to 50% of such fistulas arise from the 
RCA.

The anatomy of coronary artery fistulas can range 
from abstruse courses up to a spider-like configura-
tion and they can arise from more than one coro-
nary artery. Numerous communications between 
the coronary artery and the terminating localiza-
tion can rule out the need for surgical correction. 
Pediatric patients tend to be especially symptomatic 
and may present with atypical and typical chest pain 
and myocardial ischemia associated with ECG alter-
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Fig. 7.49a–g. Possible anomalies of the LAD. a Origin of the LAD from the right sinus of Valsalva, anterior course; no clinical rel-
evance. b Origin of the LAD from the right sinus of Valsalva, interarterial course; “malignant”. c Origin of distal branches of the 
LAD from the right sinus of Valsalva, anterior course; no clinical relevance. d Origin of the LAD from the right sinus of Valsalva, 
septal course; “malignant”. e Origin of the LAD from branches of the CX; no clinical relevance. f “Bland-White-Garland-Syndrome” 
of the LAD, origin from the pulmonary artery; “malignant”. g Origin of the LAD from the distal RCA; no clinical relevance

b
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e

g

Fig. 7.50a–c. Possible anomalies of the CX. a Origin of the CX from the right sinus of Valsalva, retro-aortic course; no clinical 
relevance. b Origin of the CX from branches of the LAD; no clinical relevance. c Origin of the CX from distal branches of the 
RCA; no clinical relevance

ba c
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Fig. 7.51a–j. Possible anomalies of the RCA. a Origin of the RCA from the left sinus of Valsalva, interarterial course; “malig-
nant”. b Origin of the RCA from the left sinus of Valsalva, anterior course; no clinical relevance. c Origin of the RCA from the 
left sinus of Valsalva, retro-aortic course; no clinical relevance. d Origin of the RCA from the coronary sinus of Valsalva; no 
clinical relevance. e Origin of the RCA from branches of the CX; no clinical relevance. f Origin of the RCA from branches of 
the LAD, no clinical relevance. g Sinus node artery with its own ostium; no clinical relevance. This “anomaly” is found in up 
to 45% of patients undergoing catheter angiography; thus it could be considered a “normal variant”. h Dominant conus artery 
(CA) with separate ostium; the CA supplies the main segment of the RCA, which is a small vessel, with an early division. The 
reverse situation is also possible: separate ostia of the CA and RCA, but the CA is the smaller vessel. i Origin of the RCA from 
the pulmonary artery, so called reversed Bland-White-Garland syndrome; “malignant”. j Ectopic origin of the RCA from the 
aorta, the brachiocephalic trunk, or the right common carotid artery; no clinical relevance

b

d f

a c

e

h

RCA

CA

g

j

i



250 Chapter 7 · Clinical Indications

Fig. 7.52a–f. Other complex coronary anomalies. a Origin of RCA, CX, and LAD from the right sinus of Valsalva, anterior course 
of the LAD; no clinical relevance. b Origin of RCA, CX, and LAD from the right sinus of Valsalva, interarterial course of the 
LAD; “malignant”. c Origin of RCA, CX, and LAD from of the left sinus of Valsalva, interarterial course of the RCA; “malignant”. 
d Clockwise rotation of the aortic root with potential interarterial course of the RCA; depending on the extent of the malrota-
tion, potentially “malignant”. e Counter-clockwise rotation of the aortic root with a potential interarterial course of the LMA; 
depending on the extent of the malrotation, potentially “malignant”. f “Single coronary artery”, ectopic origin, for example, out 
of the brachiocephalic trunk

b

d f

a c

e

Fig. 7.53a,b. 16-slice CT exami-
nation demonstrating the origin 
of the LMA from a common os-
tium with the RCA at the right 
sinus of Valsalva. The artery 
courses ventral to the pulmo-
nary artery to the left side. Vol-
ume-rendering reconstructions 
in ventral view (a) and along the 
course of the LMA ventral to the 
pulmonary trunk before the ar-
tery branches into the LAD and 
CX (b). Note the ectopic origin 
of the fi rst diagonal branch out 
of the LMAba
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Fig. 7.54. 16-slice CT examination showing an ectopic origin 
of the LMA cranial to the left sinus of Valsalva; displayed with 
volume-rendering reconstruction

Fig. 7.56. 16-slice CT examination of an abnormal origin of 
the RCA from the left sinus of Valsalva, interarterial course. 
Note the narrowing of the proximal part of the RCA during its 
interarterial course. Volume-rendering reconstruction

Fig. 7.55a,b. 16-slice CT ex-
amination of an abnormal 
origin of the CX from the 
right sinus of Valsalva, ret-
ro-aortic course. Displayed 
with volume rendering (a) 
and MIP reconstruction (b) ba

ations. Coronary artery fistulas should be treated 
surgically, with embolization or stenting of the 
communications. Even small fistulas with a hemo-
dynamically low significant shunt should be closed 
to prevent further progression and complications. 
Spontaneous closure of a coronary artery fistula is 
extremely rare, but has been reported.

Some of the many types of possible fistulas are 
shown in Figure 7.58. As demonstrated in the case 
examples in Figures 7.59 and 7.60, 16-slice CT and 
64-slice CT can reliably visualize a coronary fistula

7.8.4 
Myocardial Bridges

Normally, the coronary arteries and their major 
branches course in the epicardial fat, but occasion-
ally they course beneath the myocardium for vari-
ous distances. Myocardial bridging is a congenital 
anomaly that is due to the failure of exterioriza-
tion of the primitive intratrabecular network of 
the affected coronary artery. Although this entity 
is almost always benign, cases of acute myocardial 
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Fig. 7.58a–f. Possible coronary artery fi stulas. a Fistula from the RCA to the pulmonary artery or other right-sided lumina. 
b Fistula from the LAD to the pulmonary artery or other right sided lumina. c Fistula from both the RCA and the LAD to the 
pulmonary artery or other right-sided lumina. d Fistula from the RCA to the pulmonary artery with an interarterial course. 
e Spider-like fi stula from the LAD to the pulmonary artery or other right-sided lumina. f Spider-like fi stula from both the LAD 
and the RCA to the pulmonary artery or other right-sided lumina

b

d f

a c

e

Fig. 7.57a,b. 16-slice CT examination of a clockwise malrotation of the aortic trunk, 
leading to an interarterial course of the RCA. Note the additional ectopic origin of the 
LMA above the left sinus of Valsalva. Visualization with volume-rendering reconstruc-
tion (a) and thin-MIP reconstruction (b) showing the aberrant origin of the LMA

a b
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Fig. 7.59a,b. 16-slice CT examination of a spider-like fi stula from the LAD coursing through the 
interventricular septum and subepicardial to the right ventricle with multiple feeding vessels. Dis-
play with volume-rendering reconstruction viewed from the top (a) and with thin-MIP along a 
mid-ventricular short-axis section (b), showing the multiple fi stulas through the interventricular 
septum to the right ventricle

a b

Fig. 7.60. Contrast-enhanced 16-slice CT coronary angiogra-
phy with 16 × 0.75-mm collimation. Visualization of the left 
heart anatomy with 3D VRT reveals a complex and large fi stula 
arising from the LAD and connecting to the ascending aorta. 
(Case courtesy of Hong Kong Sanatorium Hospital, China)

ischemia, cardiogenic shock, and even sudden death 
have been reported. Most patients do not have typical 
symptoms, such as angina, and their exercise stress 
tests are negative. Myocardial bridges are a common 
finding in autopsy. The incidence at postmortem 
examination is about 30–55%. In catheter angiogra-
phy, they are detected in < 10% of patients. Any left 
coronary branch may be involved. The mid-segment 
of the LAD is by far the most common site. Males 
have a higher prevalence (70%). Myocardial bridges 
are also more common in patients with idiopathic left 
ventricular hypertrophy. Since the right ventricular 
systolic pressure is lower than the aortic pressure and 
the myocardial wall tension is smaller, myocardial 
bridges of the RCA system do not cause symptoms. 
The coronary artery is compressed during systole, 
and this can be demonstrated angiographically. Cor-
onary blood flow occurs primarily during diastole. 
In myocardial bridges, blood flow may be hampered 
during increasing tachycardia. The presence of myo-
cardial bridging distal to coronary lesions should be 
seriously considered to present a potential risk factor 
for intracoronary thrombus formation.

Unlike coronary angiography, multi-slice CT is 
capable of simultaneously depicting the course of 
the abnormal coronary vessel in direct relation to 
the myocardium. Reconstruction methods of choice 
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are thin perpendicular MPR or VRT. The systolic 
narrowing of the lumen can best be shown by recon-
structing the data set at a systolic phase of the car-
diac cycle and by comparing systolic and diastolic 
data sets. Multi-slice CT is thus a promising tool 
in detecting and depicting myocardial bridges, as 
demonstrated in Figure 7.61.

7.8.5 
Coronary Aneurysms

Coronary artery aneurysms are rarely characterized 
by abnormal dilatation of a focal portion or diffuse 
segments of the coronary artery. They are diagnosed 
incidentally at autopsy or at angiography in patients 
with symptoms of myocardial ischemia. The most 
frequent cause of aneurysms of the coronary arter-
ies is atherosclerosis. In this regard, the dilatative 
form of atherosclerosis must be mentioned. An 
inflammatory pathogenesis that affects vessel wall 
modifications is Kawasaki syndrome, which is a 
clinically unspecific, acute, self-limited vasculitis 
of early childhood characterized by fever, bilateral 
nonexudative conjunctivitis, erythema of the lips 
and oral mucosa, changes in the extremities, rash, 
and cervical lymphadenopathy. Coronary artery 
aneurysms may develop in about 25% of untreated 
children. Aneurysms can also occur in Takayasu 
arteritis. Vascular lesions causing aneurysms may 
result from chronic Chlamydia pneumoniae infec-
tion. Matrix metalloproteinases (MMPs) may be 
involved in the pathogenesis of arterial aneurysms 
due to increased proteolysis of the extracellular 
matrix of the arterial wall. Coronary artery aneu-
rysms may also rarely develop in patients with sys-
temic lupus erythematosus, sustained herpes virus 
infection, repetitive activation of virus-related anti-
gens, suppressed immune state, Marfan syndrome, 
or multiple peripheral aneurysms. A frequent com-
plication of coronary aneurysms is rupture, which 
mostly has a lethal outcome.

Multi-slice CT is able to depict the aneurysmal 
lumen as well as thrombus formation within the 
aneurysm. While 16-slice CT is capable of visualiz-
ing the dilated course of the vessels (Fig. 7.62), 64-
slice CT accurately reveals the complex atheroscle-
rotic changes (Fig. 7.63).

7.8.6 
Coronary Dissection

Dissection of coronary artery is a quite rare but 
very acute entity. The most frequent cause is iat-
rogenic, i.e., catheter-induced. It highly important 
whether the aortic root is involved in the dissec-
tion process or not. Involvement of the aortic root 
may ultimately necessitate a complete replacement 
of the aortic-arch, perhaps with single re-implan-
tation of the supra-aortic branches. Spontaneous 
coronary artery dissection is an important cause 
of acute coronary syndromes. It has been described 
to be associated with bodily stress, such as during 
sporting activities and even sexual intercourse. 
Presentation depends on the extent of the dissec-
tion and the location of the vessels involved. It can 
also occur predominantly in women during or after 
pregnancy. The association of coronary dissection 
with positive testing for anti-cardiolipin antibody or 
anti-phospholipid antibody, as seen in rheumatoid 
diseases, has been noted. The dissection membrane 
is best depicted in source images or thin-slice MPR 
perpendicular to the vessel course.

Dissections of the coronary arteries are seldom 
diagnosed by multi-slice CT, except the clinically 

Fig. 7.61. 16-slice CT examination of a myocardial bridge 
(arrow) in the mid-segment of the LAD
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Fig. 7.62a,b. 16-slice CT examination of an aneurysm of the proximal RCA with extended thrombotic changes of the vessel wall. 
Displayed with thin-MIP projection (a) and volume-rendering reconstruction (b). The thrombus is visualized with thin-MIP 
(arrow in a). It is not shown in VRT display (b) but note a left IMA bypass to the distal LAD

a b

c

Fig. 7.63a–c. 64-slice CT examination of coronary aneurysms in the LAD. Conventional angiography demonstrates an abnormal 
course of the vessel (a) but does not allow visualization of the atherosclerotic changes. MPR along the long axis (b) and curved 
MPR (c) reveal the complex atherosclerotic lesions. (Case courtesy of Healthscan, Kuala Lumpur, Malaysia)

a b
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silent, chronic forms, which may be seen accidentally 
during CT scans for other medical conditions. The 
acute and clinically apparent forms are the domain 
of catheter angiography because of the option of 
immediate interventional therapy.

7.8.7 
Coronary Vasculitis

Vasculitis-related lesions were mentioned previ-
ously. Only secondary alterations, such as aneu-
rysms, stenoses, and acute and sub-acute closure of 
coronary arteries, can be depicted with multi-slice 
CT. As noted above, Kawasaki syndrome can cause 
coronary artery anomalies, including coronary 
fistulas and aneurysms in 20–25% of patients. In 
spite of early therapy, which consists of intravenous 
gamma-globulin and aspirin, coronary involvement 
may develop during the first years after diagnosis, 
even if there is early regress of the main underlying 
disease. In Kawasaki syndrome in particular, there 
may be peripheral occlusion of the coronary arter-
ies and aneurysm. The specifically alteration of the 
arterial wall cannot be detected in multi-slice CT 
yet, due to the limited spatial resolution. There is no 
specific sign of coronary vasculitis in CT imaging. In 
other types of investigations, the value of multi-slice 
CT in detecting vasculitis has to be evaluated, e.g., in 
inflammatory thickening of the vessel wall.

7.8.8 
Conclusion

In the last few years, multi-slice CT has become 
an alternative to catheter angiography. CTA is now 
the method of choice for detecting coronary arteries 
anomalies, fistulas, and aneurysms due to the 3D 
capability of this technique. Moreover, it is non-
invasive, reproducible, and operator-independent. 
Especially in complex anomalies, if catheter angi-
ography is not possible, multi-slice CT can accu-
rately depict the anatomy of the heart and vessels. 
In contrast to catheter angiography, the thrombotic 
portion of aneurysms can be visualized with multi-
slice CT. The new generation of CT scanners, with up 
to 64 slices, may improve image quality and resolu-
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7.9 
Diagnosis of Congenital Heart Disease in 
Adults and Children

J.-F. Paul

ciation of European Pediatric Cardiologists 
1998). MRI appears, on initial consideration, to be 
an ideal technique because there is no radiation 
burden, which is a substantial advantage, especially 
in neonates and young children. However, it also 
suffers various limitations: the major one being the 
need for prolonged sedation and close monitoring, 
especially of infants with cyanotic heart disease, 
whose condition is often unstable. For such patients, 
intensive-care pediatricians must be present during 
the MRI examination. Also, the spatial resolution of 
MR images is lower than that of CT images, which 
can be a significant drawback for visualization of 
small anatomical structures.

More recently, helical CT has been proposed for 
3D anatomical visualization in patients with con-
genital heart disease (Kawano 2000). Helical tech-
nology allows volume acquisition in a short period of 
time and provides good-quality 3D vascular images, 
even for neonates and infants. The multi-slice CT 
technology now available has much faster acquisi-
tion times , which substantially reduces respiratory 
artifacts. Furthermore, image synchronization with 
the cardiac rhythm is now possible, and this should 
reduce problems associated with heart motion. In 
our surgical center, which specializes in congeni-
tal heart disease, multi-slice CT with the evolution 
from 4- to 16- and, very recently, 64-slice technology 
has rapidly become an important complementary 
imaging technique for both pre- and post-operative 
management of patients (Lee 2004).

7.9.2 
Technical Aspects and Imaging Protocols

The first issue is whether ECG-gated acquisition 
should be used for congenital heart disease patients, 
and the second concerns optimization of radiation 
exposure.

7.9.2.1 
Neonates and Young Infants

It is not possible to make neonates and young infants 
hold their breath. Consequently, we do not use ECG-
gated techniques for acquisition, because respira-
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7.9.1 
Introduction

An accurate, 3D evaluation of the cardiac and related 
arterial anatomy is critical for the clinical manage-
ment of adult and pediatric patients with complex 
congenital heart disease. 3D imaging has to be able 
to demonstrate the shapes of, and spatial relation-
ships between, the great arteries, proximal branch 
pulmonary arteries, and anomalous pulmonary 
venous or systemic connections. Three-dimensional 
information about extra-cardiac morphological 
characteristics may determine subsequent surgical 
intervention.

Magnetic resonance imaging has been recom-
mended by a task force report as the first-choice 
technique for many congenital heart diseases (Asso-
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tory artifacts greatly degrade images, and such 
artifacts are substantial with ECG-gated acquisition 
(because acquisition is slow) (Paul 2002). Similarly, 
the cardiac rhythm of babies with cyanotic congeni-
tal heart disease is very high, generally between 140 
and 180 bpm, making cardiac motion-free images 
impossible. The third reason for not using retro-
spectively ECG-gated cardiac acquisition is that it 
requires a higher radiation dose than non-ECG-
gated thoracic CT, because only a part of the dose 
(i.e., the dose delivered during diastole) is used for 
creating images. Organ sensitivity to radiation is 
much higher in babies than in adults. Indeed, recent 
reports suggest that the risk of developing cancer 
in the future cannot be totally ruled out (Brenner 
2001) after medical radiation exposure. This risk 
increases with radiation dose.

In our experience, the principle of “going as fast 
as possible” still allows good image quality in neo-
nates with congenital heart disease; furthermore, 
the short acquisition times minimize respiratory 
artifacts. With 4-slice CT, the thorax of babies can 
be scanned in 3–4 s using 2.5-mm collimation, 
0.5-s rotation time, and a table-feed of 20 mm per 
s (pitch 2). The images are of higher quality than 
those obtained using a slice thickness of 1 mm, 
which requires longer acquisition times associated 
with thinner collimation, and thus more respiratory 
artifacts. Very short acquisition times (≤ 5 s) allow 
apnea in intubated babies, and the images obtained 
are free of respiratory artifacts. With 16-slice CT, the 
thorax of a baby can be scanned in about 4 s using 
0.75-mm slices or in 2 s using 1.5-mm collimation.

7.9.2.2 
Infants Over 7 Years of Age and Adults

There are two options for older infants and young 
adults: either conventional breath-hold angio-CT 
acquisition or ECG-gated acquisition. The proto-
col should be chosen according to clinical consid-
erations. If, for example, coronary visualization is 
required to detect a possible anatomical variant, 
ECG-gated protocols are recommended. ECG gating 
is often not required in other cases and should only 
be applied when appropriate due to the related 
increase in radiation dose.

7.9.2.3 
Dose Considerations

Radiation exposure is a major public-health issue. 
CT contributes greatly to the population dose due 
to medical exposure, as it makes up 35% of the 
total dose delivered during diagnostic examinations 
although it represents only 4% of such examina-
tions (Nagel 2002). The ALARA principle (as low 
as reasonably achievable) is a good rule of thumb: 
dose reduction is necessary but examination quality 
must be maintained without losing diagnostic infor-
mation. While the thorax is a region of low-attenu-
ation, substantial dose reduction during chest CT 
is feasible because of the high inherent contrast. In 
August 2001, the ALARA conference of the Society 
for Pediatric Radiology considered the issue of dose 
reduction by decreasing the kilovoltage (Slovis 
2002). In our center, we decided to apply the ALARA 
principle as far as possible to neonates and babies 
with congenital heart disease, and then implement 
some systematic rules:
• No topogram (responsible for unnecessary 
 additional radiation dose)
• Consistent use of 80 kV settings whenever fea-

sible
• Adaptation of the mAs to the child's weight 
 (starting from 17 mAs)
• Only one phase acquisition when possible
• Systematic protection of non-scanned organs

A setting of 80 kV for pediatric patients is the rule 
in our center. Reducing the kV from 120 to 80 kV 
decreases the radiation dose by 65% at constant 
tube-current setting, as radiation dose varies with 
the square of the kV. This setting is sufficient for 
good-quality images, as long as the mAs are adjusted 
according to the child's weight. The other advantage 
of using only 80 kV is that the amount of contrast 
medium injected can also be reduced – because low 
kV is more sensitive to contrast (iodine has a high 
atomic number) than higher settings.

The tube-current is adapted to body weight for 
neonates and infants. For example for thoracic 
imaging, we scan neonates using 17–30 mAs and 
80 kV, babies using 30–45 mAs. The minimum 
exposure setting allowed with the 16-slice CT 
used in our institution is 80 kV and 17 mAs using 
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0.75-mm collimation and a table-feed of 18 mm/s. 
Previous studies suggested that CT delivers much 
lower radiation doses than conventional angiog-
raphy (Westra 2002). Appropriate exploitation of 
anatomical data acquired from CT may therefore 
be used to limit the number of views acquired with 
angiography, and sometimes replace conventional 
angiography altogether. Thus, CT may allow total 
radiation exposure of congenital heart disease 
patients to be reduced.

7.9.2.4 
Contrast-Injection Protocol

Neonates and babies. The injection dose must be 
adapted to the baby's weight. We currently use 2 cc 
per kg. At 80 kV, the rate of injection can be as low 
as 0.5 cc per s in neonates through a catheter placed 
in the vein of the hand. Higher rates may be used 
with a central catheter (femoral or jugular). We use 
a power injector to ensure a continuous and regular 
flow rate, and the rate of injection is 0.5 cc/kg to 
1 cc/s depending on the site of injection. The start 
delay for neonates and infants is 15 s for peripheral 
injection, and 10 s for central venous injection. To 
ensure vascular contrast during the acquisition, we 
increase the amount of contrast medium in some 
cases according to the rule: Time of injection = start 
delay + time of acquisition. Accordingly, acquisition 
is never “too late” for good vascular enhancement, 
because acquisition ends with the end of injection, 
so the peripheral veins still contain contrast medium 
when acquisition ends.

Precautions for venous access. Peripheral venous 
access is always done in the pediatric unit. Injection 
in the right arm is preferable (but not obligatory) 
to avoid artifacts in the innominate left brachio-
cephalic vein. In some cases, venous connections 
are congenitally abnormal or surgically modified. 
Any available relevant information can be impor-
tant before the scan procedure, as the scan injec-
tion protocol may have to be adapted accordingly. 
Venous visualization may be obtained at first pass, 
with a high concentration of contrast medium, or 
sometimes later, at the time of venous return. The 
optimal injection protocol depends on the par-

ticular venous anatomy. The catheter is tested for 
permeability before the injection. It is essential to 
avoid any air injection during the scan procedure. 
All bubbles should be removed when connecting 
the catheter to the power injector. Because many 
patients with congenital heart disease have right-
to left-shunt, air injection through venous access 
could cause systemic air embolism, with possible 
fatal consequences.

7.9.2.5 
Sedation of Infants

General anesthesia is never necessary in our experi-
ence. In addition, we do not administer any seda-
tive drugs to neonates . For infants, we recommend 
oral or intra-rectal sedation (or both) before the CT 
procedure in order to prevent agitation during the 
acquisition, which may result in poorer image qual-
ity and, as a consequence, occasionally, re-examina-
tion. Sedation is not always necessary if the baby is 
quiet. Experienced technicians are required in the 
CT room for good management of the babies: expe-
rience and knowledge of baby management and a 
calm attitude are important. Our sedation protocol 
for infants includes intra-rectal administration of 
0.3 mg/kg Midazomal 15 min before examination. 
Additional sedative drugs may be useful (1 mg/kg 
hydroxyzine, per os, 1 h before examination). With 
experienced technicians, the mean total examina-
tion time in the CT room is 20 min. Qualified medi-
cal monitoring may be sometimes necessary during 
the examination, depending on the clinical condi-
tion of the baby, and oxygen saturation should be 
closely monitored.

7.9.2.6 
Post-processing

Even if all information is available on axial CT 
images, 3D imaging with VRT is our first-line 
approach for interpretation due to the complexity 
of spatial variations of anatomical structures. VRT 
allows initial comprehensive imaging of anoma-
lies whereas MIP images are used subsequently for 
vessel-by-vessel interpretation.
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7.9.3 
Clinical Indications

7.9.3.1 
Pulmonary Arteries

Pulmonary artery evaluation is frequently required 
for patients with pulmonary atresia with ventricular 
septal defect, tetralogy of Fallot, truncus arteriosus, 
or suspicion of pulmonary sling. With a 16-slice CT, 
we usually use 0.75-mm collimation and obtain 1-mm 
slice width with an increment of 0.5 mm. High reso-
lution is beneficial for evaluating pulmonary artery 
stenosis.

7.9.3.2 
Coronary Arteries

Anomalous coronary arteries are frequently associ-
ated with congenital heart disease. The most frequent 
anomalous finding is a left coronary artery originating 
from the right coronary sinus, but many variants are 
possible, even the coronary artery originating from 
pulmonary arteries. The “normal” position of coro-
nary origins may be different from usual; for example, 

in cases of tetralogy of Fallot, because of the rotation of 
the aorta: the origin of the LMA is typically at 6 o’clock 
and that of the RCA at 1 o’clock. Detection of an anom-
alous origin of the coronaries is especially important 
before surgery when a ventriculotomy is planned, as 
accidental lesion during intervention of the coronary 
artery crossing the right ventricle can be fatal.

In older patients with congenital heart disease, 
if the patient can hold his or her breath for a suffi-
ciently long time, ECG-gated acquisition may be the 
technique of choice. Free-motion artifact visualiza-
tion is then possible, allowing accurate evaluation of 
the coronary artery tree (Fig. 7.64). To avoid heart-
motion artifacts, the heart rate must be regular and, 
if possible, < 70 bpm; excellent results are generally 
obtained at 55–60 bpm. We use an ECG pulsing 
technique except in patients with arrhythmia, so as 
to reduce the radiation dose by about 40%, all others 
factors being equal.

7.9.3.3 
Aorta and Collaterals

Evaluation of the aortic anatomy is essential in cases of 
aortic coarctation (Fig. 7.65) or suspicion of aortic arch 
anomalies. In patients with pulmonary atresia with 
ventricular septal defect, major aorto-pulmonary 
collateral arteries (MAPCA) often originate from the 
origin of the descending aorta. It is essential to deter-
mine the size and spatial relationship of these arteries 
when planning surgical intervention. Thin collima-
tion (1 mm with a 4-slice CT, 0.75 mm with a 16-slice 
CT), is of value as it provides high-resolution images. 
Such images are, in turn, useful for evaluating aortic 
stenosis, especially in patients with aortic coarctation, 
for better assessment of vessel narrowing.

7.9.3.4 
Upper-Airways Compression of Vascular Origin

Central-airway compression of vascular origin can 
result from various situations. The most frequently 
observed are: aortic arch anomalies (Fig. 7.66), pul-
monary artery sling, dilated pulmonary arteries, 
and posteriorly displaced aorta (switch interven-
tion). Non-enhanced CT is sufficient to detect steno-

Fig. 7.64. 4-slice CT evaluation of re-implanted coronary arteries 
in a 9-year old girl, who underwent surgery just after birth for 
transposition of the great vessels (arterial switch). The 4-slice 
CT shows the normal anatomical position of the coronary arter-
ies 9 years after surgery. Note the left pulmonary artery crossing 
in front of the aorta. Ao Aorta, LPA left pulmonary artery

LPA

Ao
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sis of the central airways, but contrast enhancement 
is required to identify the vascular origin. In babies, 
we currently use the same protocol as for visualiza-
tion of the pulmonary arteries or aorta. In addi-
tion to MIP reconstructions, VRT is very effective 
for showing central-airway narrowing (Fig. 7.66b). 
However, airway compression can be more distal, 
which makes diagnosis of vascular compression dif-
ficult. Evidence of air trapping on parenchymal win-
dowing is indicative of this type of compression.

7.9.3.5 
Anomalous Venous Return

Multi-slice CT is very effective in the detection of 
pulmonary or systemic anomalous venous return. 
ECG-gated acquisitions are usually not necessary 
because venous structures are not very sensitive to 
cardiac motion (Fig. 7.67). The injection site and 
timing of acquisition must be chosen carefully, since 
the timing at which opacification is best depends 
on the venous drainage, and any anomalous venous 
drainage may affect optimal timing. Additional 
delayed acquisition may be necessary to opacify the 
entire venous system. To avoid artifacts associated 

Ao

LCA

LSCA

Fig. 7.65. Aortic coarctation in a 1-month-old baby examined 
with 16-slice CT. Total interruption of aortic arch was suspect-
ed from echocardiography. The 16-slice CT showed long ste-
nosis of the aorta with post-ductal severe narrowing (arrow). 
LCA Left carotid artery, LSCA left subclavian artery

RMB

LAARAA

T
RAA

LAA

Ao

PA

Fig. 7.66a,b. Severe respiratory distress in a newborn. a The 16-slice CT examination using VRT clearly shows a complete double 
aortic arch responsible for tracheal compression in a 5-month-old patient weighing 5 kg. b Using the same data set, VRT (dis-
playing both airways and vascular structures) clearly reveals compression of the trachea (T) by the right aortic arch (RAA). 
LAA Left aortic arch, Ao ascending aorta, PA pulmonary artery

a b
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PAAo

IV

Fig. 7.67. 16-slice CT image of totally abnormal left venous 
return in a 25-year-old man with dyspnea. All left pulmonary 
veins (arrows) are connected to the innominate vein. IV In-
nominate vein

RPA

Ao

IA

Fig. 7.68. Post-operative evaluation in a newborn with pulmo-
nary atresia and ventricular defect, examined with 16-slice CT. 
A shunt between the innominate artery and the right pulmo-
nary artery (Blalock anastomosis) is clearly apparent (arrows). 
RPA Right pulmonary artery, IA innominate artery

with concentration of the contrast medium in the 
veins, a low rate of injection is recommended.

7.9.3.6 
Post-intervention Evaluation

Post-operative evaluations are required in various 
clinical situations, for example, for assessment of 
bypass patency (Fig. 7.68) or suspicion of mediasti-
nitis. The CT protocol should be adapted to the clini-
cal context. In many cases, radiation exposure can 
be less than that of the standard protocol because 
there is generally no need for detailed anatomic 
information. For example, to search for mediastini-
tis, a single, delayed (3–5 min) acquisition may be 
sufficient. In contrast, conduit patency can be tested 
by acquisition at the arterial phase alone. CT assess-
ments of the altered vascular anatomy may also be 
useful for follow-up after complex surgical repair.

7.9.4 
Improvements with 64-Slice CT

With the recently developed 64-slice CT scanners, the 
thorax of a baby can be scanned in 1–2 s with the thin-

nest collimation, usually 0.6 mm (Fig. 7.69). Therefore, 
no compromise in spatial resolution has to be made 
even at the minimum scan time. The faster rotation 
time of the new scanners, down to 0.33 s, improves 
image quality also at higher heart rates, and heart rate 
control is no longer mandatory in adult patients. The 
increased spatial resolution of 0.4 mm that is possible 
with 64-slice CT even allows for visualization of the 
coronary arteries in babies, thus enabling the detec-
tion of congenital coronary artery disease at a very 
early age (Fig. 7.70). In older children and adults, the 
increased volume-coverage speed provides very com-
fortable breath-hold times of 5–10 s, during which the 
thorax can be covered with ECG gating at the maxi-
mum possible resolution (Fig. 7.71).

7.9.5 
Conclusion

Precise 3D visualization of anomalous extra-cardiac 
anatomy in congenital heart disease patients can 
be routinely obtained using multi-slice CT. In addi-
tion to providing a major, additional, non-invasive 
diagnostic tool for the evaluation of congenital heart 
disease, multi-slice CTA offers an alternative to 
angiography. While radiation-dose considerations, 
especially for neonates and infants, remain a draw-
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Fig. 7.70a–d. ECG-gated 64-slice CT examination of an 8-week-old baby. The cardiothoracic anatomy can be visualized with 
VRT (a, b) and MPR (c). Owing to the high spatial resolution, an abnormal course of the coronary artery could be ruled-out 
(arrows in d). (Case courtesy of Tübingen University, Germany)

a b

c d

Fig. 7.69a,b. 64-slice CT 
examination of a neonate. 
The image is displayed in 
MIP (a) and VRT (b). With 
a 0.33-s rotation time, the 
thorax of the neonate is 
covered in less than 2 sba
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Fig. 7.71. 64-slice CT examination of an 8-year-old child with 
complex malformation of the thoracic vasculature. The scan 
was acquired in a 6-s breath-hold with 80 kV and without use 
of ECG-gating to minimize radiation exposure. (Case courtesy 
of MUSC, Charleston, USA)
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7.10 
Evaluation of Ventricular Function 
Parameters

K.-U. Jürgens, R. Fischbach

ventricular volume measurements. Regional func-
tion parameters include myocardial wall thickness 
and systolic wall thickening; these provide more 
detailed information on the functional state and 
viability of ischemic and non-ischemic myocardial 
segments. Analysis of ventricular volume and sec-
ondary function parameters are clinically useful 
to:
• Determine the magnitude of dysfunction and the 

level of compensation, e.g., in patients with clini-
cally manifest coronary heart disease or dilative 
and hypertrophic cardiomyopathy

• Measure the response to a therapy, e.g., revascu-
larization or medical treatment

• Assess a patient's risk for future cardiac events 
and prognosis for survival

The assessment of ventricular function may pro-
vide information for the initial diagnosis of coronary 
heart disease in symptomatic patients, although left 
ventricular function does not sensitively reflect the 
severity of coronary artery stenosis, since contrac-
tion remains normal until coronary blood flow is 
reduced below a critical threshold. The relationship 
between the severity of coronary artery stenosis and 
ventricular function in the ischemic region is there-
fore nonlinear and ventricular function decreases 
exponentially once blood flow falls below resting 
levels. Since regional or global ventricular dysfunc-
tion may also result from cardiomyopathy or valvu-
lar disease, left ventricular dysfunction is not spe-
cific to coronary heart disease or acute myocardial 
infarction, since unstable angina may also depress 
ventricular function.

Multi-slice CT of the heart is being increasingly 
used to assess coronary artery and cardiac mor-
phology. Image reconstruction in multi-slice CTA 
has been optimized for coronary artery visualiza-
tion, but with ECG-gated spiral acquisition, image 
data are available for any phase of the cardiac cycle 
(Ohnesorge 2000). Thus, retrospective image 
reconstruction in specific heart phases can be used 
to determine end-systolic and end-diastolic ventric-
ular volumes as well as myocardial wall thickness. 
This section will discuss the potential of multi-slice 
CT in the assessment of ventricular function with 
regard to accuracy, limitations, and clinical applica-
tions.
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7.10.1 
Introduction

The accurate and reproducible determination of 
left ventricular myocardial function is fundamen-
tal to the diagnosis, disease stratification, treatment 
planning, and estimation of prognosis of patients 
with ischemic and non-ischemic cardiomyopathy 
(Schocken 1992, White 1987). Analysis of left ven-
tricular myocardial function includes the determi-
nation of global and regional function parameters. 
Global cardiac function is represented by the ejec-
tion fraction, stroke volume, and cardiac output, 
which are derived from diastolic and systolic left 
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7.10.2 
Determination of Cardiac Function Parameters 
with Multi-slice CT

7.10.2.1 
Calculation of Ventricular Volume

The ventricular volume changes throughout the car-
diac cycle (Fig. 7.72). The mechanical cycle starts 
with an isovolumetric contraction at the end of ven-
tricular filling. The increase in ventricular pressure 
results in the ejection of blood into the systemic and 
pulmonary circulation. This is followed by isovolu-
metric ventricular relaxation and then by the ven-
tricular filling period. Ventricular volume changes 
are similar in the right and the left chambers of 
the heart. Left ventricular volume can be measured 
using the following approaches:
• The area-length method uses a vertical or horizon-

tal long-axis view (Fig. 7.73a). It has been developed 
to allow for ventricular volume measurements with 
catheter coronary angiography based on a limited 
number of available projections. The ventricular 
area (A) and the length from apex to the mitral 
valve plane (L) are used to calculate the left ven-
tricular volume (V) according to the formula:

V = ×
⋅

8
3

2A
Lπ

• The Simpson’s method employs contiguous 
short-axis image sections of the left ventricle 
(Fig. 7.73b). It was developed for MR ventricular 
volume measurements that produce short-axis 
images in a single image sequence. The cross-
sectional images have a certain section thick-
ness (S) and are adjacent one to another. The left 
ventricular volume (V) is calculated by adding 
all cross-sectional areas (A) multiplied with the 
section thickness (S) as:

V = ×∑ A SN

• A threshold-based direct volume measurement is 
achieved using a segmentation technique in imag-
ing modalities that depict density or signal-inten-
sity differences between the myocardium and 
cardiac chambers. The signal difference can be 
produced by contrast-enhanced blood in the car-

diac chambers. The sum of all contiguous voxels 
exceeding a predefi ned attenuation threshold rep-
resents the total chamber volume.

The Simpson's method and direct volumetry do 
not rely on geometric assumptions and thus are 
preferred over the area-length method for accurate 
ventricular volume determination with multi-slice 
CT. Short axis MPRs can be generated from a multi-
slice CT axial image data set in different phases of 
the cardiac cycle and can then be used as input for 
the Simpson's method. However, as multi-slice CT 
produces thin-slice volumetric data, voxel-based 
methods for direct volumetry are well-suited for CT-
based calculations of ventricular volume.

Fig. 7.72. The electrical and mechanical events during the car-
diac cycle: left ventricular volume curve, electrocardiogram, 
and valvular events are depicted. A Isovolumetric contraction 
phase, B ventricular ejection period, C isovolumetric relax-
ation phase, D ventricular fi lling period. mV/mV Mitral valve 
closing/opening, Tec/to tricuspid valve closing/opening, pro/
PVC pulmonary valve opening/closing, Ave/Ave aortic valve 
opening/closing
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7.10.2.2 
Calculation of Ejection Fraction, Stroke Volume, 
and Cardiac Output

The normal ventricle ejects about two-thirds of its 
end-diastolic volume during systolic contraction. 
The ventricular ejection fraction (EF) describes the 
relative change of ventricular volume from end-dia-
stolic volume (EDV) to end-systolic volume (ESV) 
and reflects global ventricular function. EF is cal-
culated according to:

EF
EDV ESV
EDV

100%=
−( )

×

The stroke-volume (SV) is the absolute change in 
ventricular volume [SV (ml) = EDV–ESV]. Cardiac 
output (CO) is the SV multiplied by the heart rate, 
which means the pumped blood volume per minute 
[CO (ml/min) = SV × heart rate].

7.10.2.3 
Assessment of Regional Function

Systolic contraction results in a significant reduc-
tion of ventricular volume and a thickening of the 
ventricular myocardial wall. The thickness of the 
left ventricular myocardial wall is between 6 and 

8 mm in diastole and between 10 and 14 mm in sys-
tole. Normal wall thickening of the left ventricular 
myocardium during systole is approximately 5 mm. 
Systolic contraction requires functional muscle 
tissue and an adequate regional blood supply. Scar 
tissue does not contract and thus does not show 
systolic wall thickening. The reduction of regional 
coronary blood flow below a critical threshold also 
prevents normal contraction. Due to the coronary 
flow reserve, only high-grade lesions will reduce 
coronary blood flow below this critical level at rest. 
Coronary blood flow increases significantly under 
physical stress, such that flow-obstructing lesions 
become symptomatic, resulting in regional hypo-
perfusion and thus impaired ventricular contrac-
tion. Stress imaging techniques, using exercise or 
drugs that induce vasodilatation to cause regional 
hypoperfusion, make use of this fact to diagnose 
obstructive coronary artery disease based on the 
occurrence of impaired wall motion under stress.

Stress imaging requires serial measurements, 
which are easily achieved with cine magnetic reso-
nance imaging (CMR) and ultrasound but represent 
a major limitation for CT due to the need for repeated 
contrast injections and radiation exposure. Despite 
these limitations, CT can still reveal basic informa-
tion on regional wall function at rest. Systolic and 
diastolic image reconstructions depict changes in 
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Fig. 7.73. a Area-length method for determination of left ventricular volume. Left ventricular dimension and area are measured 
on a vertical long-axis reformation. b Simpson’s method for left ventricular volume measurement. A series of short-axis images 
is used for area measurement. Every cross-sectional area is multiplied with the section thickness to give the ventricular volume. 
RA Right atrium, RV right ventricle, LA left atrium, LV left ventricle

a
b
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wall thickness, and multi-phase reconstructions 
even allow analysis of ventricular wall motion over 
the cardiac cycle.

Wall motion abnormalities can be qualitatively 
assessed (Fig. 7.74). An area with impaired contrac-
tion or wall thickening is called hypokinetic; a para-
doxical outward motion during systolic contraction 
is called dyskinesis. In accordance with other cross-
sectional cardiac imaging modalities, the segment 
model of the American Heart Association should 
be used to describe the exact location of abnormal 
motion (Cerqueira 2002).

7.10.3 
Data Acquisition and Image Reconstruction

Since information on virtually any cardiac phase 
is contained in an ECG-gated multi-slice CT spiral 
data set, images from end-systolic and end-diastolic 
phases can be retrospectively produced using ECG 
gating without the need for additional radiation 
exposure or administration of contrast material. 
From the reconstructed axial CT images, quanti-
tative information on ventricular volume changes 
throughout the cardiac cycle can be derived.

Pure ventricular function analysis is not the 
focus of multi-slice CT, since other non-invasive 
imaging modalities, which do not require ion-
izing radiation or administration of potentially 
nephrotoxic contrast media, are available. In most 
cases, functional assessment will be carried out 
complementary to coronary CTA, and the imaging 
protocols are the same. While coronary CTA aims 
for selective enhancement of the coronary arteries 

and left ventricle, homogenous contrast enhance-
ment in all cardiac chambers is crucial for the reli-
able detection of cardiac contours, especially if 
right ventricular parameters are to be assessed. A 
biphasic injection of contrast agent with a second 
phase at reduced f low or – if a double-head injector 
is available – at 50% contrast-agent concentration 
and constant f low volume will produce adequate 
right ventricular opacification without artifacts 
from excessive contrast density in the right atrium 
or ventricle. Some multi-slice CT scanners pro-
vide prospective tube-current modulation with 
coronary artery scan protocols. As tube current 
is reduced during the systolic phase, image noise 
increases significantly. Since cardiac function 
studies do not need high-resolution images and 
make use if thicker section thickness, tube-current 
modulation should not prevent the assessment of 
cardiac function. However, published reports have 
not included tube-current modulation with their 
imaging protocols.

For global functional assessment, only a sys-
tolic and a diastolic phase is needed. To identify the 
proper image reconstruction windows, a single axial 
image is reconstructed every 5% of the RR-interval 
at a representative mid-ventricular level. The appro-
priate reconstruction windows for the systolic and 
diastolic phases are visually identified as the images 
showing the minimum and maximum ventricular 
diameter and checked against the ECG. The systolic 
phase is usually found at 25% of the RR-interval and 
the end-diastolic phase at around 85% (Juergens 
2004).

This approach to determine the systolic and dia-
stolic phases is vulnerable to criticism, since the 
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Normokinesis Hypokinesis Akinesis Dyskinesis

Fig. 7.74. Qualitative assessment of regional left ventricular (LV) wall motion. Regular LV wall motion is classifi ed as normoki-
nesis. Disturbances of LV wall motion are graded into hypokinesis (reduced regional systolic wall thickening), akinesis (absent 
regional systolic wall thickening), and dyskinesis (outward movement of the LV wall segment during systolic contraction)
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transverse plane does not visualize the left ventricle 
in its appropriate anatomical axis. However, possible 
systematic errors should be minimal if the reference 
plane is chosen properly, i.e., at a level showing the 
anterior and posterior leaflets of the mitral valve and 
the anterior papillary muscle. The alternative would 
be to produce axial image sets every 5–10% of the car-
diac cycle and visually determine the maximum and 
minimum ventricular volume from short-axis refor-
mations. This method produces enormous amounts 
of unnecessary axial images and is very time-con-
suming due to the reconstruction time and extensive 
post-processing tasks involved. With the advanced 
raw-data reconstruction algorithms provided by some 
manufacturers, short-axis images can be directly 
produced from the acquired raw data (Fig. 7.75). This 
approach reduces the number of images created for 
the assessment of cardiac function and allows inte-
grating global as well as regional function analyses 
seamlessly into a coronary CT study.

If direct reconstruction of short- and long-axis 
MPRs is not available, the same views can be gener-
ated manually with a few post-processing steps that 
are based on the axial images. A vertical long-axis 
view is produced along a line from the apex of the 
left ventricle to the middle of the mitral valve. Based 
on this long-axis view, a stack of secondary reforma-
tions in an orientation perpendicular to the verti-
cal long axis and parallel to the mitral valve plane 
is created to encompass the entire left ventricle. The 
same approach is possible based on a horizontal 
long-axis reformation. The section thickness for the 
short-axis images is usually set to 8 mm, in analogy 
to CMR protocols.

7.10.4 
Image Analysis

Diastolic and systolic left ventricular volumes can be 
calculated using standard software for distance and 
area measurements with the area-length method or 
Simpson’s method. Software packages adapted from 
validated CMR analysis tools that semi-automati-
cally measure ventricular volume and wall thickness 
are commercially available and help to speed up 
analysis and reporting. For the analysis of global 
function, only the endocardial borders of the left 

or right ventricle are needed. Endocardial contours 
are either automatically detected by the software 
or manually traced on systolic and diastolic short-
axis images. The most basal slice lies just forward 
of the atrioventricular ring and should display the 
myocardium in at least 50% of its perimeter. The 
most apical slice is the last image showing a con-
trast-opacified lumen. By convention, the papillary 
muscles are included in the ventricular lumen. The 
analysis time is 10–15 min.

Endocardial and epicardial contours are required 
to assess wall thickness and systolic wall thicken-
ing, and to estimate cardiac mass. If regional wall 
motion is to be displayed, at least eight to ten heart 
phases are needed. Images from corresponding slice 
positions can be viewed in a cine loop to visually 
assess motion abnormalities. The analysis software 
will provide quantitative information on ventricu-
lar volume and wall thickness over time as well as 
volumes normalized to body surface area, which 
enables comparison to normal values (Table 7.13).

7.10.5 
Limitations

Imaging of the moving heart requires a modality 
with a high temporal resolution in order to achieve 
artifact-free display of myocardial contraction over 
the cardiac function cycle and determination of peak 
systolic contraction. Usually, multi-slice cardiac CT 
reconstruction algorithms used for coronary artery 
visualization achieve a temporal resolution that is 
equivalent to the time for a 180° rotation and thus 
to half of the system rotation time. Two-segment 
reconstruction algorithms have also been intro-
duced; these provide a temporal resolution that is 
one-fourth the rotation time at certain heart rates.

Thus, 250-ms temporal resolution using one seg-
ment and down to 125-ms temporal resolution using 
two segments were reached by the first 4-slice sys-
tems, with 500-ms rotation time. The newest 16-slice 
CT scanners provide rotation time down to 370 ms, 
and the latest 64-slice CT scanners even down to to 
330 ms, thus improving temporal resolution even 
further. With rotation times of 400 ms or less and 
the use of up to two segments for image reconstruc-
tion, the assessment of global cardiac function with 
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Fig. 7.75a,b. Direct generation of short-axis images from a multi-slice CT data set. a The appropriate orientation is interactively 
defi ned and a series of short-axis images is produced without the need to generate primary axial reformations. b Direct re-
construction of short-axis MPRs from mid-ventricular level images allows for easy identifi cation of maximum contraction and 
maximum dilatation. Systolic and diastolic image series are then used for ventricular volume measurement

b

a
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multi-slice CT is feasible. Multi-segment reconstruc-
tion algorithms using up to four segments have been 
developed to increase the temporal resolution for 
better assessment of regional function parameters. 
Using four segments and a rotation time of 370 ms, 
a temporal resolution of less than 50 ms can be real-
ized. However, clinical experience with these image 
reconstruction algorithms is still limited.

Table 7.13a. Global left ventricular (LV) and right ventricular 
(RV) function parameters adapted from cine magnetic reso-
nance imaging data in healthy volunteers. EDV End-diastolic 
volume, ESV end-systolic volume, EF ejection fraction, BSA 
base area (from Sandstede 2000, Alfakih 2003)

Males Females

Left ventricle

LV-EDV (ml) 102–235 96–174

LV-EDV/BSA (ml/m2) 53–112 56–99

LV-ESV (ml) 29–93 27–71

LV-ESV/BSA (ml/m2) 15–45 14–40 

LV-EF (%) 55–73 54–74 

LV mass (g) 85–181 37–67

LV mass/BSA (g/m2) 46–83 –

Right ventricle

RV-EDV (ml) 111–243 83–178

RV-EDV/BSA (ml/m2) 111–243 48–103

RV-ESV (ml) 47–111 32–72

RV-ESV/BSA (ml/m2) 25–53 18–42

RV-EF (%) 48–63 50–70

Table 7.13b. Regional LV function parameters adapted from 
CMR data in healthy volunteers (from Sandstede 2000, Al-
fakih 2003). EDWT End-diastolic wall thickness, ESWT end-
systolic wall thickness, SWT systolic wall thickness, SWTH 
systolic wall thickening

Males Females

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

SWTH (%) 75 ± 16 96 ± 24

Despite a pronounced improvement in tempo-
ral resolution, multi-segment algorithms suffer 
from several limitations. The spiral pitch has to be 
reduced to prevent degradation of the slice-sensi-
tivity profile, which in turn adversely affects endo-
cardial contour definition (Juergens 2005). A low 
pitch increases the scan time and, consequently, the 
radiation dose. Furthermore, optimal temporal res-
olution is only reached for a very specific heart rate, 
but heart rate only rarely remains constant for the 
duration of the entire scan.

7.10.6 
Clinical Considerations

7.10.6.1 
Measurement of Left Ventricular Function

Determination of global left ventricular function has 
a high clinical impact, since it is the strongest deter-
minant of pump failure and death due to myocar-
dial infarction (Shah 1986). Different non-invasive 
imaging modalities allow assessment of ventricular 
function and will eventually determine the poten-
tial role of multi-slice CT in this setting. Trans-tho-
racic echocardiography is a widely available, rela-
tively inexpensive, and mobile modality for cardiac 
imaging. However, image acquisition is acoustically 
window and operator-dependent. The accuracy of 
quantitative left ventricular function measurement 
is hampered due to geometric assumptions of left 
ventricular shape, especially in remodeled hearts 
with complex and irregular shape changes.

Radionuclide ventriculography is commonly 
used to measure left ventricular EF, but it is ham-
pered by its limited temporal and spatial resolution 
as well as the prolonged preparation and exami-
nation times (Lethimonnier 1999). Gated-perfu-
sion single-photon emission computed tomogra-
phy (SPECT) allows three-dimensional assessment 
of cardiac function and is especially useful when 
perfusion needs to be assessed. However, diagnos-
tic accuracy is limited in small and large ventricles 
because of the technique’s restricted spatial resolu-
tion. Furthermore, definition of ventricular borders 
in ventricular segments with circumscribed thin-
ning after infarction can be difficult, due to very low 
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multi-slice CT data have to be referenced to normal 
values established by CMR or echocardiography. A 
synopsis of global and regional parameters of ven-
tricular function determined by CMR is given in 
Table 7.13.

7.10.6.2 
Accuracy and Reproducibility of Left Ventricular 
Volume and Function Measurement

Several studies have been published on the evalua-
tion of left ventricular volume and function deter-
mination by multi-slice CT. End-diastolic and 
end-systolic volumes as well as left ventricular EF 
determined by multi-slice CT showed good agree-
ment with respective measurements from cine-
ventriculography, echocardiography, and CMR in 
patients with suspected or manifest coronary heart 
disease (Table 7.14). All authors reported a slight 
overestimation of left ventricular end-systolic vol-
umes by multi-slice CT compared to CMR, resulting 
in a systematic underestimation of left ventricular EF 
of 1–7% (Juergens 2004a, Mahnken 2003, Grude 
2003). The most likely explanation of this observa-
tion is the lower temporal resolution achieved by 
multi-slice CT systems compared to CMR. A tempo-
ral resolution of 30–50 ms per image is required to 
accurately capture the maximum systolic contrac-
tion, especially in patients with higher heart rates. 
The multi-slice CT scanners that have been used 
for referenced clinical studies had a fastest rotation 
time of 500 ms (4-slice CT) and 420 ms (16-slice CT) 
and image reconstruction was done using single-
segment and 2-segment reconstruction. Thus, the 
temporal resolution provided was between 125 and 
250 ms for 4-slice CT and between 105 and 210 ms for 
16-slice CT. Due to the limited temporal resolution, 
end-systolic volumes were usually overestimated 
and thus EF was underestimated. Due to the faster 
rotation times of the newer 16-slice and recent 64-
slice CT scanners, the improved temporal resolution 
will result in even better agreement between multi-
slice CT and CMR measurements.

At present, the assessment of left ventricular func-
tion from multi-slice CT coronary angiography data 
sets has not entered clinical routine. Experience with 
multi-slice CT and cardiac function assessment has 

emission from these areas. The need for repeated 
radionuclide injections in sequential studies may 
also be problematic since radiation exposure cannot 
be neglected. The dose equivalent for myocardium 
and a blood-pool marker is about 8 × 10-1 mSv per 
100 MBq with 99mTc-Tetrofosmin; 750–900 MBq 
99mTc-Tetrofosmin are commonly used for first-pass 
radionuclide ventriculography.

EBCT has long been used successfully to measure 
cardiac function and mass; however, such systems 
are costly and the limited number of scanners avail-
able restricts access to this modality. Scanning is 
commonly done with prospective ECG synchroniza-
tion in a sequential technique and thus suffers from 
the well-known limitations of this approach.

Currently, CMR is the gold standard for deter-
mining cardiac function. Its well-evaluated, docu-
mented advantages include the lack of radiation 
exposure, the avoidance of contrast-medium injec-
tion, and the excellent temporal resolution. Further-
more, short-axis images are easily produced and 
secondary reformations are not needed. There are 
few limitations and contraindications; for example, 
CMR is rather susceptible to irregular or changing 
heart rates and cannot be performed in patients with 
implanted pacemakers or defibrillators.

Due to the availability of the many competing 
imaging modalities, radiation exposure and the 
need for iodinated contrast material injection will 
prevent multi-slice CT from becoming a first-line 
modality for pure cardiac function evaluation. Still, 
the many advantages of multi-slice CT are apparent: 
(1) It does not rely on geometric assumptions when 
measuring cardiac chamber volumes and direct 
voxel-based volumetry can be applied; (2) it has an 
outstanding spatial resolution, data acquisition is 
quickly performed in a single breath-hold, and car-
diac implants do not represent a contraindication; (3) 
cardiac function data are contained in any coronary 
artery CT study. Since multi-slice CT is becoming an 
accepted tool for coronary artery visualization, the 
combination of coronary artery imaging and global 
left ventricular function determination as a one-
step procedure constitutes a promising approach to 
obtaining a conclusive cardiac assessment. At pres-
ent, normal values for cardiac chamber volumes and 
global function, as determined from multi-slice CT, 
have not been published. Therefore, quantitative 
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been limited by the small patient numbers reported 
to date and by the rather homogenous patient 
populations (Juergens 2004a, Juergens 2002, 
Heuschmid 2003, Mahnken 2003, Grude 2004, 
Boehm 2004). Most reports describe patients with 
coronary heart disease and normal ranges of left 
ventricular size, configuration, and function. Since 
multi-slice CT is a true volumetric modality, enlarged 
or grossly deformed hearts should not influence 
the accuracy of the measurements. A recent study 
demonstrated that global cardiac function param-
eters were accurately determined by 16-slice CT in 
patients with left ventricular dysfunction or left 
ventricular dilatation (Juergens 2004b). Thinned 
left ventricular wall segments and reduced or absent 
systolic wall thickening after myocardial infarction 
was clearly delineated (Figs. 7.76, 7.77).

Only a few studies have used multi-slice CT to 
focus on the detection and quantification of regional 
myocardial dysfunction (Dirksen 2002, Mahnken 
2003). Areas of impaired motion were identified with 
good reliability compared to echocardiography and 
CMR, but a definitive role for multi-slice CT needs 
to be further defined once improved post-process-
ing tools and scanners with improved temporal res-
olution become widely available.

Reproducibility of global function parameters 
seems acceptable based on the available reports. 
The inter-observer variability was 2–11% for left 
ventricular end-diastolic volume and 6–9% for end-
systolic volume. The corresponding values for CMR 
are 2–6%.

7.10.6.3 
Myocardial Viability

The determination of left ventricular myocardial 
damage and its consecutive dysfunction is impor-
tant with regard to the clinical management of 
patients with coronary heart disease, especially if 
viable myocardium can be detected and myocardial 
revascularization might lead to improvement in left 
ventricular function and patient survival. The “late 
enhancement” phenomenon, initially described for 
CT of the heart, has become the cornerstone for 
detection of myocardial scar tissue and assessment 
of myocardial viability with CMR. Recently the tech-
nique has been re-transferred to multi-slice CT to 
investigate myocardial viability (Koyama 2004).

Initial observations made in a study comparing 
the myocardial enhancement patterns seen with CT 

Table 7.14. Comparison of LV-EDV and LV-ESV determined from multi-slice CT of the heart. 
Results are compared to cine-ventriculography (CVG), 2D-echocardiography (2D-Echo), and 
CMR using turbo-gradient echo (TGrE) and steady-state free precession (SSFP) cine se-
quences

Author N Modality com-
pared to MSCT

LV-EDV LV-ESV LV-EF LV-EF: MSCT vs. 
other modality (%)

Juergens 2002 22 CVG – – 0.80 –11.5 ± 5.7

Hundt 2002a 30 CVG 0.72 0.88 0.76 –13.7 ± 11

Heuschmid 2003a 25 CVG 0.59 0.82 0.88 –17 ± 9

Boehm 2004a 20 CVG – – 0.83 –4.7 ± 7.1

Dirksen 2002a 15 2D-echo – – 0.93 –1.3 ± 4.5

Grude 2003a 28 TGrE-CMR 0.92 0.90 0.90 –7.9 ± 5.6

Mahnken 2003a 16 SSFP-CMR 0.99 0.99 0.98 –0.9 ± 3.6

Juergens 2004ab 30 SSFP-CMR 0.93 0.94 0.89 –0.25 ± 4.9

Coche 2004a 14 SSFP-CMR 0.84 0.90 0.98 –

Juergens 2004bb 29 SSFP-CMR 0.95 0.96 0.95 –2.1 ± 4.8

aCT data were acquired using 4-slice CT technology.
bCT data were acquired using 16-slice CT technology.
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Fig. 7.76a,b. 16-slice CT study from a 29-year-old man suffering from dilatative cardiomyopathy. Short-axis diastolic (a) and 
systolic (b) image reconstructions each from eight contiguous levels (A–H) of the left ventricle illustrate its heavily dilated cavity 
(end-diastolic volume: 357.8 ml) and global hypokinesis (left ventricular ejection fraction: 22.1%)
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Fig. 7.77. 16-slice CT study from a 64-year-old male patient with 2-vessel coronary artery disease 
who underwent bypass surgery. Diastolic (left column) and systolic (right column) short-axis 
reformations from 16-slice CT (upper row) and cine magnetic resonance imaging (CMR, lower 
row) studies demonstrate reduced left ventricular diastolic myocardial wall thickness and absent 
systolic wall thickening in the lateral and inferior myocardium. calculation of the left ventricular 
ejection fraction (LVEF) with 16-slice CT and CMR correspond well (LV-EF by 16-slice CT = 60.6%, 
LV-EF by CMR = 61.7%)

those of 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 (Koyama 2002).

7.10.6.4 
Right Ventricular Disease

Even though published reports on ventricular 
function determination have focused on the left 
ventricle, multi-slice CT seems to also be a promis-
ing modality for the diagnosis of right ventricular 
diseases. The excellent spatial resolution is advan-

tageous for the depiction of the rather thin right 
ventricular myocardium, and CT does not suffer 
from acoustic window or signal intensity limita-
tions. Right ventricular shape can be well-depicted 
if an appropriate contrast-injection protocol is used 
(see above).

Right ventricular enlargement has been reported 
to be a prognostic factor and a predictor of early 
death in patients with acute pulmonary embolism 
(Quiroz 2004, Schoepf 2004). Even though con-
ventional multi-slice chest CTA protocols were used 
in these studies, the application of ECG-gated pro-
tocols may help to eliminate underestimation or 
overestimation of right ventricular enlargement in 
future clinical use.
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Fatty replacement of the right ventricular myocar-
dium is easily depicted with CT and is an important 
finding in arrhythmogenic right ventricular cardio-
myopathy (ARVC). ARVC is a genetic cardiomyopa-
thy characterized by right ventricular enlargement, 
hypertrophied trabeculations, abundant epicardial 
fat, and fibro-fatty replacement of right ventricu-
lar musculature, all of which lead to ventricular 
arrhythmia and right ventricular failure. Exclusion 
or confirmation of ARVC is especially important 
in young adults presenting with clinical symptoms 
that may vary from occasional palpitations to syn-
cope or even to sudden cardiac death. At present, 
only preliminary data on the detection of mor-
phologic and functional pathologies in ARVC with 
multi-slice CT have been published (Bomma 2003). 
While the ability to detect regional abnormalities 
of right ventricular wall motion needs to be further 
investigated, multi-slice CT offers a large potential 
to initially diagnose right ventricular abnormalities 
and to follow patients with ARVC after implantation 
of a defibrillator.

7.10.7 
Summary and Outlook

Although the assessment of cardiac function with 
multi-slice CT has not entered clinical routine, sev-
eral studies using 4-and 16-slice CT scanners have 
shown that the determination of cardiac chamber 
volumes and, consequently, global cardiac function 
parameters is feasible, and the results are in good 
agreement with established imaging modalities as 
cine ventriculography, echocardiography, and the 
gold-standard CMR. The limited temporal reso-
lution of 4-slice CT scanners and first generation 
16-slice CT scanners results in an overestimation 
of end-systolic volume and an underestimation of 
EF compared to CMR. However, the faster rotation 
speeds of the newer 16-slice and the latest 64-slice 
CT scanners, with rotation times down to 330 ms, 
combined with multi-segment reconstruction algo-
rithms are expected to provide significantly better 
end-systolic image quality (Fig. 7.78) and even better 
agreement of global cardiac function parameters 
measured by CMR. Newly developed cardiac post-
processing tools enable a true volumetric segmen-

tation of the contrast-enhanced cardiac chambers 
based on the thin-slice data sets (Fig. 7.79). Recon-
struction of short-axis MPRs as input for Simpson’s 
calculation will no longer be required. These new 
semi-automated tools can provide a comprehensive 
analysis of global cardiac function parameters in 
2–3 min. Consequently, the clinical applicability of 
global left ventricular functional assessment with 
multi-slice CT will substantially increase. Nonethe-
less, careful development of standardized quantifi-
cation methods and successful evaluation in relation 
to the gold-standard modalities will be required.

Regional function analysis, such as regional wall 
motion and wall thickening, is possible with 16-slice 
CT for patients at rest. The further improvement in 
temporal resolution provided by 64-slice CT scan-
ners in combination with multi-segment reconstruc-
tion is a prerequisite for obtaining agreement with 
the results of CMR analyses and for carrying out 
imaging studies of patients under physical stress.

Due to the radiation exposure and the need to 
inject iodinated contrast material, multi-slice CT 
may be the first-line modality for cardiac function 
evaluation only in a select group of patients, such as 
those with contra-indications for CMR. However, as 
cardiac function data are contained in any coronary 
artery CT study and since multi-slice CT is becom-
ing an accepted tool for coronary artery visualiza-
tion, the combination of coronary artery imaging 
and global left ventricular function determination 
as a one-step procedure constitutes a promising 
approach to a conclusive cardiac assessment.

7.10 · Evaluation of Ventricular Function Parameters
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Fig. 7.78a,b. A patient with a normal EF of 59% was examined with 64-slice CT, 330-ms rotation time, and ECG-pulsed acquisi-
tion. Due to the high temporal resolution, the images in end-diastole (a) and in end-systole (b) are virtually free of motion 
artifacts. ECG pulsing causes the relatively high image noise in systolic reconstruction. However, the use of ECG pulsing does 
not compromise cardiac function evaluation since noisier axial slices or MPRs with thicker slices are acceptable as input for 
segmentation of the chambers and for ventricular analysis

a

b
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Fig. 7.79. New evaluation platform for semi-automated cardiac function assessment illustrated with a 64-slice 
cardiac CT data set. Ventricular volumes are calculated with a threshold- and voxel-based segmentation of the 
contrast-enhanced blood within the ventricle. Start-plane and end-plane of the segmentation are positioned in 
the plane of the mitral valve and at the apex of the heart. The thresholds were selected such that the papillary 
muscles are not included in the volume calculation
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7.11 
Imaging and Diagnosis of Cardiac Valves

J. Willmann

tures and no additional multi-slice CT scanning is 
required for evaluation of the cardiac valves.

In this section, the capability of multi-slice CTA 
in imaging and diagnosis of the aortic and mitral 
valves is described.

7.11.2 
Technical Considerations

To assess the anatomical details of the cardiac valves, 
the use of contrast medium is suggested. However, 
in the quantification of aortic or mitral valve cal-
cification by multi-slice CT scanning, intravenous 
contrast medium is not required. The technical 
imaging protocols for the different generations of 
multi-slice CT scanners are summarized in Chap-
ter 6 of this book.

For contrast-enhanced multi-slice CT scanning, 
optimal contrast can be obtained either by the test 
bolus or bolus-tracking method. In the test bolus 
method, the optimal delay time of a multi-slice 
CT scan is determined by visually evaluating the 
contrast material at the level of the aortic valve by 
obtaining ten consecutive transverse images after 
intravenous administration of 20 ml of contrast 
medium. The time of optimal contrast at the level 
of the aortic valve is chosen as the delay time for the 
subsequent multi-slice CT scan of the heart. In the 
bolus-tracking technique, repetitive measurements 
of contrast enhancement at the level of the aortic 
valve are obtained after intravenous administration 
of the total amount of contrast material. When a 
preset contrast enhancement level (between 100 and 
150 HU) is reached, the multi-slice CT scan is initi-
ated automatically.

Multi-slice CT scanning is done with a total of 
80–120 ml non-ionic iodinated contrast material 
administered intravenously using a power injector 
at a flow rate of 3–5 ml/s and followed by a saline 
chaser of 30–50 ml at the same flow rate.

The digital ECG file of the patient obtained during 
multi-slice CT scanning is used to retrospectively 
reconstruct the multi-slice CT data set at different 
reconstruction intervals within the cardiac cycle. 
The aortic and mitral valves are best evaluated by 
MPRs, which are obtained parallel and perpendicu-
lar to the aortic and mitral valve annulus.
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7.11.1 
Introduction

With the introduction of multi-slice CT technol-
ogy in 1998 and the subsequent continuous devel-
opment of the technique, an increasing number of 
patients with cardiac disease are being examined 
using multi-slice CT. The technology combines high 
temporal and spatial resolution, which allows a non-
invasive assessment of the moving heart with high 
morphological details. Combined with retrospective 
ECG gating, the clinical indications of multi-slice CT 
are considered to be the detection and quantifica-
tion of coronary artery stenosis and calcification, 
evaluation of CABG patency and stenosis, as well 
as the diagnosis of pericardial abscess formation, 
constrictive pericarditis, and cardiac tumors and 
thrombus (Hahn 2004, Willmann 2004). A com-
prehensive work-up of patients with cardiac symp-
toms also includes assessment of the cardiac valves. 
Important information about the cardiac valves can 
be obtained from the same single multi-slice CT 
data set acquired for imaging other cardiac struc-

7.11 · Imaging and Diagnosis of Cardiac Valves
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7.11.3 
Valvular Morphology

7.11.3.1 
Aortic Valve

The aortic valve consists of the aortic valve annu-
lus and the three aortic valve cusps (right and left 
cusps as well as non-coronary, posterior cusp) with 
their free edges (Fig. 7.80). Bicuspid aortic valve (two 
cusps) is the most common congenital anomaly, 
with an estimated incidence between 0.9 and 2% 
in the general population. In bicuspid aortic valve, 
there is usually one larger (conjoined) cusp that con-
tains a shallow ridge (raphe) representing the line 
of congenital fusion of the two cusps. Usually there 
are two complete commissures. The presence of a 
partially fused commissure (also called high raphe) 
predisposes towards eventual stenosis.

Optimal image quality of the anatomical details 
of the aortic valve can be obtained during diastole 
(closed aortic valve). This corresponds to a recon-
struction interval between 50 and 70% of the cardiac 
cycle. To assess the aortic valve orifice, the multi-
slice CT data set is reconstructed during systole 

(opened aortic valve) at an optimal reconstruction 
interval between 0 and 20% of the cardiac cycle.

The anatomical details of the aortic valve are best 
assessed using contrast medium. In a prospective 
study, 25 patients with aortic valve stenosis were 
examined using 4-slice CT. The annulus and cusps 
of the aortic valve, including the free edges of the 
cusps, were better visualized on contrast-enhanced 
than on non-enhanced multi-slice CT (Willmann 
2002a). Multi-slice CT also allows reliable differen-
tiation between the bicuspid and tricuspid aortic 
valves. There was 100% agreement between multi-
slice CT and echocardiography with respect to 
aortic valve morphology using contrast-enhanced 
multi-slice CT, whereas there was a mismatch 
between multi-slice CT and echocardiography in 
two patients examined by non-enhanced multi-slice 
CT (Willmann 2002a). Further studies using the 
newer 16- and 64-slice CT technologies are needed 
to assess whether multi-slice CT reconstructed 
during diastole also differentiates between a tricus-
pid and a bicuspid aortic valve with a high raphe. 
Multi-slice CT also allows accurate measurement of 
the diameter of the aortic valve annulus (Fig. 7.81a). 
With this approach, the diameter correlates highly 

Fig. 7.80. Multi-planar reconstruction of a tricuspid aortic 
valve reconstructed parallel to the aortic valve annulus. Aor-
tic valve annulus (white arrowhead), aortic valve cusp (arrow) 
with free edge of the aortic valve cusp (black arrowhead). Ret-
rospective ECG-gated reconstruction of multi-slice CT data set 
were obtained at 60% of the cardiac cycle

Fig. 7.81. Visualization of the aortic valve based 
on a 16-slice CT examination. MPR perpendicu-
lar to the aortic valve annulus allows accurate 
preoperative assessment of aortic valve annulus 
diameter

32.4mm (2D)
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with intraoperative measurement, despite a mean 
overestimation of 0.7 mm on multi-slice CT data 
sets (Willmann 2002a). However, also in this appli-
cation, improved accuracy can be expected with the 
sub-millimeter resolution of 16- and 64-slice CT 
scanners (Fig. 7.81b).

7.11.3.2 
Mitral Valve

The anatomical details of the mitral valve and its 
apparatus include the anterior (aortic) and poste-
rior (mural) mitral valve leaflets, the anterolateral 
and posteromedial commissures, the mitral valve 
annulus, tendinous cords, and papillary muscles 
(Fig. 7.82). The anterior leaflet is in fibrous conti-
nuity with the aortic valve and meets the posterior 
leaflet to form an arc-shaped closure line called the 
zone of apposition. Due to the fast and complex 
movement of the mitral valve within the cardiac 
cycle, imaging of the valve by multi-slice CT is chal-
lenging. The best image quality of the anatomical 
details of the mitral valve can be obtained during 
time intervals within the cardiac cycle, during which 

there is the least movement of the valve. This cor-
responds to either systole (closed valve; best image 
quality between 0 and 20% of the cardiac cycle) or 
diastole (open valve; best image quality between 50 
and 70% of the cardiac cycle), whereas image quality 
is degraded during the transitional time.

The image quality of the mitral valve and its appa-
ratus was assessed on multi-slice CT scans in a pro-
spective study of 20 patients with mitral valve disease 
who underwent 4-slice CT and echocardiography 
preoperatively (Willmann 2002b). Good to excellent 
image quality of the mitral valve annulus and its leaf-
lets were obtained in 15 of 20 patients (75%). In 19 of 
20 patients (95%), visibility of the papillary muscles 
was good or excellent. The visibility of the tendinous 
cords was inferior. In 14 of 20 patients (70%), they were 
not or only moderately visible (Willmann 2002b). 
The small size of the tendinous cords, between 0.5 
and 1 mm, and their high anatomical variability may 
have contributed to the non-diagnostic image quality 
in a large percentage of patients in this study. It can 
be expected that the improved spatial and temporal 
resolution of 16- and 64-slice CT scanners will allow 
reliable delineation of the entire mitral valve mor-
phology in a higher proportion of patients (Fig. 7.83).

7.11.4 
Valvular Disease

7.11.4.1 
Aortic Valve

Multi-slice CT is highly accurate method for the 
detection and quantification of calcification. From 
the point of view of cardiology and cardiac surgery, 
accurate assessment of aortic valve calcification by 
multi-slice CT is of particular interest. The amount 
of aortic valve calcification has been identified as a 
strong predictor for both the progression and the 
outcome of patients with aortic valve stenosis (Otto 
1999, Rosenhek 2000). The significant association 
between aortic valve calcification and hypercholes-
terolemia suggest an important role of lipids in the 
etiology of aortic valve calcification. Lipid-lowering 
pharmacological therapy with HMG CoA reductase 
inhibitors was shown to have a positive therapeutic 
effect on the natural history of calcific aortic val-

Fig. 7.82. Multi-planar reconstruction of a mitral valve ob-
tained perpendicular to the mitral valve annulus demonstrates 
the mitral valve leafl et (arrow), mitral valve annulus (small 
arrow), and tendinous cord (arrowhead). P Papillary muscle

P
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vular disease (Shavelle 2002). Therefore, an imag-
ing modality for accurate quantification of aortic 
valve calcium in patients with aortic valve stenosis 
is desirable.

From a surgical point of view, preoperative 
knowledge of the extent and exact localization of 
the aortic valve and annulus calcification is of para-
mount interest, since extensive calcification may 
lead to technical difficulties during surgery. Rein-
sertion of the coronary arteries after aortic root 
replacement, as well as placement and fixation of the 
aortic valve prosthesis into the aortic valve annulus 
are complicated by calcification of the aortic valve 
root and aortic valve annulus (Mullany 2000). In 
addition, preoperative awareness of the presence of 
aortic valve calcification extending to the interven-
tricular septum may be useful, as this finding pre-
dicts the need for permanent pacing postoperatively 
(Boughaleb 1994). Finally, the long-term perfor-
mance of a biological aortic valve prosthesis has 
been demonstrated to be related to calcification of 
the aortic valve cusps, and accurate quantification of 
aortic valve calcification may predict the long-term 
performance of the biological aortic valve prosthesis 
(Melina 2001).

Only a few studies have as yet addressed the value 
of multi-slice CT for quantification of aortic valve 
calcification (Willmann 2002a, Morgan-Hughes 
2003, Cowell 2003). Based on a semi-quantitative 
grading scale for aortic valve calcification, an agree-
ment of 84% between multi-slice CT findings and 
visual evaluation of the calcification status of the 
aortic valves as assessed during surgery was demon-
strated (Fig. 7.83) (Willmann 2002a). The volumet-
ric quantification technique for calcium assessment 
described by Callister et al. (Callister 1998), 
was shown to be highly reliable in the quantification 
of aortic valve calcium. Mean inter-scan variability 
was only 7.9% for quantification of aortic valve cal-
cification in 50 patients who underwent multi-slice 
CT (Morgan-Hughes 2003); however, in that study, 
the inter-scan variability was higher (10–20%) in 
patients with low to moderate aortic valve calcium 
(Morgan-Hughes 2003).

A moderate but significant correlation between 
semi-quantitative assessment of aortic valve calci-
fication by multi-slice CT and the mean pressure 
gradient of the aortic valve, as obtained using trans-
thoracic Doppler echocardiography, could be dem-
onstrated in a study of 25 patients who underwent 
both multi-slice CT and surgery (Willmann 2002a). 
In another study with 50 patients, a highly signifi-
cant relation between aortic valve calcification, as 
determined by multi-slice CT, and the instanta-
neous peak velocity gradient across the aortic valve 
as well as the aortic valve area was demonstrated 
(Willmann 2002a). Cowell et al. (Cowell 2003), 
in another study, concluded that heavy aortic valve 
calcification, as seen on multi-slice CT, suggests 
the presence of sever aortic valve stenosis requir-
ing urgent cardiologic assessment, whereas patients 
with a lesser degree of aortic valve calcification may 
be screened for aortic stenosis and monitored for 
disease progression.

The accuracy of aortic valve calcification mea-
surement was validated in a histomorphometric 
study of EBCT (Pohle 2004). The mean difference 
between the amount of calcium of the explanted 
aortic valves, as determined by EBCT and histo-
morphometric analysis, was as low as –0.5% ± 5.9% 
(Pohle 2004). While similar results can be assumed 
for multi-slice CT, this needs to be verified by pro-
spective studies.

Fig. 7.83. Multi-planar reconstruction of a 16-slice cardiac CT 
examination along the long axis of the heart through the mi-
tral valve plane. The increased spatial resolution of 16-slice 
CT enables improved visualization of the mitral valve fl aps 
(arrows) compared to 4-slice CT
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7.11.4.2 
Mitral Valve

Multi-slice CT allows assessment of the morphologi-
cal pathologies typically seen in patients with mitral 
valve disease, including thickening of the mitral 
valve leaflets, mitral valve annulus calcification 
(MAC), and calcifications of the leaflets. Accord-
ing to echocardiographic criteria (Davidoff 2001) 
mitral valve leaflets are considered abnormally 
thickened if their free edges are > 2 mm in diameter; 
thickening of the leaflets is > 5 mm is considered to 
be extensive thickening. The presence of MAC and 
calcifications of the mitral valve leaflets are diag-
nosed when isolated or confluent areas of calcifica-
tions are identified on the mitral valve annulus or 
leaflets. If the thickness of MAC is > 5 mm, this is 
referred to as heavy calcification (Adler 1998).

Exact evaluation and quantification of mitral 
valve leaflet thickness is possible with multi-slice 
CT, with an agreement compared to echocar-
diography and surgery of 95–100%, as shown in a 
study with 20 patients with mitral valve disease 
(Willmann 2002b).

A potential indication of multi-slice CT for func-
tional assessment of the mitral valve in patients who 
may not undergo echocardiography or MRI is the 
diagnosis of residual systolic anterior movement of 
the mitral valve and tendinous cords. In a study of 
ten patients with hypertrophic obstructive cardio-
myopathy who underwent percutaneous translumi-
nal septal myocardial ablation, there was excellent 

agreement between 4-slice CT and echocardiog-
raphy with regard to the diagnosis of residual sys-
tolic anterior movement of the mitral valve (de Vos 
2004). Assessment of the mitral valve on video loops 
obtained from multi-slice CT images reconstructed 
at different reconstruction intervals of the cardiac 
cycle may be useful for this indication.

Multi-slice CT may also provide a non-invasive 
alternative for trans-thoracic or trans-esophageal 
echocardiography in the early identification of peri-
valvular abscesses complicating endocarditis, since 
timely surgery is needed before widespread destruc-
tion of the valve occurs (Willmann 2002b).

7.11.5 
Limitations

A major limitation of multi-slice CT scanning of the 
cardiac valves is the fact that functional imaging 
of the valves, including calculation of a pressure 
gradient along the aortic and mitral valve, is not 
possible with multi-slice CT. A second limitation 
is related to the radiation exposure of the patient 
during scanning. Since the data are acquired with 
an overlapping helical pitch and continuous radia-
tion exposure, there is a considerable amount of 
applied radiation (Hunold 2003). Improvements in 
the amount of exposure have been achieved with the 
recent generation multi-slice CT scanners. While the 
spatial resolution of 4- and 16-slice CT scanners are 
usually sufficient to visualize the valvular morphol-

Fig. 7.84a–c. Semi-quantitative assessment of aortic valve calcifi cation on MPR obtained parallel to the aortic valve annulus in three 
different patients. a Mild aortic valve calcifi cation, b moderate aortic valve calcifi cation, c heavy aortic valve calcifi cation

ba c
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ogy, the temporal resolution is often insufficient to 
allow for motion-free imaging of the systolic phase, 
and thus does not allow assessment of valvular func-
tion. The increased spatial and temporal resolution 
of the latest 64-slice CT scanners holds promise that 
also functional defects of the valves can be visual-
ized (Fig. 7.85).

7.11.6 
Conclusion

Multi-slice CT is a continuously evolving technology 
that is increasingly used for cardiovascular appli-
cations, in particular to assess the coronary arter-
ies and CABGs. A comprehensive work-up of these 
patients, however, also includes assessment of the 
cardiac valves. Some of the important information 
about the valves can also be obtained from the same 
multi-slice CT scan obtained during imaging of the 
coronary arteries or CABGs, obviating the need of 
an additional scan.

Since the velocity of the blood and thus the pres-
sure gradient along the aortic and mitral valve 
cannot be determined from multi-slice CT imaging, 
information provided by this approach about the 
cardiac valves is mostly restricted to morphological 
diagnosis. For example, multi-slice CT is particu-
larly valuable for monitoring aortic valve calcium in 
patients on lipid-lowering therapy. Due to the radia-
tion exposure inherent with the technique, however, 
the indications for repetitive multi-slice CT scans 

need to be restricted to patients who cannot be 
assessed thoroughly with echocardiography or MRI. 
Accurate quantification of aortic valve area, early 
detection of perivalvular abscess formation, and 
diagnosis of residual systolic anterior movement of 
the mitral valve and tendinous cords in patients with 
hypertrophic obstructive cardiomyopathy after per-
cutaneous transluminal septal myocardial ablation 
may become other diagnostic niches of multi-slice 
CT in cardiac imaging.

Fig. 7.85a–c. Cardiac 64-slice CT examination of a patient with aortic valve disease. Images were reconstructed during the 
diastolic phase at 60% of the RR-interval. VRT reconstruction (a) and MPR (b) reveal extensive calcifi cation. MPR through the 
valve plane (c) demonstrates incomplete closing of the aortic valve (arrow)

ba c
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7.12 
Visualization of Cardiac Tumors and Masses

B. Wintersperger

of the cardiac anatomy and morphology (Winter-
sperger 2003). The large field-of-view (FoV) in a 
scan plane of usually 50 cm enables not only visu-
alization of the heart itself but also of the surround-
ing mediastinal structures and the entire chest. This 
may be especially valuable in patients with advanced 
malignant cardiac masses.

Although the work-up of patients with cardiac 
masses is not the primary focus of multi-slice cardiac 
CT imaging, this technique still provides a valuable 
tool in such cases and as a complementary analysis 
in patients who undergo examination of the coro-
nary arteries. Beside the evaluation of solid cardiac 
tumors, there is increasing evidence that multi-slice 
cardiac CT is a very sensitive technique in screening 
for ventricular and atrial thrombi.

7.12.2 
Imaging Techniques

Multi-slice CT imaging of cardiac masses is basically 
no different than other contrast-enhanced cardiac 
scan applications, such as imaging the coronary 
arteries or cardiac morphology in congenital heart 
disease. Detailed background information about 
multi-slice cardiac CT imaging algorithms can be 
found in the technical chapters of this book. How-
ever, because of the dependency on the individual 
scanner and data acquisition settings, a few basics 
regarding the imaging of cardiac masses will be con-
sidered here.

To benefit from the 3D capability of cardiac multi-
slice cardiac CT and its ability to show dynamic 
information based on multi-phasic reconstructions, 
the use of retrospective ECG-gated scan techniques 
and algorithms is strongly recommended. This 
allows assessment of cardiac morphology not only 
in the axial plane but also, based on MPR, along 
any desired plane, including the individual cardiac 
axes.

Multi-slice CT allows for very thin collimated 
slices of 1 mm with 4-slice CT scanners and sub-
millimeter with 16- and 64-slice CT scanners. Such 
high resolution is advantageous for the assessment 
of coronary arteries but is usually unnecessary for 
the assessment of cardiac masses. For this applica-
tion, a slice thickness in the range of 2–3 mm is suf-
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7.12.1 
Introduction

Compared to other referrals, multi-slice CT imag-
ing of cardiac masses is rather uncommon. Two-
dimensional echocardiography is still the modality 
of choice in screening for cardiac masses (Felner 
1985, Salcedo 1992, Link 1995), as it represents 
an easy, non-invasive real-time approach with bed-
side capabilities. Assuming optimal examination 
circumstances, 2D echocardiography can detect 
cardiac masses and even small masses attached to 
the cardiac valves as well as their impact on valve 
and global cardiac function within the same exam-
ination (Olson 1996). However, image quality is 
mainly dependent on the patient’s habitus and the 
examiner’s skills. Restrictions arise in examining 
obese patients due to the resulting limited acous-
tic windows, and right ventricle assessment may be 
hampered in patients with pulmonary emphysema. 
Also, evaluation of the extra-cardiac extent of a 
mass might not be assessable.

Multi-slice CT imaging has been proven to gener-
ate artifact-free cross-sectional images that can be 
reconstructed in any desired plane. Cardiac motion 
can be frozen at any time point of the cardiac cycle 
and the high spatial resolution allows assessment 
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ficient. This reduces the data acquisition time and 
enables scanning of the heart within a short breath-
hold also with 4-slice CT. Nonetheless, the further 
increased volume coverage speed and higher tempo-
ral resolution of 16- and 64-slice CT scanners results 
in reduced motion artifacts, a smaller amount of 
contrast agent, and improved visualization of the 
cardiac chambers due to the absence of contrast 
artifacts in the right heart. Also, coronary or val-
vular disease often goes along with the presence of 
benign masses and it is therefore desirable to assess 
all pathologies in one examination. Moreover, as 
cardiac masses may cause arrhythmia and atrial 
fibrillation, high temporal resolution for adequate 
image quality becomes very important (Fig. 7.86).

With overlapping slice reconstruction, MPR can 
be used to demonstrate the exact location and extent 
of masses and tumors. In the follow-up of cardiac 
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113bpm 111bpm 75bpm 117bpm 115bpm 97bpm 80bpm 115bpm

Fig. 7.86a–c. 4-slice CT examination of a patient with a primary osteosarcoma in the left atrium (variable heart rate 75–122 bpm). 
ECG-gated reconstruction in systole (0% of the RR-interval) allows visualization of the tumor and the proximal coronary arter-
ies. Motion artifacts are present due to the limited temporal resolution of 4-slice CT (125–250 ms) but visualization of the lesion 
is still suffi cient. a Tumor in the left atrium (arrow) in sagittal MPR. b Tumor in the left atrium and abnormal right coronary 
artery (arrow) in 3D VRT. c ECG signal showing rapidly changing heart rate

a b

c

tumors, even non ECG-gated multi-slice CT scan-
ning may be used to show gross tumor progression 
and pulmonary metastasis in malignant disease.

Multi-slice CT offers the potential to depict spe-
cific features, such as fatty tissue of mass calcifica-
tion, even on non-contrast-enhanced scans. How-
ever, exact allocation of mass boundaries and mass 
depiction or exclusion requires the use of iodated 
contrast agent. Optimized protocols for contrast 
injection have been extensively published and have 
primarily focused on coronary artery assessment. 
On 16- and 64-slice CT, such protocols enable a high 
degree of opacification of the left ventricle and coro-
nary artery while restricting the amount of contrast 
within the right atrium and ventricle in order to avoid 
high-contrast streak artifacts (Wintersperger 
2003). However, for mass depiction and differential 
diagnosis, the opacification of all cardiac chambers 
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is mandatory. Appropriate visualization of the right 
atrium and the ventricles can be achieved with dif-
ferent scan and injection regimens:
• Scanning during the second pass of the contrast 

agent (lower overall opacifi cation)
• Change of injection protocol using a different 

low-density chaser bolus (Table 7.15)

Nevertheless, the right atrium will still remain the 
focus of artifacts that may also be caused by the influx 
of non-opacified blood from the inferior vena cava.

7.12.3 
Epidemiology of Cardiac Masses and Clinical 
Application of CT

Cardiac masses have to be differentiated from pri-
mary and secondary tumors. While primary cardiac 
tumors arise within the heart itself, secondary tumors 
are most commonly due to metastasis of malignan-
cies primarily located outside the heart or to direct 
tumor spread and invasion of masses located adjacent 
to the heart (e.g., bronchogenic carcinoma). Second-
ary cardiac tumors are about 20 to 40 times more fre-
quent than primary ones, which show a prevalence in 
the range of 0.0017–0.33% (Burke 1995). In addition 
to the evaluation of cardiac neoplasms, multi-slice 
CT imaging is also increasingly being used in the 
suspicion of cardiac thrombi.

7.12.3.1 
Benign Cardiac Tumors

About two-thirds of all primary cardiac tumors 
are benign, and half of these are cardiac myxomas 

(Burke 1995). Other benign tumors are papillary 
fibroelastoma (~8%), fibroma (~5%), and lipoma 
(~4%) (Burke 1995). In children, rhabodomyoma 
accounts for the majority of such tumors.

Although cardiac myxomas can be found in any 
cardiac chamber; in about ~75% of patients they are 
located in the left atrium (Fig. 7.87). Another 20% 
of myxomas are located within the right atrium, 
only 5% arise within either the left or the right ven-
tricle, and in very rare instances myxomas can be 
found at multiple locations or they may be associ-
ated with the Carney complex (autosomal dominant 
syndrome) (Carney 1985). Myxomas usually show 
a heterogeneous low attenuation sometimes in con-
junction with calcification due to regressive changes 
(Tsuchiya 1984) (Fig. 7.87). Especially within the 
left atrium, they are usually attached to the oval 
fossa and often present with a stalk, allowing them 
to move during the cardiac cycle. With the use of 
multi-phase reconstructions and cine mode image 
display, the mobility of myxomas and possible mitral 
valve protrusion can be depicted in multi-slice CT 
(Feuchtner 2004).

Although recently published data of multi-slice 
CT reported the depiction of even small valvular 
pathologies (Willmann 2002a, Willmann 2002b), 
in the depiction of papillary fibroelastomas, which 
are usually attached to cardiac valves (usually < 1 cm 
in diameter), echocardiography is still superior to 
multi-slice CT. As this tumor entity may cause recur-
rent embolic events due to adherent thromboembolic 
material, multi-slice cardiac CT may be helpful to 
exclude thrombi within the cardiac cavities.

Lipomatous tumors are usually readily diagnosed 
by CT based on the specific imaging features of fatty 
tissue. However, with respect to the pathology find-
ings, two different entities have to be differentiated:

Table 7.15. Injection regimens for 16-slice CT cardiac imaging (based on 300 mg iodine/ml). CTA contrast timing, CTA CT 
angiography

Purpose of study CTA only CTA/tumor/function

Test bolus/bolus triggering (“CareBolus”)

Delay +6 s +10 s

Volume 100 ml 120 ml

Flow rate ±4 ml/s (1.2 g/s) ±5 ml/s (1.5 g/s)

Bolus chaser 50 ml NaCl 50 ml NaCl
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• Lipomas
• Lipomatous hypertrophy of the interatrial 

septum

Lipomas are usually found on the epicardial sur-
face but may also be intracavitary and may present 
at any site of the atria or ventricles. Lipomatous 
hypertrophy consists of accumulated fatty tissue of 
more than 2 cm within the interatrial septum and 
usually sparing the oval fossa. Based on the tissue 
features, these tumors can be seen in non-enhanced 
scans (Kamiya 1990, Hayashi 1996).

In addition to the above-mentioned solid tumors, 
pericardial cysts represent a benign lesion that needs 
to be differentiated from other tumors.

7.12.3.2 
Cardiac Thrombi

Intracardiac thrombi may be caused by a variety 
of different pathologies and may occur in any car-
diac chamber. They are responsible for about 15% 
of all ischemic strokes and their presence represents 
a major risk factor for stroke. Early identification 
with subsequent therapy is therefore of paramount 
importance.

Besides other causes of cardiac thrombi, espe-
cially in patients with artificial devices (e.g., pros-

thetic valves, pacemakers), atrial fibrillation or 
wall motion abnormalities are known risk factors. 
Thrombi primarily present as filling defects within 
opacified cardiac chambers and may have different 
appearances depending on their location (Fig. 7.88, 
7.89). While thrombi due to wall motion abnormali-
ties within the ventricles (most commonly, within 
the left ventricle) usually are crescent-shaped when 
located next to infarcted or abnormal myocardial 
wall segments (often within the apex) (Fig. 7.88), 
clots within the atria usually presents as round or 
oval-shaped, solid, low-density masses. In the atria, 
they may often be found within the atrial appendages 
(Fig. 7.89). Compared to echocardiography, the ben-
efits of multi-slice CT are its large field of view and 
mostly patient-independent image quality. Cardiac 
thrombi may even be easily visualized in non-ECG-
gated routine chest CT examinations (Fig. 7.89).

7.12.3.3 
Malignant Cardiac Tumors

Compared to secondary cardiac tumors, primary 
cardiac malignancies are rather rare. Of the car-
diac primary masses, only about 25% are malignant 
(Burke 1995). They are often asymptomatic until 
they become large, and even then they produce non-
specific symptoms (Araoz 1999). Early depiction of 

Fig. 7.87. Retrospectively cardiac gated 16-slice CT of cardiac myxomas within the left atrium (a) and right atrium (b). Both 
myxomas (arrows) show a typical, rather low attenuation; note the small calcifi cations (b)

a b
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Fig. 7.88a,b. Cardiac 16-slice CT examination of a patient after myocardial infarction. The ventricular 
anatomy is displayed in two axial levels (a, b). At the apex, a crescent-shaped low-density rim consistent 
with a ventricular thrombus (arrows) can be identifi ed. The intracavitary structure (arrowhead) represents 
the posterior papillary muscle

LV

RV

a b

Fig. 7.89. Non ECG-gated 4-slice CT scan of the chest with 
a low-density structure within the left atrial appendage 
(arrowheads), which, based on chronic atrial fi brillation, rep-
resents an atrial thrombus. AA Ascending aorta, DA descend-
ing aorta

AA PA

DA

cardiac malignancies allows conservative treatment 
to be initiated sooner and the need for more radical 
surgical treatment, including heart transplantation, 
to be recognized earlier (Uberfuhr 2002). Multi-
slice CT can be used to accurately image the heart 
and the surrounding mediastinum and therefore to 
evaluate the extent of disease. Angiosarcoma repre-
sents the most common cardiac sarcoma (~35–40%) 
and is usually located within the right atrium (~75% 
of patients) (Janigan 1986). Based on its composi-
tion, this tumor usually shows contrast enhance-
ment, which may be combined with areas of necro-
sis. In addition, angiosarcoma tends to invade the 
pericardium, which might be demonstrated by peri-
cardial effusion (Figs. 7.90, 7.91).

Rhabdomyosarcomas do not show a predominant 
location within the heart. They can usually be well-
differentiated from the myocardium on enhanced 
scans. Furthermore, they may invade the cardiac 
valves and tend to recur after resection. There are a 
number of other malignant entities of primary car-
diac tumors that also may show predominant loca-
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RVOT RV

LV

Fig. 7.90a, b. Patient with a very large angiosarcoma arising from the right atrium, examined with 16-slice CT. The 
cardiac anatomy is displayed in two axial levels (a, b).The mass already invades the pericardial sac, as evidenced by 
pericardial effusion (arrowheads). RVOT Right ventricular outfl ow tract

a b

tions (Table 7.16). Secondary cardiac malignancies, 
such as metastatic disease or direct tumor invasion 
from primary lesions adjacent to the heart, often 
have imaging features similar to those of the pri-
mary tumor.

In the setting of malignant cardiac disease, multi-
slice CT is often used not only for primary diagnosis 
but also for follow-up after chemotherapy, resection, 
or even cardiac transplantation. To obtain detailed 
information on the primary lesion itself, ECG gating 
is recommended, whereas non ECG-gated tech-
niques are adequate for staging examinations in the 
assessment of metastatic lesions from primary car-
diac tumors.

7.12.4 
Conclusion

Multi-slice cardiac CT is a promising clinical tool 
in the assessment of cardiac masses. The use of this 
modality in cardiac imaging is rapidly growing, 

and its application in imaging cardiac masses and 
thrombi certainly indicates a valuable niche. Since 
the requirements are less demanding than those of 
coronary CTA, adequate results can be achieved 
with less sophisticated multi-slice CT scanner gen-
erations. However, as a prerequisite for cardiac CT 
imaging, ECG-based data-acquisition strategies 
and algorithms are necessary. The higher tempo-
ral resolution and faster coverage of the newer 16- 
and 64-slice CT scanners can reduce the volume of 
contrast agent that is required and allows evalu-
ation of patients with higher and irregular heart 
rates (Fig. 7.92). The acquisition of 3D data sets even 
allows for multi-planar imaging of cardiac tumors. 
While multi-slice CT might be inferior to MRI in the 
exact evaluation of the tumor entity, it is superior to 
in staging of the primary tumor and in identifying 
possible metastasis within the chest and abdomen.

7.12 · Visualization of Cardiac Tumors and Masses
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Fig. 7.91a–c. Axial 16-slice CT images of a 
patient with noteworthy irregular pericar-
dial thickening (arrows) and pericardial ef-
fusion (arrowheads). The cardiac anatomy 
is displayed in three different axial levels (a, 
b, c). Biopsy revealed carcinomatous inva-
sion consistent with metastasis of a small-
cell bronchogenic carcinoma. The small 
primary tumor could be depicted on an 
additional scan within the left upper lobe

a b

c

Table 7.16. Overview of the most frequent cardiac tumors: frequency and common location 
[adapted from Burke (1995) and Araoz (1999, 2000)]

Entity Characteristic Approximate 
frequency (%)

Most common location

Myxoma Benign ~29 Left atrium

Angiosarcoma Malignant ~9 Right atrium

Fibroelastoma Benign ~8 Cardiac valves

Rhabdomyoma Benign ~5 Ventricles

Fibroma Malignant ~5 Ventricles

Lipoma Benign ~4 No predominance

Osteosarcoma Malignant ~3 Left atrium

Leimyosarcoma Malignant ~3 Left atrium

Rhabdomyosarcoma Malignant ~2 No predominance

Lymphoma Malignant ~2 Right atrium



295

Fig. 7.92a,b. 64-slice CT examination of a patient with a heart rate of 89–97 bpm during the scan. A shorter contrast 
delay time was selected such that both left and right ventricles show enhancement. Axial slice (a) and MPR (b) 
reveal a thrombus in the right ventricle (arrow). The fast rotation speed of 0.33 s enables high temporal resolution 
and image reconstruction free of motion artifacts

a b
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7.13 
Imaging of the Pulmonary Veins in Patients 
with Atrial Fibrillation

M. Poon, C. Learra

prevalence of Afib in patients over the age of 80 is 
greater than 6% (Fuster 2001). As the population 
of developed countries ages in the next 50 years, it 
is expected that Afib will become a major health-
related issue and a contributor to rising health-care 
costs (Wolf 1991, Flegel 1987). The increased rate 
of death due to Afib is mainly attributed to cardiac-
related rather than due to thromboembolism (Dries 
1998). In patients examined by nuclear myocardial 
perfusion studies, the presence of Afib is a poor 
prognosticator. Furthermore, Abidov et al. recently 
reported that, in these patients, the finding of Afib 
independently increases the risk of adverse cardiac 
events to an extent greater than perfusion and func-
tion variables (Abidoy 2004).

The treatment of Afib has evolved greatly in 
the last decade. Nonetheless, the pharmacological 
approach has not been optimal due to a myriad of 
drug-related side effects, and surgical treatment is 
effective but not practical. As catheter ablation of 
Afib continues to gain popularity and wider accep-
tance in the medical community, advanced tomo-
graphic imaging of the heart, particularly using 
multi-slice CT, begins to take on a more important 
role in the planning and follow-up of patients under-
going this procedure.

7.13.1.1 
Nomenclatures

Afib can be classified as either acute or chronic. Sys-
temic conditions, such as excessive alcohol intake, 
pulmonary disease, pulmonary embolism, or hyper-
thyroidism, are known contributing causes of acute 
or new-onset Afib. Chronic Afib can be permanent, 
persistent, or paroxysmal. In permanent Afib, the 
heart is unable to convert to sinus rhythm. Persistent 
Afib usually lasts longer than 30 days and will not 
revert back to sinus rhythm without interventions, 
such as with chemical agents or electrical cardiover-
sion. Paroxysmal Afib is relatively common, occurs 
unpredictably, and is usually short-lived and self-
terminating. In about 45% of patients, paroxysmal 
Afib occurs without associated underlying disease 
and as such it is known as “lone Afib” (Levy 1999). 
However, all types of Afib are associated with an 
increased risk of stroke.
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7.13.1 
Introduction

Atrial fibrillation (Afib) is the most common cardiac 
dysrhythmia requiring treatment and it accounts 
for approximately one-third of hospitalizations for 
rhythm disturbances (Fuster 2001). Over 2.2 mil-
lion Americans have paroxysmal or persistent Afib 
(Go 2001, Page 2004). Afib is much more common 
in the elderly, as evidenced by the fact that the 
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7.13.1.2 
Clinical Presentation

Symptoms of Afib usually relate to the rapid heart 
rate and the irregularity of the rhythm. Afib is not 
well-tolerated in elderly individuals with left ven-
tricular hypertrophy and diastolic dysfunction or 
in patients with significant mitral valve disease or 
restrictive cardiomyopathy. The majority of patients 
with Afib complain of palpitation, dyspnea, fatigue, 
light-headedness, and syncope. Hemodynamic com-
promise in Afib patients is due to the loss of atrio-
ventricular synchrony and atrial contribution to 
diastolic filling, stroke volume, and cardiac output. 
Chronic persistent tachycardia may result in a poten-
tially reversible form of cardiomyopathy (Lemery 
1987, Packer 1986). Up to 21% of cases of newly 
diagnosed Afib are asymptomatic (Kerr 1996). 
Unfortunately, the first presentation of asymptom-
atic Afib could be a devastating neurological event, 
such as stroke or transient ischemic attack.

7.13.2 
Pharmacological Treatment Options

7.13.2.1 
Thromboembolic Complications

All patients over the age of 60 and with chronic 
Afib should be placed on either antiplatelet therapy 
or oral anticoagulants. The latter is recommended 
in those patients with mitral stenosis or a history 
of thromboembolism, diabetes mellitus, coronary 
artery disease, hypertension, prosthetic heart valves, 
documented atrial thrombus on trans-esophageal 
echocardiogram, congestive heart failure, or thyro-
toxicosis (Fuster 2001, Page 2004, Albers 2001).

7.13.2.2 
Treatment of Atrial Fibrillation: Rate vs. Rhythm 
Control

The primary goal in the treatment of acute or chronic 
Afib is to achieve either rhythm or rate control. How-
ever, it is a well-recognized clinical fact that the current 
pharmacological treatment options for either form of 

Afib are neither effective nor safe. It is clinically easier 
to achieve rate control than rhythm control. Rate 
control agents include β-blockers, calcium-channel 
blockers, and digoxin. These can be used alone or in 
combination, depending on the clinical limitations 
of the underlying comorbid disorders of the patient 
and the initial response to the selected treatment. 
β-Blockers are usually more effective than calcium 
channel blockers for rate control, while digoxin is 
mainly used as adjunctive therapy and rarely as a 
first-line treatment option. The goal is to achieve a 
resting heart rate of 60–80 bpm or an exercise heart 
rate of 90–115 bpm (Fuster 2001). Rate control can be 
problematic in patients with tachy-brady syndrome or 
sick-sinus syndrome, in which a pacemaker is often 
needed to avoid profound bradycardia resulting from 
any one of the three rate control agents.

With the exception of β-blockers, most rhythm 
control agents are associated with significant adverse 
effects and usually are not recommended in patients 
with structural heart disease, either hypertrophic 
or dilated cardiomypathy. Most recently, the use of 
class IC anti-arrhythmic agents, such as propafe-
none and flecainide, was shown to be effective for 
out-patient treatment of recurrent Afib in patients 
with a normal heart or mild heart disease (Alboni 
2004). Class III and IA agents are not recommended 
in patients with QT-interval prolongation. The most 
effective and the least pro-arrhythmic antifibril-
latory agent, amiodarone, is associated with sig-
nificant side effects, especially with long-term and 
high-dose usage (Hohnloser 1995).

7.13.2.3 
Clinical Outcomes of Pharmacological Treatments

Mortality and morbidity were comparable using long-
term rate or rhythm control treatment in patients 
with persistent Afib (van Gelder 2002, Wyse 2002, 
Carlsson 2003, Hohnloser 2000). Similar favor-
able results with rate control treatment in patients 
with lone Afib have been reported (Rienstra 2004). 
Thus, rate control is an accepted and safe treatment 
option for Afib in patients with minimal symptoms 
or in patients with great difficulty in maintaining 
sinus rhythm. Anticoagulation is needed regardless 
of which control method is used.
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7.13.3 
Non-pharmacological Treatment of Atrial 
Fibrillation: Catheter Ablation

The discovery that the pulmonary veins harbor 
the spontaneous wavelets that lead to the onset of 
paroxysmal Afib has ushered in a new non-phar-
macological treatment option for paroxysmal Afib 
using radiofrequency catheter ablation (Haissa-
guerre 1998). The ablation technique has evolved 
over the past few years, from the use of focal vein 
ablation to circumferential ablation near the ostia of 
the pulmonary veins with or without additional left 
atrial linear lesions (Oral 2003, Hsu 2004). While 
catheter ablation was initially used to treat patients 
with mostly normal left ventricular function, more 
recently this approach has been found to also be 
useful in restoring and maintaining sinus rhythm 
in patients with Afib and congestive heart failure 
(Hsu 2004, Chen 2004).

The maze procedure consists of surgically iso-
lating the Afib-initiating wavelets by creating long, 
superficial surgical incisions in the left atrium. The 
resulting scars block electrical conduction of the 
wavelets that lead to paroxysmal Afib. This surgical 
treatment is effective and is usually done at the time 
of open-heart surgery, particularly during repair or 
replacement of the mitral valve (Cox 1993).

7.13.3.1 
Anatomy and Physiology of the Pulmonary Veins

The pulmonary veins are formed by the confluence 
of small venules originating from the lung periph-
ery. These venules merge into larger veins, converge 
toward the lung root, and eventually enter the left 
atrium. Typically there are four pulmonary veins, 
designated as right superior (RS), right inferior (RI), 
left superior (LS), and left inferior (LI); however, four 
discrete pulmonary venous orifices in the left atrium 
are present in only 75–80% of individuals (Ho 2003). 
The principal function of the pulmonary veins is to 
return oxygenated blood from the lungs to the left 
atrium. The vascular structure of the pulmonary 
veins, which is similar to that of other veins in the 
body, consists of three layers: a thin endothelium, 
an irregular medial layer of smooth muscle and 

fibrous tissue, and a thick fibrous adventitia. The 
inner lining of the left atrium is continuous with the 
pulmonary veins in that the left atrial myocardium 
is embedded in the media of the proximal portion of 
all four pulmonary veins, forming sleeve-like exten-
sions. The amount of myocardial penetration into 
the pulmonary veins varies from species to species 
and it also varies between the upper and lower veins. 
The presence of myocardial cells in the pulmonary 
veins is thought to play an important role in deter-
mining the electrophysiological properties of these 
veins. Unlike the smooth muscle of the pulmonary 
veins, striated muscle within the left atrium and the 
sleeve-like extensions are electrically active. It has 
been implicated that the veno-atrial junction and the 
myocardium in the veins help initiate and maintain 
Afib (Shah 2001). The RS vein drains the right upper 
and middle lobes of the lung. The LS vein drains the 
left upper and the lingular lobes. The inferior veins 
drain the lower lobes of their respective sides. The 
RS pulmonary vein is usually the largest, and the 
ostial size of the superior pulmonary veins is usually 
larger than that of the inferior veins. In their report 
of 42 patients with Afib, Scharf et al. reported the 
following average sizes of the pulmonary veins: RS: 
19.8 mm, LS: 19.2 mm, RI: 16.0 mm, and LI: 17.3 mm 
(Scharf 2003).

7.13.3.2 
Anatomic Variants of the Pulmonary Veins

The anatomy of the pulmonary veins is more vari-
able than that of the pulmonary artery. Embryo-
logically, the entire network of pulmonary veins 
originates from a single common pulmonary vein. 
Anatomical variations in the number, branch-
ing patterns, and length of the pulmonary trunk 
(defined as the distance from the ostium to the first 
ordered branch) occur as a result of the under- or 
over-incorporation of the common pulmonary vein 
into the left dorsal atrium (Bliss 1995). An extreme 
and rare form of under-incorporation involves the 
persistence of the common pulmonary vein such 
that it forms a narrowing in the left atrium (gen-
erally known as cor triatriatum). Other common 
anomalies include: joint pulmonary vein, either 
common left or common right pulmonary vein (in 
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2.4–25% of individuals); separate right middle lobe 
pulmonary vein (19–23%); and anomalous pulmo-
nary venous return (<1%) (Scharf 2003, Cronin 
2003, Lacomis 2003).

7.13.3.3 
Radiofrequency Ablation

Access to the pulmonary veins and left atrium is 
obtained via a trans-septal approach through a 
patent foramen ovale or a trans-septal puncture 
under fluoroscopic guidance. Typically, one map-
ping (Lasso) catheter and one ablation catheter are 
needed to perform standard radiofrequency (RF) 
ablation, which employs a tissue temperature of up 
to 52°C with a maximum power output of 30–40 W 
(Hsu 2004, Ho 2001). Anticoagulation with intrave-
nous heparin is administered following insertion of 
the catheters to maintain the prothrombin time at 
greater than twice the patient's control value. Abla-
tion is performed at or within 5 mm of the pulmo-
nary vein ostia to reduce the risk of pulmonary vein 
injury and subsequent development of pulmonary 
vein stenosis (Cronin 2004).

7.13.4 
The Role of Imaging in the Era of Catheter 
Ablation of the Pulmonary Veins

Of the imaging modalities currently available for 
visualizing the pulmonary veins, MRI and CT are 
the most noninvasive, reproducible, and free of 
technical problems related to the operator or acous-
tic window. Today, multi-slice CT with advanced 
cardiac gating has distinct advantages over MRI in 
that multi-slice CT is significantly faster in image 
data acquisition and less problematic in scanning 
patients who are claustrophobic or have implanted 
devices. Multi-slice CT allows a 3D view of the heart 
and thus unlimited viewing angles. Furthermore, it 
is able to provide important additional image infor-
mation on coronary artery anatomy and function 
without the need for additional contrast administra-
tion or radiation exposure (Achenbach 2001, Juer-
gens 2002). Multi-slice CT with 16 or more detector 
slices offers a significant improvement in temporal 

and spatial resolution compared to earlier single- or 
4-slice CT. As such, 16 or more detector slices allow 
a more precise determination of the ostial diameter 
and an accurate assessment of anatomical anoma-
lies and pathology that might affect the success of 
the procedure or contribute to procedural compli-
cations.

A recent report by Wood et al. evaluated the 
accuracy of assessment of pulmonary vein anatomy 
in patients with Afib (Wood 2004). Four imaging 
modalities were compared: multi-slice CT, trans-
esophageal echocardiogram, intracardiac echocar-
diography (ICE), and venography. Multi-slice CT 
identified the greatest number of pulmonary ostia 
followed by ICE. Compared with multi-slice CT or 
ICE, venography overestimated and TEE underes-
timated ostial diameters (Wood 2004). Yuan et al. 
recently reported the intra- and inter-observer vari-
ability of pulmonary vein measurements from multi-
slice CTA (Yuan 2004). The study found that pulmo-
nary vein ostial measurements have fewer variables 
when made by a single observer and mean diameter 
measurements are more precise than a single, maxi-
mum diameter measurement (Yuan 2004).

7.13.5 
Multi-slice CT Imaging of the Pulmonary Veins 
and Left Atrium

7.13.5.1 
Scan Protocol

In order to evaluate the pulmonary veins and left 
atrium, we use a similar protocol to the one that 
we routinely use for coronary CTA. This protocol is 
optimized for non-invasive coronary angiography. 
All ECG-gated images shown in this section were 
obtained with a 16-slice CT scanner. For contrast-
enhanced multi-slice CT of the heart, the follow-
ing parameters were employed: 16 × 0.75-mm col-
limation, 0.42-s rotation time, temporal resolution 
of 105–210 ms, 120 kV, and 500 mAs, resulting in 
a total scan time of about 28 s to cover the entire 
thorax, from the apices to the lung bases. The entire 
scan was acquired during a breath-hold following 
deep inspiration, using retrospective electrocardio-
graphic gating. One hundred ml of iodinated con-
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trast agent were infused at 4 ml/s using a dual injec-
tor. This was followed by a chaser bolus of 50 ml of 
saline at the same flow rate. Arrival of the contrast 
agent in the ascending aorta was monitored using an 
automatic bolus-tracking system. Data acquisition 
was started 4–6 s after the attenuation coefficient 
in the ascending aorta reached a pre-set threshold 
of 100 HU. Alternatively, we found that the use of a 
timing bolus instead of the automatic bolus-track-
ing system was equally efficacious but the timing 
protocol required an additional small amount of 
contrast infusion. For the timing bolus, 20 ml of 
iodinated contrast agent were infused at 4 ml/s fol-
lowed by a similar bolus of 50 ml of saline at the 
same flow rate. For coverage of the entire thorax, a 
time delay duration was used that was equal to the 
time it took for the bolus contrast plus saline chaser 
to reach the peak of the timing bolus curve. The data 
sets were reconstructed at mid- to end-diastole for 
optimal image quality, with a 1.0-mm slice thick-
ness, in 0.6-mm increments. Spatial resolution of the 
reconstructed images was 0.6 × 0.6 × 1.0 mm.

ECG gating significantly improves overall image 
quality. The entire data set can be used to assess the 
anatomy and pathology of the coronary arteries and 
veins. This additional information may be useful 
when assessing the presence of coronary artery 
anomalies, arterial patency, and coronary venous 
anatomy prior to the placement of a bi-ventricular 
pacemaker.

7.13.5.2 
Image Post-processing

Image post-processing is routinely done on a dedi-
cated work-station that generates 3D models of the 
left atrium and pulmonary veins. The 3D model of 
the left atrium and its associated pulmonary veins 
and appendage is reconstructed to eliminate sur-
rounding structures, such as the aorta, vertebral 
column, ribs, lung parenchyma, and peripheral 
pulmonary arteries (Fig. 7.93). The optimal view of 
the pulmonary veins and left atrium without overlap 
from adjacent structures, such as the proximal seg-
ments of the pulmonary arteries, is a dorsal-cranial 
view with right or left posterior oblique angulations 
(Fig. 7.94). To measure the diameter and area of a 
pulmonary vein, the central axis of each pulmonary 
vein is first identified in 3D images (Fig. 7.95). A 
slice oblique to the central axis of the chosen image 
is obtained by rotating the image perpendicular to 
the center line. The oblique plane is then adjusted 
until the plane is just distal to the junction of the 
pulmonary vein and the left atrium. The area of the 
pulmonary vein ostium is measured by manually 
tracing out the lumen in the oblique MPR view and 
the minimum and maximum ostial diameters are 
measured with digital calipers along perpendicular 
lines drawn by the operator through the center line 
of the ostium. The same procedure is repeated for 
all the ostia of the pulmonary veins.

Fig. 7.93. 3D image of the left atrium and its as-
sociated pulmonary veins and appendage obtained 
using 16-slice CT and 16 × 0.75-mm collimation
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Fig. 7.94. Dorsal cranial view of the left atrium 
and pulmonary veins reconstructed from a data 
set obtained with 16-slice CT using 16 × 0.75-mm 
collimation. L/RS Left/right superior, L/RI left/right 
inferior, LL left lingula, RML right middle lobe, 
L/RSL left/right superior lobe, SSLIL/SSRIL supe-
rior segment of left/right inferior lobe, BSL/BSRIL 
basilar segment of left/right inferior lobe

LI

LSL

LS
RS

RI

LL

BSLIL BSRIL

SSRIL
SSLIL

RSL

RML

Fig. 7.95. a 3D view of the LA and pulmonary veins. b Oblique 
clip-plane perpendicular to the center line of the left inferior 
pulmonary vein. c Measurements of pulmonary vein maxi-
mum and minimum diameters in oblique MPR view. Data 
were obtained with 16-slice CT using 16 × 0.75-mm collima-
tion and 0.37-s rotation speed

a b

c
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7.13.6 
The Role of Multi-slice CT in Catheter Ablation of 
Afi b

Today, multi-slice CT has become a versatile tool 
in the field of cardiac imaging. It provides impor-
tant 3D anatomical information of the entire thorax, 
has an unlimited field-of-view, and is completely 
non-invasive. In addition, multi-slice CT greatly 
decreases the potential complications often associ-
ated with this highly technical and laborious pro-
cedure. It provides valuable 3D information of the 
atria and their associated venous connections from 
both epicardial and endocardial perspectives. The 
role of multi-slice CT in the clinical assessment of 
patients for catheter ablation of Afib can be divided 
into three phases:

7.13.6.1 
Pre-ablation

Multi-slice CT can be a valuable imaging tool for the 
pre-ablation assessment of the anatomy and anatom-
ical variants, e.g., an anomalous pulmonary vein. It 
allows accurate sizing of the pulmonary vein ostia in 
order to avoid catheter-vein mismatch. Moreover, it 

aids in the evaluation of potentially disastrous pro-
cedure-related thromboembolic complications from 
atrial septal aneurysm with thrombus, right atrial 
thrombus (Fig. 7.96), left atrial tumor (Fig. 7.97), or 
left atrial appendage thrombus (Fig. 7.98).

7.13.6.2 
Ablation

A high-resolution 3D image of the left atrium facil-
itates mapping of the pulmonary vein ostia and 
placement of the electrophysiology and ablation 
catheters. Software is currently being developed to 
incorporate 3D images generated from multi-slice 
CT into the work-station used for carrying out RF 
catheter ablation of the pulmonary veins (Fig. 7.99)

7.13.6.3 
Post-ablation

The potential for post-procedural complications 
related to RF ablation cannot be understated. Rou-
tine follow-up CT is not only indicated, but a good 
clinical practice after RF ablation. The reported 
complications include pulmonary vein stenosis or 

Fig. 7.96. MPR image and dimensions of a right atrial throm-
bus. Data were obtained using 16-slice CT with 16 × 0.75-mm 
collimation and 0.42-s rotation time

Length 17.18 mm

Length 18 mm

Fig. 7.97. Left atrial osteosarcoma (white arrows) invading the 
right inferior pulmonary vein Data were obtained using 16-slice 
CT with 16 × 0.75-mm collimation and 0.42-s rotation time
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Fig. 7.98a,b. Left atrial appendage thrombus (white arrow) and a large left atrium in a patient with chronic atrial fi brillation 
on oral anticoagulant. a Axial view, b two-chamber view. Data were obtained using 16-slice CT with 16 × 0.75-mm collimation 
and 0.42-s rotation time

a b

infarction (Ravenel 2002, Yang 2001, Robbins 
1998), pulmonary vein or left atrial perforation and 
hematoma (Wu 2001), and pericardial effusion/tam-
ponade, pulmonary fibrosis, pulmonary hyperten-
sion (Ravenel 2002). Focal stenosis of the pulmonary 
vein is observed frequently after RF catheter ablation 
applied within the vein, but usually is without clini-
cal significance. However, ablation within multiple 
pulmonary veins may cause pulmonary hyperten-
sion. Atrio-esophageal fistula is a known complica-
tion of RF ablation for Afib. Treatment of pulmonary 
vein stenosis using trans-catheter angioplasty alone 
yielded favorable results in up to one year of follow-
up (Qureshi 2003). Purerfellner et al. also reported 
favorable clinical outcome during up to 9 months of 
follow-up in a group of highly symptomatic patients 
with ablation-related pulmonary vein stenosis who 
were treated with dilatation alone or dilatation plus 
stenting (Purerfellner 2004).

7.13.7 
Conclusions

Afib is a common medical problem with potentially 
catastrophic consequences. Anticoagulation is indi-
cated in patients over the age of 60, and in patients 

with significant structural heart disease. Pharmaco-
logical options for the two common treatment meth-
ods, rate and rhythm control, are less than ideal due 
to the numerous and potentially harmful effects of 
the drugs. The discovery that the pulmonary veins 
are the potential source of the wavelets that initiate 
the paroxysm of Afib has opened up a new treatment 
option for this common ailment. RF catheter ablation 
has been demonstrated to be efficacious in the treat-
ment of paroxysmal Afib and selected cases of persis-
tent Afib. RF ablation is equally effective in patients 
with normal or compromised cardiac function. Pre-
ablation planning and post-procedural follow up 
evaluation are best done non-invasively with tomo-
graphic imaging. Multi-slice CT has emerged as the 
non-invasive image modality of choice in the pre- and 
post-ablation assessment of patients undergoing Afib 
ablation. For this application, 16-slice CT scanners 
have been shown to provide appropriate anatomical 
information. The newer 64-slice CT scanners, with 
improved temporal and spatial resolution, will fur-
ther improve visualization of the pulmonary system 
in patients with irregular heart rate during the scan. 
The increased volume coverage of 64-slice CT allows 
evaluation of the entire arterial and pulmonary 
system within one examination and with one injec-
tion of contrast agent (Fig. 7.100).
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Fig. 7.99. Screen shot of a planning work-station for performing RF ablation of the pulmonary veins. An AP view of the vol-
ume-rendered image (upper left) of the pulmonary veins and the left atrium generated from a 16-slice CT examination with 
16 × 0.75-mm collimation and 0.37-s rotation time. The same view can be generated on the mapping system, with red circles 
showing the ablation sites, as a basis for electrophysiological mapping of the ablation procedure

Fig. 7.100. ECG-gated 64-slice CT examination of the arterial and 
pulmonary system. A large scan range of 28 cm can be examined 
with temporal and high spatial resolution in a breath-hold time of 
less than 20 s, thus covering the entire thoracic vasculature, includ-
ing the pulmonary vein. (Case courtesy of Mayo Clinic Rochester)
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7.14 
Potential of Myocardial Perfusion and 
Viability Studies

K. Nikoalou, B. Wintersperger

SPECT and positron emission tomography (PET), 
are clinically used for the assessment of myocardial 
perfusion in the diagnosis of CAD. Within the last 
decade, also MRI techniques have been applied to 
assess myocardial perfusion using first-pass tech-
niques. The pharmacological and physiological 
principles of perfusion imaging in MRI and CT are 
basically the same. EBCT has already shown that 
perfusion studies can also be carried out using a 
multi-slice CT scanning technique.

7.14.2 
Principles of Myocardial Perfusion Assessment

In recent years, a number of studies have used 
multi-slice CT to demonstrate myocardial perfu-
sion deficits. Most of the studies used either single-
volume data acquisition during the angiographic 
phase or double-exposure with the acquisition of 
an additional delayed-phase data set. However, this 
approach is based on static rather than dynamic 
imaging. The resulting data sets therefore represent 
a kind of blood volume distribution (early phase) 
and a delayed contrast distribution, i.e., an approach 
similar to delayed imaging in MRI (Naito 1992, 
Koyama 2004). This delayed data set focuses on the 
visualization of “myocardial viability”, a technique 
that is commonly used in MRI and was already 
described in the early days of CT imaging (Higgins 
1979, Higgins 1980). The evaluation of myocardial 
viability and the demonstration of infarcted areas 
with different CT techniques will be discussed later 
in this section.

Myocardial perfusion imaging with CT is based 
on the dynamic visualization of a contrast agent 
during its first pass through the cardiac chambers, 
coronary arteries, and myocardium. Within the last 
decade, first-pass perfusion imaging using MRI 
has been extensively analyzed. A combination of 
rest and stress studies was shown to even allow the 
myocardial perfusion reserve to be calculated and 
hemodynamically significant vessel changes to be 
reliably assessed (Wilke 1993, Schwitter 2001, 
Nagel 2003). While in MRI the linearity of the con-
trast agent concentration and the signal intensity is 
limited over a certain concentration range and vari-
able with sequence parameter changes, this is not 
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7.14.1 
Introduction

Coronary artery disease (CAD) is among the leading 
causes of death within developed countries. Multi-
slice CT has already been evaluated within the last 
5 years regarding its ability to assess the coronary 
artery tree and coronary artery stenosis. In these 
evaluations, coronary artery CTA was used to show 
cardiac and coronary morphology as well as patho-
logic changes. The topic of coronary artery CTA is 
highlighted and explored in other chapters.

The coronary artery wall undergoes pathologic 
changes in which plaques develop, subsequently 
causing luminal narrowing and thus impaired blood 
supply of the downstream myocardium. Imaging of 
these changes in myocardial blood flow and there-
fore myocardial perfusion is the focus of perfu-
sion imaging techniques by different approaches. 
For example, nuclear medicine techniques, such as 
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the case for CT, which provides a constant linearity 
of contrast concentration and density. The underly-
ing basic principle of first-pass perfusion imaging is 
based on the indicator dilution theory and the Stew-
art-Hamilton equation (Meier 1954):

Blood Volume (BV) = Blood Flow (F) × Mean Transit 
Time (MTT)

Quantitative myocardial perfusion (ml min-1 g-1) 
is defined as myocardial blood flow (ml min-1) per 
myocardial mass (g). However, to apply the indica-
tor dilution theory in clinical perfusion imaging 
using CT or MRI, a few assumptions have to be made 
concerning contrast agent properties and bolus 
profiles. CT perfusion imaging techniques based 
on the above-mentioned methods have already 
been tested using EBCT scanners. In animal stud-
ies, EBCT perfusion measurements correlated well 
with either microsphere measurements or results of 
intracoronary Doppler ultrasound (Wolfkiel 1987, 
Mohlenkamp 2000).

7.14.3 
Technical Considerations of Multi-slice CT

The basic principle of myocardial perfusion imaging 
in CT has already been proven within EBCT studies. 
Consistent with those results, multi-slice CT scan-
ners should also be able to acquire comparable data 
to generate adequate signal-time-curves. CT brain 
perfusion imaging in patients who suffered acute 
stroke was evaluated using multi-slice CT scanners 
(Koenig 1998, Koenig 2001). However, cardiac 
perfusion imaging is complicated by rapid cardiac 
motion, respiratory artifacts, and the complex anat-
omy of the heart and its position within the chest. 
While EBCT is capable of tilted slice data acqui-
sition (by table angulations), multi-slice CT scan-
ners are only able to acquire data in the transaxial 
plane. Furthermore, CT perfusion imaging requires 
the acquisition of contrast bolus dynamics for an 
adequate signal–time curve. Therefore, repeated 
measurements at identical slice positions with a 
temporal resolution of 1–2 s are mandatory. Multi-
slice CT scanners are thus restricted to work without 
table movement during data acquisition instead of 

acquiring an entire cardiac volume data set. Despite 
the recent development of 64-slice scanners, the cur-
rent detector width is still restricted to a maximum 
of 4 cm, which represents the maximum volume that 
can be covered without moving the patient table. 
Complete coverage of the left ventricle myocar-
dium and all coronary artery territories is therefore 
impossible at present. In addition, data acquisition 
itself has to be ECG-related to avoid major motion 
artifacts. Basically, two different acquisition modes 
are possible:
• Prospective ECG triggering with radiation being 

triggered by the R-peak.
• Retrospective ECG gating a co-registration of the 

acquired data and the ECG trace.

For both modes, the table feed has to be set to zero 
in order to scan at identical positions. Although ret-
rospective ECG gating is of major benefit in coro-
nary calcium scoring and coronary CTA based on 
its volume data set capability, in CT myocardial 
perfusion imaging it only exposes the patient to a 
redundant dose of radiation. Therefore, prospec-
tively ECG-triggered modes are preferred, although 
the time point of scanning during the cardiac cycle 
has to be pre-defined. Coverage of the entire first 
pass of contrast agent has to be ensured owing to a 
scan time of approximately 30–40 s (Fig. 7.101). High 
temporal resolution is mandatory and therefore the 
interval between scans at identical positions should 
not exceed 1–2 heartbeats. As full myocardial cover-
age is not possible, the scan level should be adjusted 
to the lower boundary of the mitral valve annulus in 
order to at least cover parts of each coronary artery 
territory (Fig. 7.102). Overall, a perfusion sequence 
with multi-slice CT scanners is comparable to an 
ECG-triggered test bolus technique. To obtain a rea-
sonable signal–time curve with a modest amount of 
contrast, high-speed injections with a saline flush 
(~40–50 ml at 5–8ml/s) are preferable.

7.14.4 
Study Data on Myocardial Perfusion Imaging 
Using Multi-slice CT

At present, few data are available on the use of multi-
slice CT in myocardial perfusion imaging. Animal 
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Fig. 7.102. Approximate distribution of coronary artery sup-
ply territories at the level of the lower mitral valve annulus. 
This distribution is subject to variations based on the coronary 
supply type

Fig. 7.101. Consecutive images of a dynamic 16-slice CT perfusion scan at identical positions (1–6). After the arrival of concen-
trated contrast media in the right atrium and ventricle (1, 2), the bolus passes the pulmonary vasculature and arrives within 
the left ventricle (2–4). The contrast then passes through the myocardium (4–6)

1 2 3

4 5 6

studies involving a combination of rest and stress 
perfusion scanning showed that differences in myo-
cardial perfusion can be assessed using multi-slice 
CT imaging (So 2002, Stantz 2002). In addition, it 
was shown that the coronary perfusion reserve can 
be derived from multi-slice CT data (Hadway 2003). 
Wintersperger et al. presented preliminary data 
from a small patient series. Reasonable results in the 
quantification of absolute blood flow were obtained 
using Fermi function modeling (Wintersperger 
2002). However, this study was only carried out in 
patients at rest and using an ECG triggered test bolus 
technique in conjunction with a rapid bolus injection 
of contrast media (40 ml at 8 ml/s + NaCl chaser). 
The results of absolute blood quantification in the 
patients were close to those from normal myocardium 
(0.73±0.20 ml/g/min) (Fig. 7.103) (Wintersperger 
2002). Although these data show promise, limita-

7.14 · Potential of Myocardial Perfusion and Viability Studies
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tions to the technique also have to be considered. 
Stantz et al. stated that one of the major limitations, 
beside the restricted coverage of the ventricle, is the 
high image noise compared to only a modest signal 
increase after contrast injection (Stantz 2002). In 
addition, the influx of highly concentrated con-
trast media to the left atrium and ventricle leads to 
beam hardening artifacts within the interventricular 
septum (Fig. 7.104). Along with such image artifacts, 
also the doubled radiation exposure of a combined 
rest and stress study needs to be considered.

7.14.5 
Assessment of Myocardial Viability with 
Multi-Slice CT

7.14.5.1 
Pathological Mechanisms in Myocardial Infarction 
and Appearance on CT

Ischemic changes in the myocardium after coronary 
arterial occlusion consist of disruption of cell mem-

brane function and integrity and increased permea-
bility of small vessel walls. In contrast-enhanced CT, 
the initial area of low attenuation primarily reflects 
myocardial edema, i.e., the pronounced water con-
tent of the myocardium, followed by infiltration of 
inflammatory cells. Subsequently, necrotic myocar-
dium is replaced by fibrous and/or fatty tissue, which 
is also characterized by a reduction of attenuation 
in CT as compared to normal myocardium. In the 
early phase after contrast infusion, the infarct area 
is detectable as a perfusion defect (Fig. 7.105). This, 
however, is not specific for infarctions, since similar 
findings can occur in severe local ischemia (but no 
infarction) or other cardiac diseases causing perfu-
sion inhomogeneities, such as hypertrophic cardio-
myopathy. Also, myocardial contrast enhancement 
depends on a number of independent variables, e.g., 
the contrast injection protocol or the cardiac output. 
That is why a significant variance of measured CT 
attenuation (measured in Hounsfield Units, HU) can 
be observed in normal and infarcted myocardium; 
that is, no absolute HU values can be defined, but 
the relative measurement of normal and infarcted 
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Fig. 7.103. Signal-time–density curves of a perfusion data set demonstrating the up-slope of the curve 
within the septal (1) and lateral (2) myocardium compared to the LV input function (3)
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Fig. 7.104a,b. Early images of perfusion data sets during right atrial (a) and right ventricular (b) contrast 
infl ux showing marked artifacts within the area of the interventricular septum (arrows). These artifacts 
hampers signal post-processing

a b
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a b

Fig. 7.105a,b. 16-slice CT examination of a 52 year-old male patient. The original axial image of the infe-
rior left ventricular wall reveals a recent infarction (<30 days), depicted as a moderately circumscribed 
area with CT densities of 60-80 HU (a, arrows). In the same patient, the multi-planar reformation (MPR) 
in a short axis view clearly depicts the extent of the inferior myocardial infarction and shows mild wall 
thinning in (b, arrow)

LV

RV
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tissue is the decisive factor (Nikolaou 2004). Wall 
thinning in the left ventricle is one of the indirect 
findings associated with the healing process after 
myocardial infarction (Fig. 7.106). In a longitudinal 
CT study of patients with myocardial infarction, the 
wall thickness at the site of infarction decreased 
significantly over time (Masuda 1984).

7.14.5.2 
Imaging Myocardial Infarctions – Competing 
Modalities and Actual Data

Various imaging modalities have been tested for 
the detection and exact assessment of myocardial 
infarctions. MRI and nuclear medicine procedures 
seem to be favorable, as these modalities combine 
the assessment of myocardial perfusion and func-
tion and are able to assess myocardial viability 
(Kim 1999, Kitagawa 2003). A number of reports 
on the application of CT in patients with myocardial 
infarction have been promising, including animal 
studies (Huber 1981, Slutsky 1983) and experience 
with EBCT (Schmermund 1998, Georgiou 1992, 
Georgiou 1994). However, the clinical application 
of CT in the diagnosis of myocardial infarctions has 
not become popular thus far.

Early experiments in animal models and subse-
quently in human subjects suggested that in vivo 
imaging for detection, sizing, and dating of myo-
cardial infarctions was possible using single-slice, 
non-spiral CT systems (Masuda 1984, Huber 1981, 
Adams 1976, Kramer 1984). The principal limita-
tions of these early techniques were the low temporal 
and spatial resolution as well as inadequate imaging 
of the inferior wall because of the inability to obtain 
short-axis views of the left ventricle (Georgiou 
1992). The clinical introduction of EBCT brought 
about a significant improvement in image quality 
and the diagnostic possibilities of cardiac CT imag-
ing, and it has been shown to yield insight into mor-
phological (Georgiou 1992) and functional changes 
after myocardial infarction, including analysis of 
cardiac function (Schmermund 1998) and myocar-
dial perfusion (Berman 2001). Recently, multi-slice 
CT has been validated as a very useful non-invasive 
diagnostic method in patients with various cardiac 
diseases (Ohnesorge 2000). Due to the combina-
tion of fast rotation time and multi-slice acquisi-
tion with a high spatial resolution, multi-slice CT 
is able to simultaneously provide detailed informa-
tion on cardiac morphology (Becker 2000) and the 
coronary arteries (Achenbach 2001, Becker 2002, 
Knez 2001, Nieman 2001a). The first promising 
case reports showed the capability of the technique 
to detect myocardial infarctions (Nieman 2001b, 
Hilfiker 2003).

In a recent study, Nikolaou et al. attempted to 
retrospectively validate the use of routine, contrast-
enhanced multi-slice CT of the coronary arteries 
to detect myocardial infarctions using 16-slice CT 
technology (Nikolaou 2004). The standard multi-
slice CTA protocol was not changed in that study, 
i.e., no additional scans to detect late enhancement 
effects were performed, and no additional radiation 
dose was administered to the patients. In 27 of 106 
patients investigated, myocardial infarctions were 
present. Multi-slice CT detected 23 of 27 infarc-
tions correctly, resulting in an overall sensitivity 
of 85%. Seven false-positive results were recorded, 
resulting in an overall specificity of 91%. In 95 of 
106 patients, multi-slice CT made a correct diagno-
sis (infarction present: yes/no), resulting in an over-
all diagnostic accuracy of 90%. Infarctions were 
detected on first-pass, contrast-enhanced datasets 

Fig. 7.106. 16-slice CT examination demonstrating a circum-
scribed apical aneurysm in a 60-year-old male patient after 
myocardial infarction (arrow)
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evaluating CT attenuation (HU) and wall thickness. 
Abnormal focal decrease of myocardial CT attenu-
ation and abnormally reduced regional myocardial 
wall thickness were taken as signs of myocardial 
infarction. It could be shown that recent infarctions 
were more difficult to detect using multi-slice CT, 
as the decrease in HU in the early arterial phase or 
the presence of wall thinning was not as pronounced 
as in chronic infarctions. Possible reasons for false-
positive findings using multi-slice CT for infarct 
detection might be a variety of causes other than 
infarctions that lead to perfusion defects or perfu-
sion irregularities, as described above. False-posi-
tive results are typically more often detected in the 
posterior or inferior ventricular wall. Several stud-
ies reported that CT underestimates the true extent 
of a myocardial infarction (Schmermund 1998). 
This might be related to patchy and subendocardial 
infarctions, as collateral perfusion in the area of 
infarcted myocardium can obscure foci of necrosis 
surrounded by normal myocardium. In conclusion, 
one should interpret infarct size as assessed by con-
trast-enhanced, arterial-phase multi-slice CT as an 
approximation of the true infarct size rather than as 
an absolute measurement.

In several CT studies, delayed contrast enhance-
ment was observed in the area of infarction (approx. 
10 min to several hours after contrast adminis-
tration), primarily in recent infarctions, but also 
detectable in chronic infarctions (Masuda 1984). 
However, detection of such delayed enhancement 
requires additional scans with an increased dose of 
radiation to the patient and prolonged examination 
times; therefore, it has hardly been used in clinical 
routine. The main focus of future studies should 
therefore be assessment of the diagnostic power of 
contrast-enhanced CT to detect myocardial infarc-
tions using the standard protocol for CTA of the 
coronary arteries. Any additional diagnostic infor-
mation that can be derived from these standard CTA 
examinations would be of considerable interest.

7.14.5.3 
Additional Findings: Infarct Sequelae

Multi-slice CT provides information on cardiac mor-
phology in great detail, including findings or com-

plications related to myocardial infarctions, such 
as left ventricular aneurysms, intramural calcifi-
cations, intracavitary thrombi, or infarct involve-
ment of the papillary muscles. Contrast ventricu-
lography still represents a clinically relevant method 
for detecting left ventricular aneurysms and mural 
thrombi (Friedman 1995). Both CT and conven-
tional angiography deliver important information 
on myocardial aneurysms, although relying on dif-
ferent imaging findings. Diagnostic criteria for the 
detection of aneurysms on CT scans are based on 
anatomic definition, i.e., wall thinning and wall pro-
trusion, which differs from the angiographic criteria 
(Flaherty 2001). CT does not include wall move-
ment disturbance, while contrast ventriculography 
includes both anatomic protrusion of the left ven-
tricle and functional disturbance of the wall move-
ment, but does not consider localized wall thinning 
of the aneurysm. Left ventricular thrombosis is one 
of the most significant complications of myocar-
dial infarction. Two-dimensional echocardiography 
and MRI have been validated as reliable methods 
for the detection of thrombi (Barkhausen 2002, 
Chen 1993). Opacification of the left ventricular 
cavity during contrast ventriculography precisely 
reveals the surface area of thrombi, but the border 
between thrombi and the endocardium cannot 
always be identified sufficiently (Ezekowitz 1990). 
Multi-slice CT allows for identification of subtle 
differences in the attenuation of cardiac structures 
and can clearly distinguish mural from free-float-
ing thrombi. Additionally, other possibly significant 
complications after myocardial infarction, such as 
calcification of the myocardium and pericardial 
effusion, are easily detected on CT images.

7.14.6 
Conclusion

Myocardial perfusion imaging using multi-slice CT 
techniques basically provides an approach that is 
comparable to EBCT. However, coverage of the entire 
myocardium is currently not possible and therefore 
restricts this technique to very specialized clinical 
applications and research protocols. Further devel-
opments of multi-slice CT scanners may lead to even 
wider detector systems (area detectors) and might 
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therefore eventually allow coverage of the entire 
ventricular myocardium. As known from MRI and 
SPECT studies, perfusion imaging needs to be done 
not only at rest but also after stress induction. Reli-
able stress imaging with multi-slice CT will require 
substantial improvement of temporal resolution. 
Since obtaining scans at rest and at stress would 
lead to a further increase of radiation exposure, in 
addition to new detector techniques for myocardial 
coverage a noteworthy reduction of necessary dose 
is essential.

Standard arterial-phase CTA of the coronary 
arteries can provide important additional informa-
tion on the myocardium, including the possibility of 

detecting myocardial infarctions, with information 
on infarct size and age. The simultaneous depic-
tion of the coronary arteries in considerable detail, 
especially with the latest 64-slice CT technology, 
provides the opportunity to allocate the infarct area 
to the specific vascular supply territory (Fig. 7.107). 
Future developments in post-processing software 
will enable the assessment of global and regional 
myocardial function from multi-slice CT datasets. 
These findings underscore the clinical value of con-
trast-enhanced cardiac multi-slice CT with respect to 
its ability to deliver both non-invasive angiographic 
images of the coronary arteries and considerable 
information on the myocardium (Chiou 2005).

Fig. 7.107a–d. 64-slice CT examination of a patient with suspected myocardial infarction, correlated with a late enhancement 
MRI study. a, b CT examination reveals perfusion defects (arrows, double arrow). c, d In the MRI study, the same territories 
show late enhancement indicating infarcted myocardium. Optimized administration of contrast agent delivers total wash-out 
of the right heart, thus eliminating contrast artifacts. (Case courtesy of Sarawak General Hospital, Kuching, Malaysia)

a b

c d
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select cases, in which critical therapeutic decisions 
(i.e., anticoagulation in high-risk patients) hinge 
on the diagnosis or exclusion of pulmonary embo-
lism, ECG gating may be used to improve diagnostic 
quality at pulmonary CTA to differentiate between 
artifactual filling defects in the pulmonary arteries, 
caused by cardiac pulsation, and real thromboem-
bolic clots (Fig. 7.110). ECG gating may also refine 
the derivation of functional parameters from con-
trast-enhanced CTA, which provides an important 
tool for risk stratification in patients with acute pul-
monary embolism (Schöpf 2004b).

However, the through-plane spatial resolution 
that can be achieved with retrospectively ECG-gated 
technique using 4- or 8-slice multi-slice CT scanners 
is limited by the relatively long scan duration inher-
ent to data oversampling. Thus, high-resolution 
acquisition can only be achieved for relatively small 
volumes, i.e., the coronary arterial tree, but not for 
extended coverage of the entire chest. The advent of 
16-slice CT scanners enabled a substantial volume 
of the body to be scanned with retrospective ECG 
gating and high through-plane resolution in a single 
breath-hold (Flohr 2003). This capability allows 
non-invasive assessment of systemic manifestations 
of atherosclerotic disease throughout the body with 
sufficient vascular detail to evaluate the coronary 
arteries based on a single, contrast-enhanced scan 
(Fig. 7.111).

Although 16-, 32-, and 40-slice CT scanners 
enable comprehensive assessment of the entire arte-
rial system for atherosclerosis and other vascular 
disease, they are still limited by several obstacles. 
For example, the current state-of-the-art for coro-
nary CTA for non-invasive assessment of coronary 
artery disease comprises acquisition of sub-milli-
meter sections (Flohr 2003), but this is difficult to 
achieve for large anatomic volumes. In addition, the 
robustness of previous multi-slice CT generations 
with respect to faster and more irregular heart rates 
still requires the use of β-blockers for rate control 
in a substantial percentage of patients. Breath-hold 
times are still relatively long, which poses a particu-
lar difficulty if this technique is to be used to evalu-
ate critically ill patients, whose ability to cooperate 
during scan acquisition is limited. Similarly, long 
scan times prohibit simultaneous assessment of the 
pulmonary arterial and systemic arterial circulation 
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7.15 · Cardiothoracic Multi-Slice CT in the Emergency Department

7.15.1 
ECG-Gated Multi-Slice CT Scanning of the Chest

Cardiac motion artifacts degrade the diagnostic 
quality of thoracic CT. Some of these artifacts are 
recognized as an important source of potential 
diagnostic error (Loubeyre 1997). Synchroniza-
tion of the CT scan acquisition with the patient’s 
ECG reduces cardiac motion artifacts and enables 
non-invasive visualization of the coronary arteries 
(Ohnesorge 2000, Schöpf 2004a) and other cardiac 
anatomy.

ECG synchronization has also been shown to 
improve image quality at CT imaging of non-cardiac 
thoracic structures (Schöpf 1999, Hofmann 2004). 
ECG-synchronized acquisition during high-resolu-
tion CT of the lung eliminates artifacts attributable 
to cardiac motion (Fig. 7.108) and thus improves the 
diagnosis of diffuse lung disease. In many insti-
tutions, retrospective ECG gating has become an 
integral component in the imaging protocol of sus-
pected disease of the ascending aorta. The use of 
ECG gating avoids pulsation and doubling artifacts 
of the aortic root and the ascending aorta (Flohr 
2002) (Fig. 7.109), which often are misinterpreted by 
less-experienced observers as aortic dissection and 
may result in unnecessary emergency surgery. In 
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Fig. 7.109a–d. A 54-year-old man with a mean heart rate of 62 bpm, examined with 4-slice CT. Double-oblique multi-planar 
reformats of the aortic root at the level of the aortic valve as seen from a cranial perspective. Image reconstruction was refer-
enced to four different time points during the cardiac cycle. Motion artifacts during systolic opening of the valve at 0% RR (a) 
and 20% RR (b) preclude clear demarcation of the valvular cusps. Delineation of the cusps is best at mid-diastolic closure at 
60% RR (c) and slightly deteriorates again during late diastole at 80% RR (d)

a b

c d

Fig. 7.108a,b. Non-ECG triggered (a) and ECG-triggered (b) high-resolution CT scans obtained with 4-slice CT at the same level 
of the paracardiac parenchyma in a 24-year-old man who underwent lung transplantation. Mild dilatation and bronchial wall 
thickening in the left lower lobe (white arrows) are better seen in the ECG-triggered study than in the conventional scan. Also, 
note blurring of the cardiac border (black arrow) in the non-ECG triggered scan

a b
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Fig. 7.110a,b. Contrast-enhanced multi-slice CT angiography using 4-slice CT in a 60-year-old woman with a mean heart rate 
of 73 bpm during scan acquisition. Focused, colored volume-rendered display of the paracardiac pulmonary circulation seen 
from a left lateral perspective. Image reconstruction with use of 0% RR (a) and 80% RR (b) as respective starting points. Im-
age reconstruction during late diastole (b) results in a reduction of stair-stepping artifacts (arrows), which cause artifactual 
discontinuity of vessels during systole (a). A small subsegmental branch (arrow) of a pulmonary artery that supplies the lingula 
of the left upper lobe of the lung is only visualized at image reconstruction during late diastole (b)

a b

Fig. 7.111a–c. Comprehensive 
systemic assessment of cardiovas-
cular disease. A 55-year-old male 
with epigastric pain was exam-
ined using 16-slice CT angiogra-
phy with a gantry rotation time 
of 420 ms and retrospective ECG 
gating. The CT scan demonstrates 
a circumscribed type B dissection 
of the descending thoracic aorta 
originating distal to the origin of 
the left subclavian artery (a, b). In 
addition, extensive atherosclerotic 
changes with heavy calcifi cations 
are noted in the wall of the ab-
dominal aorta (b). High-resolu-
tion image acquisition and the 
absence of cardiac pulsation arti-
facts owing to retrospective ECG 
synchronization enables assess-
ment of the coronary artery tree 
from the same scan (c) and shows 
extensive atherosclerotic changes 
of the RCA

RCA

D

b

a c
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in a single, high-resolution ECG-gated scan, as these 
scans would require unreasonably high amounts of 
contrast material to maintain enhancement of both 
vascular systems throughout the scan. These limita-
tions prevented application of the previous genera-
tion of multi-slice CT scanners to achieve another 
coveted goal: comprehensive assessment of patients 
with acute chest pain, typically in an emergency 
department setting.

7.15.2 
Patients with Equivocal Chest Pain 
in the Emergency Department

Every year, over 1.5 million Americans are admit-
ted to the hospital after presenting to the emergency 
department with acute chest pain. Only a small per-
centage of those admitted have coronary syndromes, 
whereas the vast majority of patients have non-car-
diac diagnoses. In many patients, the findings on ini-
tial evaluation are equivocal or indeterminate. Rapid 
diagnostic assessment of the causes of the acute chest 
pain would provide a suitable hospital-based test that 
could substantially reduce mortality and treatment 
costs (Lee 1987, Yusuf 1988, Oler 1996).

Several strategies have emerged to manage these 
patients. Patients with typical features of unstable 
angina or acute myocardial infarction, such as ECG 
changes typical of ischemia, or those with known 
CHD and prolonged cardiac-type pain are at sub-
stantial risk of adverse events and hospital admis-
sion is mandatory (Pozen 1984, Panju 1998). On the 
opposite end of the spectrum, patients with no risk 
factors for CHD, no clinical features of cardiac chest 
pain, and a normal ECG are usually discharged 
home. A diagnostic dilemma, however, exists for 
the substantial number of patients who present with 
acute chest pain with an intermediate probability of 
having CHD and a normal or non-diagnostic ECG.

Recently, new cardiac enzyme tests have improved 
early sensitivity and specificity for detecting acute 
myocardial infarction. However, these tests do not 
achieve acceptable levels of sensitivity until at least 6 
h after the onset of pain. As patients typically present 
earlier than this, a period of observation is inevitably 
combined with use of such tests, which prolongs hos-
pital stay. In order to improve the sensitivity for diag-

nosis of unstable angina, provocative cardiac testing 
(typically exercise treadmill) has been used in combi-
nation with monitoring, enzyme testing, and provoc-
ative testing. This strategy has become widespread in 
the USA, usually in a designated chest pain observa-
tion unit (Zalenski 1998). Although this approach 
is more sensitive than enzyme testing alone, it exerts 
a significant cost burden on the health-care system. 
Current strategies therefore range from low-cost, 
low-benefit (discharge home) to high-cost, high-ben-
efit (hospital admission). Data relating to these strat-
egies are emerging but remain largely anecdotal. Yet, 
the potential burden in terms of morbidity, mortality, 
and socioeconomic resources demands a coherent 
and rational approach.

The common way of ruling out coronary artery 
disease as the underlying cause is coronary cath-
eterization, which consequently is done in many 
patients who have chest pain but no typical clini-
cal presentation for coronary artery stenosis or 
blockage. Although the presence of coronary artery 
disease is unlikely, these patients usually undergo 
this invasive procedure just to rule out the remote 
possibility that significant coronary artery disease 
is causing their symptoms. With invasive coronary 
angiography, contrast material is directly injected 
into the coronary arteries, thus allowing their visu-
alization as a cast-like fluoroscopic X-ray image. 
Unfortunately, coronary catheterization is expen-
sive and invasive and the risk to the patient is not 
negligible. Also, coronary angiography is not capa-
ble of identifying other causes of chest pain, such 
as aortic dissection or pulmonary embolism. Thus, 
additional imaging is frequently necessary, increas-
ing the length of stay, costs, and radiation exposure 
to the patient. The ability to differentiate cardiac and 
non-cardiac causes of acute chest pain without the 
need for such an invasive procedure would greatly 
benefit affected individuals and decrease the costs 
for a comprehensive diagnostic work-up.

7.15.3 
64-Slice CT as a Triage Tool in the Emergency 
Department

With the advent of 64-slice CT, a tool is now available 
to effectively eliminate previous limitations of CT 
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and enable the rapid triage of patients with equivo-
cal chest pain. Since 64-slice CT provides isotropic 
spatial resolution of less than 0.4 mm, visualization 
of small vascular detail is greatly enhanced. Gantry 
rotation times of 330 ms significantly improve the 
temporal resolution of cardiac CT scan acquisi-
tions to a constant 165 ms at all heart rates. This 
improved temporal resolution directly translates 
into substantially enhanced robustness of cardiac 
scan acquisition at higher and more irregular heart 
rates. In turn, this reduces the need for rate con-
trol and significantly increases the percentage of 
patients in whom a fully diagnostic scan can be 
obtained. The need for using artifact-prone multi-
segment reconstruction algorithms for improving 
temporal resolution is reduced. Breath-hold times 
are significantly decreased. With accurate timing 
of the contrast bolus, the rapid scan acquisition 
enables ECG-gated interrogation of both the pul-
monary arterial and systemic arterial circulation 
of the chest with a single injection of a standard 
bolus of contrast material (Fig. 7.112). The combina-
tion of these achievements should fulfill the tech-
nical prerequisites for integrating 64-slice CT into 
the diagnostic algorithm of patients with equivocal 
chest pain.

The technical obstacles for the clinical application 
of this test are being overcome; thus, the appropri-
ate indication of this test within the work-up of chest 
pain patients still needs to be carefully defined. Cer-

tainly, patients who have a very low pre-test likeli-
hood of coronary artery disease and whose benignity 
of symptoms would warrant speedy discharge from 
the emergency department are unlikely to benefit 
from this test. However, patients with a very high 
pre-test likelihood of coronary artery disease as a 
source of their chest pain (e.g., known CHD, ST eleva-
tion, positive cardiac markers) will undergo conven-
tional work-up including catheterization anyhow. 
For such patients, the use of 64-slice CT as an addi-
tional diagnostic test will likely not be beneficial but 
rather detrimental, as the onset of specific therapy 
(e.g., thrombolysis, stent placement) may be delayed 
and complicated by an additional load of iodine, 
which may impede lengthy catheter interventions. 
Instead, 64-slice CT seems exceedingly well-suited 
for quickly and non-invasively triaging patients 
with equivocal presentation, non-diagnostic ECG, 
and initially negative serum markers for acute myo-
cardial injury (Fig. 7.113). As described above, such 
patients ordinarily undergo a period of observation 
with serial assessment of ECG and cardiac markers 
and eventually further work-up, such as stress test-
ing (Braunwald 2002). In these patients, the inclu-
sion of 64-slice CT into the diagnostic algorithm 
would enable rapid diagnosis of common non-car-
diac causes of acute chest pain, such as acute pulmo-
nary embolism (Schöpf 2004c), aortic dissection, or 
aortic and pulmonary aneurism, each of which is dif-
ficult to diagnose with the tools and tests comprising 
the conventional work-up of patients with chest pain 
(Fig. 7.114). Similarly, important additional diagno-
ses that impact on patient management in the pres-
ence or absence of a specific reason for chest pain are 
very amenable to CT visualization (Fig. 7.115). There 
is agreement that negative coronary CTA is associ-
ated with a very high negative predictive value for 
the exclusion of significant coronary artery stenosis 
(Schoepf 2004a). Thus, significant coronary artery 
disease as a source of symptoms in patients with 
acute chest pain should be safely ruled out by a nega-
tive CT coronary angiogram (Fig. 7.116) of sufficient 
diagnostic quality. If significant coronary artery 
disease can be specifically diagnosed by the contrast 
enhanced 64-slice CT scan (Fig. 7.117), treatment can 
be initiated. There will still be patients in whom the 
CT scan will not be fully diagnostic or explanatory 
for their symptoms. Those patients will still have to 

Fig. 7.112. Sample contrast-media injection protocol for 64-
slice CT of the chest. A bolus of 120 ml of contrast material, 
injected at 4 ml/s enables high-resolution (i.e., sub-millimeter) 
ECG-gated image acquisition during a 20-s overlap phase, with 
contrast enhancement of the systemic and PA side of the tho-
racic vasculature

120 cc CM @ 4 cc/s = 30 s

50 cc NaCl

64 SLICE SCAN

0 10 20 30 40 50 60

20 s breathhold

PA enhancement

Syst. arterial enhancement
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Acute chest pain

No CT

CT

Non-cardiac 
(Pulmonary embolism 

Aortic dissection 
Pericardial eff usion etc.)

Possible 
acute 

coronary 
syndrome

Likely acute 
coronary 

syndrome

No ST 
elevation

ST 
elevation

Positive markers

Non-diagnostic ECG
Normal markers

Repeat ECG
Repeat markers

No recurrent pain
Negative markers

Stress test
Further workup

Recurrent pain
Positive markers

Appropriate 
therapy

Fig. 7.113. Coronary CT angiography in the clinical work-up of patients with acute chest pain in 
the emergency department. CT investigation of patients with a high likelihood (ST-elevation and/or 
positive cardiac markers) of having an acute coronary syndrome will not benefi t

Fig. 7.114a,b. ECG-gated 64-slice CT examination of a patient with chest pain. A scan range of 25 cm was covered in an 18 s 
breath-hold time. A pulmonary aneurysm is evident in sagittal MPR (a) and VRT reconstruction (b). MPR reconstruction 
also reveals a calcifi ed lesion in the left main coronary artery but no related coronary stenosis. (Case courtesy of Mayo Clinic 
Rochester)

ba
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Fig. 7.115a–d. A 52-year-old man with a smoking history of 
25 pack years presented to the emergency department with 
acute chest pain. a Contrast-enhanced 64-slice CT angiog-
raphy of the entire thorax with a gantry rotation time of 
330 ms and retrospective ECG gating ruled out acute pulmo-
nary embolism as the reason for his chest pain. b Focused 
reconstruction of the coronary arteries showed diffuse ath-
erosclerotic disease. c MIP in a right anterior oblique per-
spective of the LAD showed atherosclerotic plaque in the 
inferior, anteromedial wall of the LAD. The plaque is mildly 
obstructive and consists of non-calcifi ed tissue adjacent to 
a calcifi ed nodule. d Analysis of lung-window reconstruc-
tions of the entire chest revealed incidental squamous-cell 
carcinoma of the left upper lobe of the lung

b

d

a c

Fig. 7.116a,b. A 59-year-old woman presenting to the emergency department with acute chest pain. Contrast-enhanced, retro-
spectively ECG-gated 64-slice CT study of the entire chest with 0.6-mm collimation was acquired within a total scan time of 19 
s. Volume-rendered display of the entire thorax (a) and focused display of the coronary artery tree (b) show normal vascular 
anatomy, thus ruling out pulmonary embolism, aortic dissection, and coronary artery disease as the underlying cause of chest 
pain in this patient

ba

7.15 · Cardiothoracic Multi-Slice CT in the Emergency Department



324 Chapter 7 · Clinical Indications

undergo the conventional work-up for acute chest 
pain, but their number should be greatly reduced. 
Precious room time in conventional cardiac cath-
eter suites, which is currently wasted for performing 
merely diagnostic angiograms, can be more cost-
effectively dedicated to those patients who absolutely 
require actual intervention. Thus, an overall positive 
effect on the length of stay and cost to the health-care 
environment is anticipated.
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Multi-slice cardiac CT has undergone very rapid 
technical development since the introduction of 4-
slice CT scanners in 1999. However, even with the 
64-slice CT scanners of the latest generation, techni-
cal challenges remain that lead to limitations in the 
clinical spectrum and to the exclusion of certain 
patient cohorts. In this chapter, we will summa-
rize the shortcomings and most frequent pitfalls of 
today’s multi-slice CT scanners and discuss avenues 
of potential future development aimed at overcom-
ing those obstacles. After the discussion of poten-
tial future developments of electron-beam CT and 
multi-slice CT with more slices and larger detector 
coverage, we will introduce a new – so-called dual-
source CT – scanner concept and discuss the initial 
clinical experience with these machines. This new 

scanner technology uses two X-ray sources and two 
detectors simultaneously and has become available 
for general use in 2006.

8.1 
Limitations and Pitfalls with Today’s 
Multi-slice CT

8.1.1 
Temporal Resolution

Motion artifacts in patients with higher or irregular 
heart rates remain the most important challenge for 
multi-slice cardiac CT imaging. In order to consis-
tently achieve diagnostic image quality in clinical 
routine, most authors recommend the administra-
tion of beta-blockers to slow down the heart rate and 
to introduce a stable sinus rhythm in patients with 
irregular heart beat (Fig. 8.1). However, a singnifi-
cant portion of non-assessable coronary segments 
can still occur when using older 16-slice CT scan-
ners with slower grantry rotation speeds (Garcia 
2006). The most recent generation of 64-slice CT 
systems provides gantry rotation times down to 
0.33 s, resulting in a stable temporal resolution of 
165 ms. While image quality at higher heart rates 
and robustness of the method in clinical routine 
seem to be significantly improved with these sys-
tems, several authors still propose the administra-
tion of β-blockers for patients that present with a 
heart rate over 65–70 bpm (Leber 2005, Raff 2005, 
Ropers 2006, Ehara 2006, Ong 2006). Leschka 
et al. and Ehara et al. reported that in addition to 
absolute heart rate, increasing heart rate variabil-
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ity reduces image quality (Leschka 2006, Ehara 
2006). Wintersperger et al. (2005) demonstrated 
the ability of 64-slice CT with a gantry rotation 
time of 0.33 s to produce diagnostic image quality 
with a low number of non-diagnostic segments in 
patients with heart rates up to 92 bpm. The authors 
observed good image quality in diastole for patients 
with heart rates < 65 bpm and good image quality in 
end systole for patients with heart rates > 75 bpm, 
while image quality in the intermediate heart rate 
range of 65–75 bpm was compromised and neither 
diastolic nor systolic reconstruction reliably yielded 
optimal results.

Due to the limited temporal resolution compared 
to MRI, cardiac function parameters determined by 
multi-slice CT still show systematic errors because 
of a consistent overestimation of systolic volumes. 
The evaluation of myocardial wall motion is still 
limited by motion artifacts that are present during 
those phases of the cardiac cycle with rapid cardiac 
motion.

Further improved temporal resolution, at best 
< 100 ms at all heart rates, is desirable in the future 

to completely eliminate the need for to control the 
heart rate. Increased gantry rotation speed rather 
than multi-segment reconstruction approaches 
is preferable for robust clinical performance 
(Haliburton 2003). Obviously, significant develop-
ment efforts are needed to account for the substan-
tial increase in mechanical forces (~ 17 G for 0.42-s 
rotation time, ~ 28G for 0.33-s rotation time) and 
increased data transmission rates. Rotation times of 
< 0.2 s (mechanical forces > 75G), which are required 
to provide a temporal resolution of less than 100 ms, 
independent of the heart rate, appear to be beyond 
today's mechanical limits.

8.1.2 
Volume Coverage

The detector z-coverage used for high-resolution 
imaging of the heart has significantly increased, 
from about 4 mm (4 × 1-mm collimation) with the 
first 4-slice CT scanners up to values between 19.2 
and 40 mm with today’s 64-slice CT scanners. This 

Fig. 8.1a,b. Coronary CT angiography examinations of a patient with a high and irregular heart rate. A 64-slice CT scanner 
with 0.6-mm collimation and 0.33-s rotation time was used. a Motion and stair-step artifacts are present in the fi rst examina-
tion, during which the patient’s heart rate varied between 84 and 104 bpm. b After the administration of β-blockers, the patient 
showed stable sinus rhythm between 56 and 60 bpm during the scan and diagnostic image quality could be achieved. (Case 
study courtesy of Klinikum Grosshadern, University of Munich, Germany)

a b
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increased coverage with 64-slice CT results in very 
short breath-hold times of 6–10 s for imaging the 
heart and 14–20 s for an ECG-gated scan of the 
chest. Therefore, detector-coverage no longer rep-
resents a limitation of multi-slice CT with regard 
to breath-hold time in cardiac imaging, as clini-
cally reasonable scan ranges can be covered in 
comfortably short scan times. Nevertheless, even 
with today’s available detector coverage of up to 
40 mm, a retrospectively ECG-gated image data 
set still consists of several image slabs originating 
from multiple consecutive heart beats. The width 
of one image slab originating from one heart beat 
is determined by the detector z-coverage and thus 
the number of heart beats contributing to the entire 
data set decreases with increasing detector z-cover-
age. However, the downside of increasing the width 
of the image slabs per heart beat is that larger por-
tions of the data set may be distorted in case of an 
ectopic beat during the scan (Fig. 8.2). The avail-
ability of an ECG-editing tool to correct for ectopic 
beats is of special importance in such cases. While 
the number of heart beats contributing to a scan is 
clinically not relevant as long as breath-hold times 
are short enough, it still may be useful to develop 
CT scanners in the future with a detector z-coverage 
of ≥ 12 cm in order to cover the entire heart in one 

single heart beat, thus avoiding any step artifacts. 
However, increased volume coverage should not be 
preferred over enhanced temporal resolution from 
a cinical point of view.

Another potential advantage of CT scanners with 
increased detector volume coverage is the cover-
age of larger portions of the heart for evaluation of 
myocardial perfusion. Currently, to study dynamic 
contrast enhancement indicating potential perfu-
sion defects caused by coronary artery narrow-
ing, only limited ranges of the myocardium can be 
covered with ECG-correlated scan protocols in the 
absence of table motion (Fig. 8.3). However, there is 
very limited clinical experience with regard to the 
clinical potential of myocardial perfusion measure-
ments with multi-slice CT. Extensive basic research 
with today’s CT scanners to evaluate the feasibility 
of cardiac perfusion CT is still needed before this 
application can serve as a motivation for the devel-
opment of a new CT scanner generation with larger 
detector coverage.

8.1.3 
Spatial Resolution and Signal-to-Noise Ratio

High spatial resolution is particularly important 
for accurate diagnosis of the coronary arteries and 
other small cardiac anatomy. Evaluation of heavily 
calcified coronary segments, coronary stents, and 
smaller coronary segments as well as quantifica-
tion of coronary artery stenosis in particular require 
a spatial resolution significantly below 1 mm. The 
spatial resolution of retrospectively ECG-gated 
scans of the heart has significantly improved with 
the advent of multi-slice CT scanners with sub-mil-
limeter collimation. The latest generation of 64-slice 
CT scanners can provide an isotropic spatial resolu-
tion down to 0.4 mm. Using flying focal spot tech-
niques in the z-direction provides a spatial resolu-
tion of about 0.4 mm along the z-axis. At the same 
time, dedicated reconstruction filter kernels have 
been developed that improve in-plane resolution to 
about 0.4 mm (~ 12 lp/cm). Nevertheless, the diag-
nosis of heavily calcified or stented coronary artery 
segments with high positive predictive value is still 
challenging and limited to the larger coronary seg-
ments (Figs. 8.4, 8.5).

Fig. 8.2. Coronary CT angiography examination using a 64-
slice CT scanner. An ectopic beat during the scan results in a 
parallel shift of a large image slab (range described by arrows). 
The width of the displaced image slab is determined by the 
coverage of the detector. (Case courtesy of Xuan Wu Hospital, 
China)

8.1 · Limitations and Pitfalls with Today’s Multi-slice CT
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Fig. 8.4a,b. Coronary CT angiography examination of a patient with a stent (3-mm diameter) in the left anterior descending 
coronary artery. The examination was carried out using a 64-slice CT scanner with 0.6-mm collimation and 0.33-s rotation 
time. a Visualization of the in-stent lumen is compromised with 0.75-mm slice width and a medium-smooth reconstruction 
fi lter kernel. b Patency of the 3-mm stent can only be demonstrated using a special reconstruction technique consisting of a 
slice width of 0.6-mm and a special sharp reconstruction fi lter kernel. The in-stent lumen of stents with diameter < 3 mm often 
cannot be evaluated with currently available 64-slice CT scanners. (Case courtesy of Erlangen University, Germany)

a b

Fig. 8.3a,b. Coronary CT angiography examination of a patient 
with chest pain. The examination was carried out using a 64-
slice CT scanner with 0.6-mm collimation and 0.33-s rotation 
time. a Visualization of the left anterior descending coronary 
artery reveals high-grade stenosis in the proximal segment (ar-
row in a and b). For further evaluation of myocardial perfusion 
in the affected area using a dynamic scan protocol without 
table movement, only limited coverage is available (28.8 mm 
in this scanner, range described by the yellow shaded band). 
(Case courtesy of MUSC, Charleston, USA)

a

b
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A higher spatial resolution of about 0.25 mm 
would be desirable for quantitative grading of coro-
nary stenosis in 10% steps, as this would provide 
reliable detection of stenosis in small calcified and 
stented coronary arteries and improve the differen-
tiation of coronary plaques. However, spatial resolu-
tion in the range of 0.25 mm requires substantially 
smaller detector elements, with a detector width of 
about 0.3 mm (projected to the iso-center) and sub-
stantially higher X-ray power to provide sufficient 
signal-to-noise ratio. It will be a key consideration for 
the development of such scanners whether the related 
significant increase of radiation exposure can be jus-
tified by the additional diagnostic information.

Even with the maximum X-ray power of between 
80 and 100 kW available in today’s multi-slice CT 
scanners, signal-to-noise ratio may still be compro-
mised in obese patients (Raff 2005) when protocols 
with the thinnest possible slices and shortest avail-
able rotation time are used (Fig. 8.6). While diag-
nostic image quality in obese patients can still be 
obtained by acquisition with slower rotation times 
and reconstruction with thicker slices, the avail-
ability of scanners with higher X-ray power would 
be beneficial to maintain the highest possible image 

resolution level. Of course, the related higher radia-
tion exposure has to be taken into consideration and 
protocols have to be optimized to limit increased 
exposure to the minimum necessary level.

8.1.4 
Radiation Exposure

Minimizing radiation exposure in retrospectively 
ECG-gated scanning of the heart and cardiothoracic 
vasculature is a key requirement for future technical 
developments in CT. With a radiation exposure of 
about 10 mSv for high-resolution scans of the heart 
using ECG-controlled dose modulation, radiation 
exposure is within acceptable limits but still higher 
than for invasive conventional diagnostic angiog-
raphy. ECG-controlled dose modulation is a very 
important feature to limit radiation exposure; how-
ever, it cannot be regularly used if irregular beats 
are likely during the acquisition (Fig. 8.7). For this 
reason, some centers are not yet using ECG-con-
trolled dose modulation on a regular basis, which 
results in radiation exposure values > 10 mSv for 
scans of the heart (Mollet 2005).

Fig. 8.5. Coronary CT angiography examination of a pa-
tient with chest pain. The examination was carried out 
using a 64-slice CT scanner with 0.6-mm collimation and 
0.33-s rotation time. Visualization of all main coronary 
artery segments in maximum intensity projection (MIP) 
display reveals multiple lesions. The non-calcifi ed stenosis 
in the right coronary artery (RCA) can be readily assessed 
(arrow). While the calcifi ed stenosis in the left anterior 
descending coronary artery (LAD) can be accurately diag-
nosed (double arrow), evaluation of the lesion in the nar-
rower circumfl ex coronary artery (CX) is more diffi cult due 
to the blooming of the calcifi ed plaque (triple arrow). (Case 
courtesy of MUSC, Charleston, USA)

Cx

LAD
RCA
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Fig. 8.6. Coronary CT angiography examination in an obese 
patient (130 kg body weight). The examination was carried out 
using a 64-slice CT scanner with 0.6-mm collimation and 0.33-
s rotation time. Images are reconstructed with 0.75-mm slice 
width and a medium-smooth reconstruction fi lter kernel. Vi-
sualization of the cardiac anatomy and the coronary artery tree 
is compromised due to too high image noise. (Case courtesy of 
Klinikum Grosshadern, University of Munich, Germany)

Fig. 8.7a,b. Coronary CT angiography examination using a 64-slice CT scanner with 0.6-mm collimation, 0.33-s rotation time, 
and ECG-controlled dose modulation. An ectopic beat during the acquisition (a) leads to misplacement of an interval of high 
exposure and subsequently to a noisy image slab during image reconstruction (b). It is desirable to develop intelligent ECG-
controlled dose modulation techniques that identify ectopic beats and adjust the position of the window of high exposure within 
the cardiac cycle accordingly. (Case courtesy of Klinikum Grosshadern, University of Munich, Germany)
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b
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The main opportunity to minimize radiation 
exposure in retrospectively ECG-gated multi-slice 
CT of the heart is to develop robust ECG-correlated 
dose modulation techniques that can be applied in 
every patient and that use maximum exposure only 
during very short time intervals of the cardiac cycle. 
Therefore, new scan and reconstruction techniques 
have to be evaluated that provide robust ECG-con-
trolled dose modulation also in patients with irregu-
lar heart rates and limit ECG-gated reconstruction 
to shorter reconstruction intervals during the car-
diac cycle.

8.2 
A Future for Electron-Beam CT?

An alternative scanner concept that avoids any 
mechanically moving parts is electron-beam CT 
(EBCT), schematically shown in Figure 8.8. In EBCT, 
an electron beam is emitted from a powerful elec-
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tron gun and magnetically deflected to hit a semi-
circular anode surrounding the patient. The mag-
netic deflection sweeps the electron beam over the 
target, thus generating an X-ray source that virtu-
ally rotates around the patient. Given the absence of 
mechanically moving parts, a sweep can be accom-
plished in as little as 50 ms.

EBCT systems were already introduced in 1982 as 
a non-invasive imaging modality for the diagnosis 
of coronary artery disease (Boyd 1982). The units 
that remain in operation today (C-150/C-300 or e-
speed, Imatron, South San Francisco, California, 
USA) are equipped with two detector rings and four 
tungsten target rings, allowing for the acquisition 
of up to eight slices at different anatomical levels 
of the patient. The “volume mode” acquires eight 
images with 50- to 100-ms exposure time within 
300–400 ms. For quantification of coronary calcifi-
cation, coronary CT angiography, or evaluation of 
cardiac function, appropriate acquisition protocols 
are either the “cine mode” or the “flow mode”, both 
of which are characterized by single-slice (C-150/C-
300) or dual-slice (e-speed) acquisition using full-
resolution detector rings and one target ring. The 
“cine mode” acquires a single scan with a 50-ms 
exposure time and at a rate of 17 scans per second for 
each anatomical level. The “flow mode” acquires a 
scan with a 50- to 100-ms exposure time at a specific 
phase of the cardiac cycle at different anatomical 

levels in subsequent or alternating heart beats. Due 
to the restriction to non-spiral sequential scanning, 
a single breath-hold scan of the heart is performed 
with a 3-mm slice-width using single-slice acquisi-
tion (C-150/C-300) and with a 1.5-mm slice-width 
using dual-slice acquisition. The resulting limited 
longitudinal resolution is sufficient for quantifica-
tion of coronary calcification, but it is not adequate 
for 3D-visualization of the coronary arteries.

EBCT suffers from inherent disadvantages of 
the measurement principle, which have prevented a 
more wide-spread use of these systems in cardiol-
ogy or general radiology. The technical principles 
have been discussed elsewhere (McCollough 
1994a, McCollough 1994b, McCollough 1999). 
Due to the fourth-generation system geometry, the 
use of anti-scatter collimator blades on the detector 
is not possible. As a consequence, image quality is 
degraded by a large amount of scattered radiation 
and thus with typical artifacts, e.g., in the form of 
hypodense zones in the mediastinum. When quan-
titative evaluations are needed, such as in calcium 
scoring, any instability of the CT numbers due to 
scattered radiation, which depends on patient geom-
etry and patient size, is a serious problem. Due to 
the ring collimator used to shape the beam in the 
z-direction (Fig. 8.9), the radiation profiles on the 
detector are “banana-shaped”, resulting in a prob-
lematic geometric efficiency of the system. The 

Fig. 8.8. The principle behind electron-
beam CT (EBCT) principle. An electron 
beam is magnetically defl ected to hit a 
semi-circular anode surrounding the pa-
tient (total angular coverage of 210° equals 
180° plus the fan angle of the beam). The 
electron beam sweeps over the target 
in 50–100 ms, thus generating an X-ray 
source that virtually moves around the 
patient

Gun

Defl ection 
Coil

Data Acquisition System 
(DAS)

Detectors

Couch

Target Rings

8.2 · A Future for Electron-Beam CT?



334 Chapter 8 · Future Technical Developments in Cardiac CT

banana-shaped profiles will be a serious drawback 
if a true multi-slice detector is to be incorporated 
into an EBCT system. The clinically most signifi-
cant shortcoming of EBCT, however, is the fixed and 
limited electric power of the electron beam in the 
X-ray gun. The latest EBCT scanners (e-speed) can 
provide a fixed current of 1000 mA at 130 kV. While 
the resulting X-ray intensity is sufficient for small 
patients, it is at the limit for medium-sized patients 
and clearly inadequate for larger patients.

In summary, despite its inherent advantages in 
temporal resolution, the EBCT principle is currently 
not considered to be adequate for more advanced 
cardiac and general-purpose CT scanners.

8.3 
Future Possibilities with Area Detector CT

A promising field of research is the development 
of area-detector technology and related cone-beam 
reconstruction techniques that may allow coverage 
of the entire coronary anatomy in a single heart beat 
without movement of the table (Ohnesorge 2005, 

Mori 2006). With area-detector CT scanners, high-
resolution imaging of the heart morphology as well as 
dynamic and functional assessment by repeated scan-
ning of the same scan range may become possible.

The first prototype systems, which use the CsI-
aSi flat-panel detectors known from conventional 
angiography, are currently under evaluation in pre-
clinical research settings. These systems can pro-
vide excellent in-plane and through-plane spatial 
resolution of 0.25 mm with up to 768 slices and up 
to 18 cm detector z-coverage (Knollmann 2003, 
Flohr 2005, Nikolaou 2005, Mahnken 2005) 
(Fig. 8.10). Studies with ex-vivo heart specimens 
and animal models have shown promising results 
in the visualization of very small cardiovascular 
features (Fig. 8.11). However, due to inherent limita-
tions of the CsI-aSi flat-panel detectors and the cor-
responding read-out electronics, these systems can 
only be operated at gantry rotation times of 2 s and 
longer, which is a severe obstacle for in-vivo patient 
examinations. Moreover, CsI-aSi flat-panel detec-
tors can provide no better low-contrast resolution 
than about 5–10 HU, which results in limited tissue 
differentiation compared to state-of-the-art multi-
slice CT scanners that readily provide 2–3 HU low 
contrast resolution.

Fig. 8.9. Collimation principle of EBCT. Two collimator rings 
are used to shape the beam in the z-direction and to control 
slice width. Since an angular coverage of 210° is required, the 
anode ring and detector ring overlap and have to be displaced 
in the z-direction (longitudinal direction). The beam profi le 
on the detector is banana-shaped as a consequence of both 
the collimation principle and the longitudinal displacement. 
This is problematic with regard to geometric effi ciency and 
when it comes to introducing multi-row detectors into an 
EBCT gantry

Collimator

Focus
Anode ring

Detector

30

20

10

0

-10

-500

500

0

600

400

200

-400

0

-200

-600

-800



335

a

b c
stent

lipid

fi brous calcifi ed

LADAA

Fig. 8.10a–c. Principle of an area-detector CT prototype using a fl at-panel detector with 768 × 0.25-mm slices. The fl at-panel 
detector is mounted in a conventional multi-slice CT gantry system and can provide volume coverage up to 18 cm (a). Based 
on a phantom model of a coronary artery (b) substantially increased spatial resolution using the fl at-panel CT prototype can 
be demonstrated (c)

Alternative prototype systems with large area-
detectors based on conventional CT detector technol-
ogy are capable of covering a scan range of about 12 cm 
by simultaneously acquiring 256 slices with 0.5-mm 
collimated slice width (Fig. 8.12). The first experimen-
tal patient studies, in which such prototype systems 
were used with a shortest gantry rotation time of 0.5 s, 
demonstrated their potential to visualize the cardiac 
anatomy and to assess cardiac function (Kondo 2005, 
Funabashi 2005a, Funabashi 2005b). Although the 
entire heart can be scanned within a single heart beat, 
image quality is inferior compared to today’s 64-slice 
CT scanners due to limited temporal resolution and 
low-contrast resolution.

Initial experience has thus shown that today’s 
area-detector CT prototypes are still too limited 
in temporal resolution and low-contrast resolution 
for regular in-vivo use. The high radiation dose 
that would be needed to provide adequate signal-

to-noise ratio at 0.25-mm isotropic resolution, as is 
achieved with flat-panel CT systems, is problematic 
for human subjects in a clinical setting. Moreover, 
the huge scan data rates represent a challenge for 
currently available image reconstruction systems. 
Area-detector CT systems might become available 
for cardiac CT in 3–5 years. Until then, major tech-
nical challenges will have to be solved in order to 
increase temporal resolution, lower radiation dose, 
and reduce image reconstruction times.

8.4 
New Frontiers with Dual-Source CT

A temporal resolution of < 100 ms at all heart rates 
is desirable to achieve full diagnostic quality in 

8.4 · New Frontiers with Dual-Source CT
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Fig. 8.11a–d. Preliminary results of an area-detector CT prototype using a fl at-panel detector with 768 × 0.25-mm 
slices and a fastest rotation time of 2 s. The very high spatial resolution enables accurate assessment of the in-stent 
lumen in a coronary artery phantom (a). Very small coronary artery segments can be visualized in ex-vivo studies of 
contrast-enhanced heart specimen of a pig (b) and a human (c). Experimental in-vivo studies of vessels are feasible 
using animal models, as demonstrated in a CT angiography examination of the carotid arteries in a live rabbit (d). 
(Data courtesy of MGH Boston, USA)
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Fig. 8.12a–d. The principle of area-detector CT and preliminary, experimental, 
in-vivo patient results using a prototype with 256 × 0.5-mm slices and 0.5-s rota-
tion time. a The area-detector prototype is mounted in a conventional multi-slice 
CT gantry system and provides volume coverage up to 12 cm. b A 4-dimensional 
data set of the heart and coronary arteries can be acquired from scans with one 
single rotation without table-feed. MPR display of the same data set allows for re-
construction of the left ventricle in the long (c) and short (d) axes. (Data courtesy 
of Ehime University, Japan)
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cardiac CT examinations of patients with high and 
irregular heart rates and to completely eliminate the 
need to control heart rate. An alternative concept to 
improve temporal resolution for cardiac CT while 
maintaining the good general imaging capabili-
ties of a modern multi-slice CT system is a scanner 
design with multiple X-ray sources and detectors, 
which was already described during the early days 
of CT (Robb 1979, Ritman 1980).

Recently, a new dual-source CT scanner genera-
tion has been introduced that will provide substan-
tially improved scan speed and temporal resolution 
for CT scans of the heart compared to the most recent 
64-slice CT scanners (Flohr 2006). In the following, 
we introduce the system concept of this new dual-
source CT scanner and derive its consequences and 
potential benefits for ECG-gated cardiac CT appli-
cations (Flohr 2006, Bruder 2006). Also, prelimi-
nary results of the evaluation of temporal resolution, 
spatial resolution, and radiation exposure are pre-
sented (Flohr 2006, McCollough 2006) as well as 
the results of the first clinical patient examinations 
(Flohr 2006, Achenbach 2006, Johnson 2006).

8.4.1 
Dual-Source CT: System Concept and Design

A dual-source CT system is equipped with two X-
ray tubes and two corresponding detectors. The 
two acquisition systems are mounted on the rotat-
ing gantry with an angular offset of 90° (Fig. 8.13). 
One detector (A) covers the entire scan field of 
view (50 cm in diameter). The other detector (B) is 
restricted to a smaller, central field of view (26 cm 
in diameter) in order to maintain a compact system 
geometry with a short distance between the focal 
spot and the detector (Fig. 8.14). Each detector com-
prises 40 detector rows, the 32 central rows having 
a 0.6-mm collimated slice width and the four outer 
rows on both sides having a 1.2-mm collimated slice 
width. The total coverage in the longitudinal direc-
tion (z-direction) of each detector is 28.8 mm at iso-
center. By proper combination of the signals of the 
individual detector rows, detector configurations of 
32 × 0.6 mm or 24 × 1.2 mm can be realized. Using 
the z-flying focal spot technique introduced with 
64-slice CT (Flohr 2004, Flohr 2005), two subse-

Tube A

Tube B

Fig. 8.13. A dual-source CT system with two tubes and two 
corresponding detectors offset by 90° (SOMATOM Defi nition, 
Siemens, Forchheim, Germany). A scanner of this type pro-
vides temporal resolution roughly equivalent to a quarter of 
the rotation time, independent of the patient’s heart rate

Fig. 8.14. Technical realization of a dual-source CT system 
(SOMATOM Defi nition, Siemens, Forchheim, Germany). One 
detector covers the entire scan fi eld of view with a diameter 
of 50 cm, whereas the other detector is restricted to a smaller, 
central fi eld of view with a diameter of 26 cm
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quent 32-slice readings with 0.6-mm collimated slice 
width are combined to yield one 64-slice projection 
with a sampling distance of 0.3 mm at iso-center. In 
this way, each detector acquires 64 overlapping 0.6-
mm slices per rotation. The shortest gantry rotation 
time is 0.33 s; other gantry rotation times are 0.5 and 
1.0 s. Each of the two compact rotating-envelope X-
ray tubes (Schardt 2004) allows up to 80 kW peak 
power from the two on-board generators. The tubes 
can be operated independently with regard to their 
kV and mA settings. The independent kV setting of 
80, 100, 120, and 140 kV allows the acquisition of 
dual-energy data, e.g., with one tube being operated 
at 80 kV while the other is operated at 140 kV.

8.4.2 
Dual-Source CT: Cardiac Scanning Principles and 
Techniques

The foremost benefit of dual-source CT for cardiac 
scanning is the improved temporal resolution. The 
temporal resolution of a multi-slice CT scanner 
with a single source is equivalent to half the gantry 
rotation time using single-segment half-scan image 

8.4 · New Frontiers with Dual-Source CT

reconstruction. A dual-source CT scanner provides 
temporal resolution of approximately a quarter of 
the gantry rotation time, independent of the patient’s 
heart rate and without the need for multi-segment 
reconstruction techniques.

In a dual-source CT scanner, a complete data set 
of 180° of parallel-beam projections can be gener-
ated from two 90° data sets (“quarter-scan seg-
ments”) that are simultaneously acquired by the two 
independent measurement systems, which are offset 
by 90°. As both quarter-scan segments are acquired 
simultaneously within a quarter of a rotation, the 
total acquisition time and temporal resolution of the 
resulting half-scan data set are a quarter of the rota-
tion time (Fig. 8.15). The two quarter-scan segments 
are appended with a smooth transition function to 
avoid streaking or other artifacts from potential dis-
continuities at the respective start- and end-projec-
tions. The use of a transition function with a transi-
tion angle of 30° does not affect temporal resolution. 
Since the second detector does not cover the entire 
scan field of view, its projections are truncated in 
objects that extend beyond the 26-cm field of view 
and have to be extrapolated by using data acquired 
with the first detector at the same projection angle 
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Fig. 8.15. Principle of ECG-gated spiral image reconstruction for a dual-source CT system. The positions of the detector slices of 
both measurement systems relative to the patient are indicated as a function of time. The patient’s ECG signal is schematically 
indicated on the bottom. To simplify the drawing, only four detector slices are shown. Due to the 90° angle between both detec-
tors, the 180° parallel projection data set can be split up into two 90° quarter-scan data sets. These are simultaneously acquired 
by the two acquisition systems in the same relative phase of the patient’s cardiac cycle and at the same anatomical level
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(i.e., a quarter rotation earlier). With this approach, 
constant temporal resolution equivalent to a quar-
ter of the gantry rotation time Trot/4 is achieved in a 
centered region of the scan field of view that is cov-
ered by both acquisition systems. For Trot = 0.33 s, 
the temporal resolution is therefore 83 ms, indepen-
dent of the patient’s heart rate and with data used 
from one cardiac cycle only (Fig. 8.16). Thus, the 
basic mode of operation of a dual-source CT system 
corresponds to single-segment reconstruction. This 
is a major difference to conventional multi-slice 
CT systems, which can theoretically provide simi-
lar temporal resolution by means of multi-segment 
reconstruction approaches (Kachelrieß 2000, 
Flohr 2001). With multi-segment reconstruction, 
however, temporal resolution strongly depends on 
the heart rate, and a stable and predictable heart 
rate and complete periodicity of the heart motion 
are required for adequate performance. Therefore, 
optimal temporal resolution can only be achieved at 
few heart rates, when the patient’s heart beat and the 
gantry rotation of the scanner are properly de-syn-
chronized (Fig. 8.16).
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Fig. 8.16. Temporal resolution as a function of the patient’s 
heart rate for a conventional multi-slice CT system with 0.33-s 
gantry rotation time, and for a dual-source CT scanner with 
0.33-s gantry rotation time. While multi-slice CT reaches 83-
ms temporal resolution only at the determined heart rates of 
66, 81, and 104 bpm, dual-source CT provides 83-ms temporal 
resolution at all heart rates. Using 2-segment reconstruction 
with dual-source CT, temporal resolution varies as a function 
of the patient’s heart rate, and a maximum temporal resolution 
of 42 ms and a mean temporal resolution of about 60 ms can 
be established for advanced functional evaluations

Nevertheless, multi-segment approaches can also 
be applied to dual-source CT to improve temporal 
resolution even further. In a two-segment recon-
struction, the quarter-scan segments acquired by 
each of the two detectors are independently divided 
into smaller subsegments acquired in subsequent 
cardiac cycles of the patient – similar to two-seg-
ment reconstruction in conventional multi-slice CT 
(Fig. 8.16). Using a multi-segment approach, tem-
poral resolution again varies as a function of the 
patient’s heart rate, and a best temporal resolution 
of 42 ms can be established at certain heart rates 
based on a rotation time of 0.33 s. As temporal reso-
lution varies strongly even for small changes in heart 
rate, it seems appropriate to define a mean temporal 
resolution of 60 ms. While the use of multi-segment 
reconstruction is not recommended for examina-
tions of the coronary arteries, it may be beneficial 
for advanced evaluation of cardiac function, such as 
detection of wall motion abnormalities or determi-
nation of peak ejection fraction. For examinations 
of the coronary arteries and the assessment of global 
cardiac functional parameters, the single-segment 
mode should provide sufficient temporal resolution 
at clinically relevant heart rates.

It was shown in Chapter 5 that the patient’s heart 
rate determines the maximum spiral pitch that can 
be used for gap-less coverage of the heart (Flohr 
2001) and that the number of segments S used for 
multi-segment reconstruction demands a further 
reduction of the spiral pitch (Fig. 8.17):

pitch
N

N
S

T
T

rot

RR

≤ − +⎛
⎝⎜

⎞
⎠⎟

1 1
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where N represents the number of simultane-
ously acquired detector rows, Trot is the gantry rota-
tion time, and TRR the patient’s heart cycle time. 
Since multi-segment reconstruction will usually 
not be required for cardiac CT examinations with 
dual-source CT (that means, S = 1 at all heart rates 
in Eq. 8.1), the pitch and thus the table-feed can be 
efficiently adapted to the patient’s heart rate and sig-
nificantly increased at elevated heart rates (Flohr 
2006). Assuming a confidence interval of 10 bpm that 
the heart rate of the patient is allowed to drop during 
examination, the following pitch and table-feed set-
tings may be used for the evaluated dual-source CT 
system with N = 32 and Trot = 0.33 s (Table 8.1).
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Fig. 8.17a,b. An ECG-gated spi-
ral scan for high heart rates 
(> 65 bpm) with a multi-slice CT 
and b dual-source CT. The slope of 
the dotted lines (detector trajecto-
ries) is proportional to the pitch 
and is limited by the need for con-
tinuous volume coverage of the 
heart. Note the signifi cant slope 
(pitch) difference due to the need 
to use 2-segment reconstruction at 
higher heart rates with multi-slice 
CT vs. the ability to use single-seg-
ment reconstruction at high heart 
rates with dual-source CT
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The heart rate of the patient can be monitored 
before the examination so that the lowest heart rate 
can be determined. Evaluation of a variety of ECG 
signals has demonstrated that an additional confi-
dence interval of 10 bpm should be subtracted before 
automatic adjustment of the pitch and the table-feed 
for the scan. The confidence interval of 10 bpm is 
already included in the values shown in Table 8.1. 
With the given pitch values, it becomes obvious that 
dual-source CT can provide faster volume coverage 
for comparable detector coverage than the latest 
64-slice CT scanners, which usually employ pitch 
values between 0.20 and 0.26 (Sect. 6.2). Typical 
breath-hold times for ECG-gated spiral scans of the 
heart with dual-source CT are between 10 s for low 
heart rates and 5 s for high heart rates, assuming a 
scan range of 12 cm to cover the heart. 

The increased pitch at higher heart rates not only 
reduces the examination time, but also the radia-
tion dose to the patient (McCollough 2006). With 

single-source CT, the pitch cannot be increased at 
higher heart rates, because multi-segment recon-
struction must be used to improve temporal resolu-
tion. This is not necessary for dual-source CT. An 
additional important technique to reduce patient 
dose is an intelligent ECG-controlled dose modu-
lation that reacts to ectopic beats and variations in 
heart rate (Sect. 5.6.3). Due to the significantly higher 
temporal resolution of dual-source CT, the duration 
of full dose exposure during the cardiac cycle can be 
reduced compared to multi-slice CT; subsequently, 
the radiation exposure for the entire examination is 
also reduced (McCollough 2006) (Fig. 8.18).

8.4.3 
Dual-Source CT: System Performance Evaluation

Temporal resolution during ECG-gated spiral 
scanning can be evaluated with a moving coro-
nary-artery phantom to compare the performance 
of dual-source CT with a state-of-the-art 64-slice 
single-source CT scanner. The phantom consists of 
three contrast-filled Lucite tubes with a lumen of 
4 mm. Coronary artery stents are inserted in two 
of the tubes. One of the stents contains an artifi-
cial 50% stenosis within the stent. The tubes are 
immersed in a water bath and moved in a periodic 
manner by a computer-controlled robot arm at an 
angle of 45° relative to the scan plane to simulate 
heart motion (Fig. 8.19). Motion patterns of moving 
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Fig. 8.18. ECG modulation of the tube current for a dual-source CT system. The width of the temporal window having the 
maximum tube current can be selected by the user, while the temporal width of the image reconstruction window is 83 ms. 
For full-quality images for coronary artery CT angiography, the reconstruction window should fall within the maximum mA 
window. Due to the higher temporal resolution independent of heart rate, this maximum mA window can be shorter than in 
multi-slice CT, thus lowering the patient’s radiation dose during the examination

Table 8.1. Heart-rate-dependent pitch and table-feed settings 
for the evaluated dual-source CT. The heart rate in brackets 
represents the minimum heart rate after subtraction of the 
confidence interval of 10 bpm

Heart rate (bpm) Pitch Table feed (mm/s)

55 (45) 0.20 11.6

70 (60) 0.27 15.4

80 (70) 0.36 21.0

90 (80) 0.46 26.8
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Fig. 8.19a,b. Computer-controlled robot arm that moves contrast-fi lled tubes (“coronary arteries”) in a water tank. a Phantom 
set-up placed on the scanner table; b close-up of the phantom setup. The motion amplitudes and velocities of the robot arm 
can be adjusted to provide a realistic motion pattern of the coronary arteries

a b

Fig. 8.20. Example of a motion curve for the computer-con-
trolled robot arm, simulating a heart rate of 90 bpm. The mo-
tion pattern of a right coronary artery based on values given 
in the literature (Achenbach 2000) is shown
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0.2coronary arteries are implemented for heart rates of 
70 and 90 bpm (Fig. 8.20). The motion amplitudes 
and velocities of the robot arm are based on pub-
lished values for coronary artery motion (Achen-
bach 2000). Using dual-source CT with 83-ms tem-
poral resolution, motion artifacts are considerably 
reduced compared to 64-slice single-source CT with 
0.33-s rotation time (Fig. 8.21, 8.22). A computer-
generated phantom model to simulate the motion of 
the cardiac chambers during the cardiac cycle with 
realistic motion patterns demonstrates the ability 
of dual-source CT to provide motion-free images 
also during the systolic phase of the cardiac cycle 
(Fig. 8.23).

To determine slice sensitivity profiles (SSPs) for 
ECG-gated spiral scanning with the dual-source CT 
system, a thin gold plate (40-µm thickness) embed-
ded in a Lucite cylinder can be used. The gold plate 
is placed close to the iso-center of the scanner and 
highly overlapping images with an increment of 
0.1 mm are reconstructed for the desired nominal 
slice widths. For each of the overlapping images, the 
mean CT value in a small region of interest within 
the gold plate is determined and the background 
CT value of the Lucite cylinder is subtracted. The 
maximum of these corrected mean values (with 
the gold plate fully in the reconstructed slice) was 
normalized to the value 1. The normalized mean 
values, plotted as a function of the z-positions of the 

respective image slices, represent the measured SSP. 
The full-width at half maximum (FWHM) of this 
SSP is the measured slice width. Using an artificial 
ECG signal with 70 bpm, overlapping images with 
0.6-, 0.75-, 1.0, 1.5-, and 2-mm nominal slice width 
and 0.1-mm increment are reconstructed. The SSPs 
are symmetrical bell-shaped curves without the far-
reaching tails that would degrade longitudinal reso-
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Fig. 8.21a,b. Axial slices and MPRs of 
the moving coronary-artery phantom at 
70 bpm for the evaluated dual-source CT 
system (a) and for a comparable 64-slice 
single source CT system (b), both using 
0.33-s gantry rotation time. The temporal 
resolution of the dual-source CT is 83 ms, 
while that of the 64-slice CT is 140 ms us-
ing 2-segment reconstruction at 70 bpm. 
a The in-stent stenosis (arrow) can be 
clearly delinated with the dual-source CT 
acquisition. b By contrast, despite the high 
temporal resolution provided by 2-seg-
ment reconstruction, the in-stent stenosis 
is blurred and overestimated with 64-slice 
CT acquisition

a

b

Fig. 8.22a,b. Axial slices and MPRs of 
the moving coronary-artery phantom at 
90 bpm for the evaluated dual-source CT 
system (a) and for a comparable 64-slice 
single source CT system (b), both using 
0.33-s gantry rotation time. The temporal 
resolution of the dual-source CT is 83 ms, 
while that of the 64-slice CT is 160 ms us-
ing 2-segment reconstruction at 90 bpm. 
a Despite the rapid movement of the coro-
nary artery, the in-stent stenosis (arrow) 
can be clearly delineated with the dual-
source CT acquisition. b Signifi cant mo-
tion artifacts are present in the 64-slice 
CT acquisition and the in-stent stenosis is 
blurred and cannot be evaluated

a

b
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Fig. 8.23a,b. MPRs of a moving heart phantom simulating the motion of the cardiac chambers at a heart rate of 75 bpm. Image 
data were generated for a conventional 64-slice single-source CT scanner and for a dual-source CT scanner, both using 0.33-s 
rotation time. Images were reconstructed during end-systole using single-segment reconstruction. a Due to the insuffi cient 
temporal resolution (165 ms) of the single-source CT scanner for a systolic reconstruction, image quality is severely degraded 
by step and band artifacts. b The temporal resolution of 83 ms of the dual-source CT scanner, however, is suffi cient for adequate 
visualization of the heart in systole

a b

Fig. 8.24. Measured slice sensitivity profi les (SSPs) at iso-cen-
ter of the nominal 0.6-, 0.75-, 1.0-, 1.5-, and 2.0-mm slices for 
the ECG-gated spiral scan mode of the evaluated dual-source 
CT system. The SSPs are well-defi ned and the measured full 
widths at half maximum (FWHMs) are 0.7, 0.83, 1.05, 1.5, and 
2.05 mm
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lution. The measured FWHMs are 0.7, 0.83, 1.05, 1.5, 
and 2.05 mm, respectively, which is in good agree-
ment with the nominal values (Fig. 8.24).

To investigate the maximum achievable longitu-
dinal resolution of the dual-source CT system for 
ECG-gated spiral scanning, a z-resolution phan-
tom can be used. This phantom consists of a Lucite 
plate with rows of cylindrical holes with diameters 
between 0.4 and 3 mm that are aligned in the z-
direction. An artificial ECG signal is used for ECG-
gated reconstruction of the non-moving object 
at virtual heart rates of 70 and 90 bpm. The spiral 
pitch of the scan is selected according to the virtual 
heart rate (pitch 0.32 for 70 bpm and pitch 0.43 for 
90 bpm). Images are reconstructed with a 0.6-mm 
nominal slice width and 0.1-mm image increment. 
Multi-planar reconstruction (MPR) display in the z-
direction is then used to determine the minimum 
diameter of the cylinders that can be resolved and 
to evaluate potential geometrical distortions. Dual-
source CT with 0.6-mm slice width can resolve all 
cylinders down to 0.4 mm diameter for both heart 
rates, and the MPRs are free of geometric distor-
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Fig. 8.25a,b. Reconstruction of a resolution phantom (Lucite plate with cylindrical holes) in the iso-center of the evaluated dual-
source CT scanner. The phantom was scanned using ECG-gated spiral mode and reconstructed with 0.6-mm slice-width, 0.1-mm 
image increment, and medium-sharp image reconstruction kernel. ECG-gated reconstruction was performed using artifi cial 
ECG  signals with 70 and 90 bpm. a MPR in the z-direction shows that all cylinders down to 0.4 mm diameter can be resolved 
for heart rates of 70 bpm (top) and 90 bpm (bottom), and no signifi cant geometrical distortions are visible. b 3D reconstruction 
of two resolution phantoms mounted perpendicular to each other demonstrates that all cylinders down to 0.4 mm in size can 
be resolved in both the x/y-direction and the z-direction, thus providing 0.4-mm isotropic resolution
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tions, thus proving the spatial integrity of the 3D 
image (Fig. 8.25). Heart-rate-independent spatial 
resolution is an important requirement for clinically 
reliable cardiac CT angiography. Using the thinnest 
slice width and sharp reconstruction filter kernels, 
up to 0.4 mm in-plane and 0.4 mm through-plane 
resolution can be achieved with dual-source CT in 
clinical routine with ECG-gated spiral scan modes.

Radiation exposure for retrospectively ECG-
gated imaging of the heart can be measured using 
a standard CTDI body phantom to assess the CTDIw 
value in units of mGy. Widely available and vali-
dated software tools can then be used to translate 
the CTDIw values into effective organ dose in mSv 
(e.g., WinDose, Scanditronix, Germany). Dual-
source CT uses double the X-ray power per time 
compared to single-source CT scanners. The restric-
tion to single-segment reconstruction enables the 
pitch to be increased for scans at higher heart rates. 
This translates into dose reduction, as the radiation 
exposure is inversely proportional to the pitch in 
ECG-gated spiral CT scan protocols (Fig. 8.26). As 

a consequence of the substantially improved tempo-
ral resolution with dual-source CT, the interval of 
full exposure during the cardiac cycle in scans with 
ECG-controlled dose modulation can be reduced 
from around 400 ms with 64-slice single-source CT 
to about 200 ms with dual-source CT. As the ratio of 
the lengths of full-dose and low-dose intervals within 
the cardiac cycle is lower, the relative reduction of 
radiation exposure by ECG-controlled dose modula-
tion is higher with dual-source CT (Fig. 8.26). Com-
bining these dose reduction features (pitch adapta-
tion and effective ECG pulsing) with an optimized 
beam pre-filtration that reduces the exposure in the 
periphery of the scan field of view (so-called cardiac-
bowtie filter), radiation exposure in dual-source CT 
can be reduced by up to a factor of two compared to 
the latest 64-slice single-source CT scanners, while 
maintaining the same signal-to-noise ratio and spa-
tial resolution (McCollough 2006). Deviating from 
single-source CT, radiation exposure decreases with 
increasing heart rate in dual-source CT due to the 
increased pitch at higher heart rates.
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Fig. 8.26. Estimation of radiation exposure in male patients in relation to heart rate. Patients were ex-
amined by 64-slice single-source CT and dual-source CT using ECG-gated spiral scan protocols for 
cardiac CT angiography. In single-source CT (left), the spiral pitch is fi xed for all heart rates and radia-
tion exposure can be reduced by using ECG-controlled dose modulation with a temporal window of 
400 ms of maximum exposure during the cardiac cycle. Radiation exposure increases with increasing 
heart rate, from about 6–7 mSv for a low heart rate of 55 bpm to about 9–10 mSv for a higher heart rate 
of 90 bpm. In dual-source CT (right), the temporal window of maximum exposure during the cardiac 
cycle for ECG-controlled dose modulation is reduced to 200 ms. In addition, the pitch is increased for 
increasing heart rate and radiation exposure decreases from 6–7 mSv for a low heart rate of 55 bpm to 
about 4 mSv for a higher heart rate of 90 bpm

8.4.4 
Dual-Source CT: Clinical Scan Protocols and 
Preliminary Clinical Results

Cardiac CT examinations were used to assess the 
performance of dual-source CT in clinical prac-
tice. A series of consecutive patients who did not 
receive β-blocker medication to lower their heart 
rates prior to the examination were referred to 
coronary CT angiography with dual-source CT. 
All patients were scanned in the craniocaudal 
direction with 0.33-s rotation time, 0.6-mm col-
limation with z-f lying focal spot for each detector, 
120 kV, 550 mA for each X-ray tube, and a pitch 
between 0.27 and 0.36, depending on the patients’ 
heart rate. In most cases, ECG-controlled dose 
modulation was used. ECG-gated reconstruc-
tion was carried out in diastole and systole with 
single-segment reconstruction, thus providing a 
temporal resolution of 83 ms independent of the 
heart rate. The patients received 80–100 ml con-
trast agent (300–400 mg Iodine per ml) at a f low 
rate of 4–5 ml/s, followed by a 50-ml saline bolus 
at the same f low rate.

These initial studies demonstrated that diagnostic 
image quality can be achieved in coronary CT angi-
ography examinations in all patients irrespective of 
heart rate (Achenbach 2006, Johnson 2006). A sub-
stantial improvement of image quality compared to 
that obtained with the latest 64-slice CT scan acqui-
sition can be demonstrated in patients with heart 
rates up to 100 bpm (Fig. 8.27). Cardiac images can 
be reconstructed free of motion artifacts in both 
diastole and systole (Fig. 8.28). Preliminary clinical 
experience indicates that robust image quality may 
also be achieved in patients with irregular heart rate 
during the scan (Figs. 8.29, 8.30). Diagnostic accu-
racy may also be improved in patients with low and 
normal heart rates due to the complete elimination 
of cardiac motion (Figs. 8.31–8.34). The high tempo-
ral resolution of dual-source CT enables global and 
regional cardiac function analysis, including myo-
cardial wall motion and valve function (Fig. 8.35). In 
patients with higher heart rates, the spiral pitch can 
be increased, thus reducing radiation exposure and 
breath-hold time (Fig. 8.36).

Dual-source CT can also be used for general-pur-
pose CT imaging by taking advantage of the high-
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Fig. 8.28a,b. Coronary CT angiography examination to rule-out the presence of coronary artery disease in a patient with chest 
pain. The examination was carried out using a dual-source CT scanner. No β-blocker was used to control heart rate and the pa-
tient showed a stable heart rate of 85 bpm during the scan. The dual-source CT scan protocol with ECG-gated spiral acquisition 
consisted of 0.6-mm collimation, 0.33-s rotation time, pitch 0.36, 120 kV, and 550-mA tube current for each tube. The 12-cm scan 
range was covered in a 6-s breath-hold. Retrospectively ECG-gated image reconstruction was done during end-systole (30%) and 
during diastole (65%). VRT display of the data sets demonstrates motion-free reconstruction of the right and left coronary arteries 
in both end-systole (a) and diastole (b), despite the high heart rate. Based on the high image quality, the absence of coronary lumen 
narrowing could be confi rmed with a high degree of confi dence. (Case courtesy of Erlangen University, Germany)

a b

Fig.8.27a–c. Coronary CT angiography examination using a dual-source CT scanner. No β-blocker was used for heart rate 
control and the patient had a variable heart rate between 86 and 122 bpm during the scan. The dual-source CT scan protocol 
with ECG-gated spiral acquisition consisted of 0.6-mm collimation, 0.33-s rotation time, pitch 0.2, 120 kV, and 550 mA tube 
current for each tube. The 12-cm scan range was covered in a 10-s breath-hold. A pitch of 0.2 was used to allow for simulation 
of a conventional 64-slice CT data acquisition by eliminating the data of the second tube-detector system during image recon-
struction. Retrospectively ECG-gated image reconstruction was done during diastole (65%) using the data of one tube-detector 
system only with single-segment reconstruction and 165-ms temporal resolution (a) with 2-segment reconstruction providing 
83 to 165ms temporal resolution (b) and utilizing the data of both tube-detector systems to achieve constant 83 ms temporal 
resolution (c). Volume-rendering (VRT) display of the data sets demonstrates presence of severe motion artifacts in the right 
coronary artery in the reconstruction with one tube-detector system only (arrows and arrowheads in a and b). Use of 2-seg-
ment reconstruction for data of one tube-detector system does not provide remarkable improvement of image quality (b). In 
the reconstruction with both tube-detector systems, motion artifacts are completely eliminated despite the high and irregular 
heart rate (arrow and arrowhead in c). (Case courtesy of University of Munich, Grosshadern Clinic, Germany)

ba c
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Fig. 8.29a–e. Coronary CT angiography examination in a patient with changing heart rate between 82 and 96 bpm during the 
scan. The examination was carried out using a dual-source CT scanner. The scan protocol, with ECG-gated spiral acquisition, 
consisted of 0.6-mm collimation, 0.33-s rotation time, pitch 0.36, 120 kV, and 550-mA tube current for each tube. The 12-cm 
scan range was covered in a 6-s breath-hold. Retrospectively ECG-gated image reconstruction was done during end-systole 
(30%) and during diastole (70%). VRT display of the data sets demonstrates motion-free reconstruction of the right and left 
coronary arteries in diastole (a) despite the high and irregular heart rate. MIP displays of the proximal right coronary artery 
and the left descending coronary artery in diastole (b, c) and in end-systole (d, e) reveal that the coronary arteries are free 
of motion artifacts in both phases. The absence of coronary artery disease could therefore be confi rmed. (Case courtesy of 
Erlangen University, Germany)
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Fig. 8.30. a Cardiac CT angiography examination by dual-source CT in a patient with an internal mammary artery (IMA) bypass 
graft to the left coronary artery and a stent in the left main coronary artery. The patient suffered from atrial fi brillation and 
showed a changing heart rate between 48 and 90 bpm. The scan protocol, with ECG-gated spiral acquisition, consisted of 0.6-mm 
collimation, 0.33-s rotation time, pitch 0.27, 120 kV, and 550 mA tube current for each tube. The 12-cm scan range was covered 
in an 8-s breath-hold. Retrospectively ECG-gated image reconstruction was performed during diastole (70%). b VRT display 
demonstrates motion-free reconstruction of the coronary artery tree and the IMA graft (arrow) despite the high and irregular 
heart rate. c Curved MIP nicely delineates the open IMA graft, including a patent distal anastomosis (arrow). d Curved MPR 
allows assessment of the patent stent lumen in the left main coronary artery (arrow) and the occlusion in the left descending 
coronary artery (arrowhead). (Case courtesy of Erlangen University, Germany)
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Fig. 8.32a,b. Coronary CT angiography examination using a dual-source CT scanner. The patient had suspected 
coronary artery disease and a stable heart rate of around 70 bpm during the scan . The dual-source CT scan pro-
tocol with ECG-gated spiral acquisition consisted of 0.6-mm collimation, 0.33-s rotation time, pitch 0.27, 120 kV, 
and 550-mA tube current for each tube. The 12-cm scan range was covered in an 8-s breath-hold. Retrospectively 
ECG-gated image reconstruction was done during diastole (65%). a VRT display of the data sets demonstrates 
motion-free reconstruction of the left coronary artery tree in diastole. b MIP display of the left descending coro-
nary artery in diastole can be overlapped with the 3DVRT reconstruction. A mixed coronary plaque, including 
moderate lumen narrowing, can be seen but the absence of high-grade stenosis was confi rmed, consistent with 
the results of coronary angiography. (Case courtesy of Erlangen University, Germany)

Fig. 8.31. Coronary CT angiography examination 
using a dual-source CT scanner. The patient had 
suspected coronary artery disease and stable heart 
rate of around 75 bpm during the scan (Johnson 
2006). The scan protocol, with ECG-gated spiral ac-
quisition, consisted of 0.6-mm collimation, 0.33-s 
rotation time, pitch 0.27, 120 kV, and 550 mA tube 
current for each tube. The 12-cm scan range was 
covered in an 8-s breath-hold. Retrospectively 
ECG-gated image reconstruction was done during 
diastole (70%). VRT display of the data sets dem-
onstrates motion-free reconstruction of the left 
and right coronary artery tree and high-resolu-
tion reconstruction of the lung. The high temporal 
resolution enables clear depiction of subsegmen-
tal coronary branches, including the conus artery 
(arrow) and acute marginal branch (double arrow). 
Also, diagonal and obtuse marginal branches in-
cluding 2nd-order branches can be visualized 
(arrowhead). (Case courtesy of University of Mu-
nich, Grosshadern Clinic, Germany)
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Fig. 8.33a,b. Coronary CT angiography examination using a dual-source CT scanner. The patient had 
stent grafts in the left and right coronary artery and a stable heart rate of around 65 bpm during the 
scan. The dual-source CT scan protocol with ECG-gated spiral acquisition consisted of 0.6-mm col-
limation, 0.33-s rotation time, pitch 0.27, 120 kV, and 550-mA tube current for each tube. The 12-cm 
scan range was covered in an 8-s breath-hold. Retrospectively ECG-gated image reconstruction was 
done during diastole (65%). Curved MPR display reveals the patent lumen of both stents in the left 
descending coronary artery (a) and in the RCA (b). The high temporal resolution and the related 
absence of motion appear to reduce blooming artifacts in the presence of stents, thus improving 
in-stent visualization. (Case courtesy of University of Rotterdam, Netherlands)

a b
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Fig. 8.34a–d. Coronary CT angiography examination using a dual-source CT scanner. The patient 
had a stable heart rate around 70 bpm during the scan. The dual-source CT scan protocol with ECG-
gated spiral acquisition consisted of 0.6-mm collimation, 0.33-s rotation time, pitch 0.27, 120 kV, 
and 550-mA tube current for each tube. The 12-cm scan range was covered in an 8-s breath-hold. 
Retrospectively ECG-gated image reconstruction was done during diastole (70%). VRT display of the 
heart (a) and of the segmented coronary artery tree (b) allows signifi cant coronary artery disease to 
be ruled-out. MIP of the RCA (c) reveals details of the vessel wall and presents outstanding image 
quality also of subsegmental branches. The high temporal resolution also allows for motion-free 
visualization of the closed aortic valve using MIP reconstruction (d). (Case courtesy of University 
of Munich, Grosshadern Clinic, Germany)

a b

c d

8.4 · New Frontiers with Dual-Source CT



354 Chapter 8 · Future Technical Developments in Cardiac CT

Fig. 8.35a–c. Cardiac CT angiography examination using a dual-source CT scanner. The patient had a stable heart rate of around 
85 bpm during the scan. The dual-source CT scan protocol with ECG-gated spiral acquisition consisted of 0.6-mm collimation, 
0.33-s rotation time, pitch 0.36, 120 kV, and 550-mA tube current for each tube. The 12-cm scan range was covered in a 6-s 
breath-hold. Retrospectively ECG-gated image reconstruction was done during: a mid-diastole (60%), b end-diastole (80%), and 
c end-systole (30%). MIP reconstruction (top) reveals the mitral valve open in mid-diastole, closed in end-diastole, and closed 
in end-systole. VRT display (bottom) demonstrates the different sizes of the left ventricle in the different phases of the cardiac 
cycle. (Case courtesy of University of Munich, Grosshadern Clinic, Germany)

b ca
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Fig. 8.36. Coronary CT angiography examination in a patient with suspected coronary artery disease and a stable heart rate of 
around 85 bpm during the scan. The examination was carried out using a dual-source CT scanner. The scan protocol, with ECG-
gated spiral acquisition, consisted of 0.6-mm collimation, 0.33-s rotation time, pitch 0.36, 120 kV, and 550-mA tube current for 
each tube. The 12-cm scan range was covered in a 6-s breath-hold. Retrospectively ECG-gated image reconstruction was done 
during diastole (65%) and images were analyzed using modern automated segmentation and coronary analysis software. The 
fast pitch value of 0.36 and the ECG-controlled dose modulation with 200 ms of maximum exposure during the cardiac cycle 
allowed the scan to be acquired with a radiation exposure to the patient of only about 5–6 mSv. (Case courtesy of Erlangen 
University, Germany)
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power reserves of 160 kW for long scan ranges and 
obese patients. The new possibility of dual-energy 
acquisition is likely to open an entirely new era of 
clinical applications. In cardiovascular CT applica-
tions, the high-power reserves enable whole-body CT 
angiographic studies with up to 200-cm scan range 
at sub-millimeter resolution (Fig. 8.37). Dual-energy 
acquisition can support the automatic differentiation 
of vessels and bone (Fig. 8.38) and may eventually 
become useful in differentiating vascular lesions.

Fig. 8.37. Whole-body CT angiogra-
phy examination using a dual-source 
CT scanner. A dual-source CT scan 
protocol without ECG-gating was ap-
plied. Scan parameters were 0.6-mm 
collimation, 0.33-s rotation time, pitch 
1.5, 120 kV, and 550-mA tube current 
for each tube. The whole-body 200-cm 
scan range can be covered in a scan 
time of only 23 s and displayed with 
VRT and MIP. (Case courtesy of Er-
langen University, Germany, and Gros-
shadern Clinic, University of Munich, 
Germany)

The initial patient examinations also showed 
that dual-source CT has the potential to provide 
motion-free high-resolution CT images of the heart 
and the coronary arteries also in patients with high 
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post-processing technique  208
post-stent stenosis  242
pre-ablation assessment  302
pre-stent stenosis  242
PROCAM
– algorithm  182, 214
– risk score  198
projection
– angle  81
– fan beam  2, 81
– filtered back-projection  2
– interpolated  81
– parallel beam  2, 101
prospective ECG triggering  76, 106
prosthetic valve  291
protocol
– contrast-agent  145
– contrast-injection  145
proximal anastomosis  236
PTCA, see percutaneous transluminal coronary 

angioplasty
pulmonary
– aneurysm  321
– artery  35, 145, 189, 317
– atresia  261
– CTA  317
– emboli  14, 185
– embolism  317
– emphysema  288
– metastasis  289
– sling  261
– trunk  298
– vein  14, 36, 189, 298, 300
– – 3D models  300
– – left inferior  298
– – left superior  298
– – mapping  302
– – measurement  299
– – ostial measurement  299
– – right inferior  298
– – right superior  298
– vessel  5
pulsation artifact  102
P-wave  110
– gating  110, 111

Q

quantification
– calcium mass  130
– calcium volume  130
quarter-scan segment  339
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R

R peak editing  107
radiation
– dose reduction  123
– exposure  73, 110, 113, 259, 346
– – reduction  347
– – saving  119
– hazard  113
radiation-dose measurement  113
radiofrequency catheter ablation  298, 302
radionuclide ventriculography  272
rebinning  47, 75
reconstructed slice width  83
reconstruction
– adaptive cardiac volume (ACV)  92
– filter kernel  42, 133, 329
– – medium-smooth  140
– – sharp  141
– high-resolution  135
– increment  135
– multi-segment  144
– segmented  136
reducing radiation exposure  347
reference data bases  127, 195
– clinical  131
region wall motion  168
regional
– cardiac function  347
– function parameter  266
– wall function  268
region-growing algorithm  171
relative delay  106, 139
remodeling  12, 215
reproducibility of coronary calcium score  
 180
resolution
– cardiac  133
– in-plane  42, 72
– isotropic  42
– longitudinal  42, 62, 72
– low contrast  73
– spatial  42, 72
– temporal  71, 89, 90, 133
– z direction  42
respiratory artifact  258
restrictive cardiomyopathy  297
retrospective ECG-gating  106
revascularization  230
rhabdomyoma  290, 294
rhabdomyosarcoma  292, 294
right coronary artery (RCA)  24, 30

right ventricular
– disease  276
– enlargement  276
– function  142, 143
– volume  168
– wall motion  277
risk
– assessment  198
– stratification  202
ROI-based dynamic measurement  169
rotating-envelope tube  48, 62
rotation time  79, 85
RR interval time  77, 85, 106, 139
R-wave  76, 84, 106, 110
– gating  111

S

saline chaser bolus  141
scan
– field of view  74, 75, 339
– increased speed  145
– optimization of protocols  145
– protocol  127
scan-cycle time  77
scanner geometry  81, 114
scar tissue  268
sedation protocol  260
segmented reconstruction  89, 136
sequential
– coverage  77
– scan mode  77
– volume coverage  78
serum marker  321
shaded-surface display (SSD)  208
short-axis image  267, 270
signal-time curve  308
Simpson’s method  267
single-photon emission computed tomography 

(SPECT)  272
single-segment
– algorithm  92
– reconstruction  340
single-slice CT  1, 18
single-vessel disease  206
slice
– collimation  50, 114
– sensitivity profile (SSP)  20, 57, 75, 81, 82, 343
– thickness  78
slice-broadening  83
solid-state detector  49
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spatial resolution  41, 72, 133, 331
spiral
– computed tomography (CT)  18, 41, 79
– interpolation  53
– – artifacts  60, 64, 65
– – scheme  81
– – weights  81
– pitch  52, 85, 101, 340
– reconstruction  54
– table-feed  80
stable angina  184, 188, 207, 219
stable sinus rhythm  327
standard anatomic plane  23
statin  226
stenosis  164, 207
– measurement  164
stent  239
– coated  239
– coronary  241
– drug-eluting  239
– obstruction  240
– occlusion  242
– patency  242
– strut  239
stress
– perfusion scanning  309
– test  225
stroke volume  168, 266, 268
subendocardial infarction  313
sub-millimeter collimation  134
sub-segment  92
systemic arterial circulation  321
systole  71
systolic
– phase  269
– pulsation  101
– wall thickening  266, 268

T

T wave  107, 110
tachycardia  297
Takayasu arteritis  254
technical challenge  327
temporal
– data window  75
– resolution  71, 75, 89, 90, 133, 270, 339
– – high  347
– – improved  339
– – mean  340
– – of dual-source CT  342
– – spatially variable  76

tendinous cord  283
test-bolus injection  141
tetralogy of Fallot  261
thin-slab MPI  240
third-generation scanner  17
thoracic
– aorta  38, 145, 189
– CT  317
– vessel  14, 145
three-dimensional
– filtered back projection  58
– image volume  151
– image-processing  41
thromboembolic clot  317
time sensitivity profile  75, 94
tissue contrast  140
transaxial image slice  151
trans-esophageal echocardiography  285
transition weighting  75
transplanted heart  189
trans-thoracic echocardiography  272, 284
trapezoidal weighting function  83
tricuspid valve  29, 34
truncus arteriosus  261
tube current  114
– body-weight adapted  123
– reduction  121
tumor progression  289

U

ultrasound, intravascular  6, 8
unstable angina  185, 214, 320

V

Valsalva maneuver  108
valve
– aortic  29, 35
– function  286, 347
– mitral  29, 35
– tricuspid  29, 34
vascular lesion  356
vasculitis  184
vena cava  35
venous graft  232
ventricle
– left  24, 33, 34
– right  24, 33
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ventricular
– septal defect  261
– thrombus  288
– volume measurement  266
– wall motion  168
– wall thickening  169
vertical long axis  24
vessel
– analysis  162
– probe  163
– segmentation  162
viability  266
viable myocardium  274
virtual endoscopy  162, 240
volume  132
– calcium score  193
– equivalent  172
– mode  333
– of interest punching  162
volume-rendering technique (VRT)  157, 208, 240
– brightness  158
– opacity  158
– slab  162
volumetric
– imaging  79
– quantification algorithm  172
voxel  41, 151
vulnerable
– lesion  198
– plaque  182

W

wall motion  141
– abnormality  269, 340
wall thinning  312
web-based database  182
weighted hyperplane reconstruction (WHR)  58
whole-body CT angiography  356
windmill artifact  60, 62
WinDose  116, 346

X

X-ray
– exposure  109
– tube  48
– – voltage  114, 123

Z

z filter reconstruction  56
z resolution  42, 65
– phantom  44, 57, 345
z-flying focal spot  44, 338
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